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Chirped femtosecond pulses are used to selectively excite vibrationally coherent wave packets in the ground
and excited states of molecules in solution. Femtosecond chirped pump/transform-limited probe experiments
on both nonreactive and reactive systems (LD690 and bacteriorhodopsin) are presented, showing that slight
pulse chirps can lead to large differences in the observed amplitudes and damping times of the wave packet
oscillations. By comparing the experimental data with numerical simulations based on multimode harmonic
oscillator models for the molecular potential energy surfaces, we conclude that positively chirped pulses
discriminate against the formation of an oscillatory ground-state component via impulsive stimulated Raman
scattering, while negatively chirped pulses enhance this process. The ability to separate the relative
contributions of either the ground- or excited-state vibrational coherence to the transient absorption signal by
slightly modifying the phase structure of the excitation pulse enables us to obtain state-specific information
about the vibrational dephasing.

Introduction packet motion and oscillations in a variety of time-resolved four-
wave mixing spectroscopies, including transient absorption and
photon echoes. The observation of such oscillations in photo-
Ichemically reactive systems has provided evidence that vibra-
tional coherence may play a role in several important photo-
chemical reaction¥=21 In light of recent theoretical and
experimental evidence that such vibrationally coherent photo-
chemical reactions are possible, it is important to be able to
distinguish between oscillations originating from an impulsively
excited ground state and those from the excited state or from a
state populated from the excited state (i.e., the photoproduct).
This paper shows that the use of chirped pulses can shed some

E | ith a ai i Il the f N light on the electronic state of the origin of the oscillations seen

1?trha fu s€ \{V' ag|vetnbsp_ec rlqum' a de r(?quertlct:%/ compontgn S_in experiments on such systems. By analyzing the amplitude,
of that spectrum must be in phase and arrive at tné same Ime'phase, and damping of oscillations excited by chirped ultrashort
i.e., 7(w) must be independent of frequency. Whg@) has

. ; ulses, we demonstrate that such pulses can selectively excite
no quadratic or higher order dependence on frequency, the puls oherent wave packet motion on either the ground- or excited-
is said to be transform-limited (TL).

. . . state potential energy surface of a molecule. Experiments on
-trhr?' ahblhty tg contrzolqb(a)t) also provtlrc:es thle opportltJmty 0 the laser dye LD690 and the photoreactive system bacteriorho-
put Tigner order phase terms on e puise spectrum in adopsin (BR) show how the selectivity afforded by chirped pulse

controlled manner. These higher order phase terms are I(nownexcitation aids in the interpretation of the observed dynamics.

as chirp. Chirped pulses have been used to enhance population . . . . -
transfeP~7 and to control wave packet evolutiéhin molecular The mechanism by which we achieve this selectivity has been
observed before in numerical simulations of chirped pulse

systems. Several groufs!® have proposed modifying the chir N ;
y groups prop fying P ¢ €xcitation of Cst2and can be thought of as a one-photon variant

of a broad-band pulse in order to create well-defined targe £ the q . db d &
molecular states (e.g., a squeezed state), and such tailored wav@! the "Pump-dump” process proposed by Tannor and Kice

functions may be sensitive probes of molecular dynarfiés as a means to achieve selectivity in photochemical reactions.
Recent experiments have used chirped ultrashort pulses to obtaif |gu;]e ]} ﬁhov;s a scherr:)anc of trlle Erocess thatkgwe_sd‘rgjse to
information about the time scales of electronic dephasing of much o t ee ects We observe. nt. € wave pac et.p| re,
molecules in solution and ultrafast carrier relaxation in semi- the first field interaction places amplitude on the excited state
conductord6.17 where it starts to slide down the potential surface. A second
In this paper we present a detailed analysis of the use of field interaction can either bring more amplitude up, creating

chirped femtosecond pulses to excite vibrational coherences inPOPUlation in the excited state, or it can bring the amplitude

large molecules in solutiol. Such coherences result in wave (Tom the first field interaction back down tooScreating a
displaced hole in the ground stafeln this latter case the two

* Present address: Department of Chemistry and Biochemistry, University S€duential field interactions result in an impulsive resonant
of California, San Diego, La Jolla, CA 92093-0339. Raman process that transfers momentum from the light pulse
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The advent of ultrashort pulse lasers has provided chemists
with the opportunity to observe molecular photophysics with
unprecedented temporal resolution. The achievement of optica
pulses with durations as short as 4.5%&s made possible by
the ability to experimentally control the frequency-dependent
phase of the laser pulSeThis is because the group velocity
delay (GVD)t(w) of a given frequency component of the field
is related to the phase Via

T(w) = dp(w)/dw Q)
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Figure 1. Schematic of the two electric field interactions that give
rise to the impulsive resonant Raman process leading to ground-state
wave packet oscillations, along with the frequency components as a Wavelength (nm)

function of time for the negat_ively phirped pulse that enhances this Figure 2. (Top) Measured group velocity delay times across the
process. Shown for comparison is the two-pulse “pempmp” spectrum for grating separations corresponding to PC, TL, and NC
sequ_ence,_whu:h would also Iea_d to the nonstationary ground State-pulses described in the text. (Bottomn) Experimentally measiE@d|

The inset figure shows the evolution of the wavelength of the/&/e spectrum of the 12-fs pulse, along with the absorption spectrum of

packet as a function of time (solid) and the time-dependent wavelength | pggg in methanol (dashed) and bacteriorhodopsin (dot-dashed).
of negatively chirped and positively chirped pulses (dashed).

Amplitude

to the limited gain bandwidth of the amplifier, which results in

a narrower spectrum. The pulse energies are on the order of
0.5 nJ, where the signal was found to be linear with pump
r]ntensity. Experiments on LD690 are performed on a flowing

thg ﬁ:or cobrlnpon$_?]ts of the ptl."S? arﬁ ordderﬁcém tllme fso thatjet of the dye dissolved in methanol, with a probe transmission
redtoflows biue. us a negatively chirped (NC) pulse favors of at least 50%, while those on BR used a buffered aqueous

the_c_;reation_of a nonstationary_gro_und_-s_tate hole,_ while a oo tior7 flowed in a 200um path length sample cell and
posmv_ely chirped (.PC.) pulse will discriminate against the continuously illuminated to ensure that it remains in its light-
formation of the osc!llat|ng ground-state component. Although adapted form. The pump probe signals are detected several
gump—_probe tixpenrr_]tegtstatre oftehn ?SSLI'me.dtto ptr_obe f::]lly ways: single-wavelength detection was accomplished by spec-

ynlam|;:s on " € exci el state, 3 shor ptl_J S€ |r][rt]erac Ing (;NI'[ tatrally filtering the probe after the sample with a monochromator
molecular system can always induce motion in the ground state , q ference filter and using lockin detection in conjunction
via this mechanism, mtrqducmg gmblgwtymto the mterpreta'gon with differential amplification to collect the pump-induced
of the ;)bserveq dyr:alrlnlcs.h Chirping the plimtp put!se prov!;jhes transmission. Alternatively, entire spectra were obtained by
a way 1o experimentafly enhance wave packet motion on € ertaking the probe beam and putting it into an optical multichannel
the ground or excited state and allows one to selectively probe analyzer, which detects all wavelengths simultanectfsly

dynamics on those states. . . o .
It is important here to distinguish between the excitation of The 9h|rp of the pump pulse |s_mod|f|e_d by changing the_
. . : separation of the pulse compression gratings. Although this
wave packet motion, which depends on the creation of . : e .
N .~ affects mainly the linear chirbhigher order terms in the phase
vibrational coherences, and the net amount of population N
T ) A structure of the pulse can be affected too, and it is important to
transfer, which in the weak field limit is independent of the - i
ulse chir26 In the present experiments the pulse chirp does have a way of measuring the actual phase of the pulse. This is
P ) P b P P done by cross-correlating the 60-fs narrow band pulse with the

not affect the amount of populgtlon in either the exc!teq state 12-fs pulse in a 10@m KDP crystal and analyzing the spectrum
or ground state, but rather the vibrational coherence within those . o . . o
of the upconverted sign&f® By selecting the right mixing

populations. It is these vibrational coherences that provide . . i ;
frequency, we can determine the arrival time of a given

information on the wave packet dynamics on the electronic -

. . . frequency component of the original broad-band pulse. By
potential energy surfaces and which we observe in the ptimp fitting the experimentally determinedw) to a polynomial, we
probe signal. The fact that these coherences are quite sensitive g b y poly !

> ) o - can easily obtain the frequency-dependent phase from eq 1.
to the chirp of the optical excitation pulse shows the importance Figure 2 shows a typical pulse spectriiigd)|, the absorption
of taking the detailed nature of the excitation into account when 9 yp P P ’ P

analyzing such experiments spectra of LD690 and BR, and typical measured frequency
’ delaysr(A) for different grating settings. A linear least-squares
fit to the data yields quadratic phase ter@§(v) of —6109,
—214, andt-5179 2, respectively, which determine the linear
The laser system used to produce the ultrashort pulses in thischirps. This quadratic phase term varies linearly with grating
experiment has been described befoté.Sixty-femtosecond separation, as predictédThe intensity autocorrelation widths
amplified CPM pulses are used to generate continuum in two are 43, 19, and 57 fs, respectively, which correspond to pulse
different single-mode fibers, one of which is compressed in the widths of 28, 12, and 37 fs, assuming a Seictensity profile.
usual manner with gratings and prisms, yielding an ultrashort We found that, for a given magnitude df'(v), positive and
(10-fs) probe pulse. The output of the other fiber travels through negative chirps did not give the same pulse widths owing to
a grating pair, a broad-band dye amplifférand then a set of  the asymmetric power spectrum. Also, even the shortest pulse
prisms, resulting in a pulse width of 12 fs. The amplified short is not really transform-limited, which would result in a flat plot
pulse is slightly longer than the unamplified probe pulse owing of GVD vs wavelength, but has residual cubic structure (this

to the  wave function using the ;Sstate as an intermediary.
Since the wave packet om $ moves from higher optical

Experimental Section



Femtosecond Chirped Pulse Excitation

‘\3}/7;-
00'0""”'.‘)\\- o,
% ,,,7;’ 7 "0.‘3 B R
Y, lt,,o.’:illlll’t\g =

% AR

744
017000774, QAL
A "/’IIII;"

Delay (fs)

2 z‘&\
G
75l 4.0,-;\‘\

Transform Limit /5%
i
L7

ITAGCON K
s

11, 9/
LTI
SIS 7

A
3
Delay (fs) N
15000 | 8%
@
O
R
. . N
AN
Negative Chirp ,#,’:03;?};':’,‘}&\ A
X SN
,,'I.":ll/;/lf‘o‘&w’"':“"-‘:-‘.,.‘
<SOSR
SN A IS ST
NS SO
e SN TRIIS I XS i
NS ALK
A S,
SRS TS "
-"»:ez:“\g;;%z:»a\:;,’
g."g,.‘.,u,a“\“g
SRIHLREERA 17000
R YR LR N
G5/ ¥
100 SOBEERES &
RS I\
24

%

15000 Q@O‘
&\d&
oR

Figure 3. Time-resolved absorption spectra of LD690 in methanol
excited by (1) a positively chirped pulse with an intensity autocorrelation
width = 19 fs (top), (2) a transform-limited pulse with an intensity
autocorrelation width= 12 fs (middle), and (3) a negatively chirped
pulse with an intensity autocorrelation width 25 fs (bottom). The
vertical axis corresponds to the normalized transmission chaxiffe,

T.

has been observed previously for compressed piijsesve
refer to the shortest duration pulse as transform-limited (TL)

for the sake of convenience.

Results

1. LD690. Figure 3 shows the dynamic absorption spectra
of LD690 with NC, TL, and PC pump pulses. The pulse widths
are 25, 12, and 19 fs, respectively. The approximately 60-fs
oscillations in the induced transmission correspond to LD690’s
dominant 586-cm! mode and have been observed beféiehe
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Figure 4. Experimental pumpprobe signal for LD690 at 640 nm:
top trace= positively chirped pulse, autocorrelation width 33 fs;
middle trace= “transform-limited” pulse, autocorrelation width 12

fs; bottom trace= negatively chirped pulse, autocorrelation width

20 fs. Also shown are the Fourier power spectra of the oscillatory
component.

Fourier power spectra of the oscillations. To obtain the spectra,
we first Fourier filter the data to remove all high-frequency
oscillations. This smoothed component is then subtracted from
the original data, and the result is divided by the smoothed
component, so that the oscillations are normalized to the total
signal level. For the data shown here, the PC pulse width is
33 fs, the TL pulse width is 12 fs, and the NC pulse width is
20 fs, and although the measured pulse widths are different,
the size of linear chirp on the pulses is very similar, as was
explained in the Experimental Section. In all three spectra we
see a large 586-cm peak and a trace of a broader peak at
about 1170 cmt, which corresponds to the second harmonic
of the 586-cm* mode. Any other peaks that might be present
are within the noise level. As we put negative chirp on the
pulse, the oscillations at 640 nm are first enhanced, with a
maximum enhancement occurring at a chirp corresponding to
a pulse about twice as long as the TL pulse (this maximum is
the NC case shown in Figure 4) and are then slowly washed
out as the pulse gets longer. At the maximum the 586%cm
peak from the NC data is almost a factor of 5 larger than that
of either the TL or PC data. By moving the grating in the
opposite direction and putting positive chirp on the pulse, we
find that the oscillations are only diminished, never enhanced.
The region around the absorption maximum, 610 nm, exhibits
oscillations that are far less dependent on the chirp, although
their amplitude does decrease with both positive and negative
chirp. At 600 nm we see an opposite trend from the 640-nm
data—a slight enhancement as we chirp the pulse positively,
while negative chirp results only in smaller oscillations. To
the blue edge of the probe spectrum, around 580 nm, we see
that the oscillations are lessened by both positive and negative
chirp. In summary, by looking at the extent to which the 586
cm~! mode modulates the pumprobe signal, we find that

oscillations are due both to wave packet motion of the population chirping the excitation pulse can have a profound effect on the
impulsively created on the excited-state potential and to the dynamical evolution of the population. The fact that, for a given
nonstationary “hole” left behind in the ground state and are seen pulse width, positively or negatively chirped pulses yield very
at all wavelengths. The behavior of the oscillations can be different signals shows that these effects are not just due to the
roughly classified according to the spectral region of the detectedtemporal broadening of the pulses.

wavelength. The three regions we will be concerned with are
the region to the blue of the absorption maximum (5800
nm), the region around the absorption maximum (6620 nm),

and the red end of the spectrum (6280 nm).

2. Bacteriorhodopsin. Various probe wavelengths were
detected, but our analysis will concentrate on the signal detected
at 656 nm, close to the peak of the photoproduct absorption.
Figure 5 shows the experimental differential transmittance at

The most dramatic effects are seen in the red part of the this wavelength, and we see the rapid growth of the induced

spectrum: Figure 4 shows the pumprobe signal at 640 nm

absorption as the molecule isomerizes, on which are superim-

detected with a monochromator and lockin, along with the posed are the oscillations resulting from wave packet motion
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= TABLE 1
—1 —1 —1

- P pulse (22 f5) én o (cm™) D w (cm™) D o (cm™) D
= = 303 0.32 1143 0.09 1416 0.20
2 L5 571 043 1159 010 1523  0.16
s § 586 0.90 1172 0.20 1540 0.14
E Z 734 0.28 1244 0.11 1553 0.14
k! TL pulse (12 fs) = 813 0.09 1344 0.23 1568 0.15
E ] g 1130 0.14 1365 0.13 1662 0.35
g 2 . . . .
. 2 to numerically simulate the data. The differential puagpobe
S NC pulse (17 fs) < . R . .
g signals are related to the third-order polarizat®#(w) via
=%

B e e A e e e s e S s S o ATIT 029 (w) = PPw)/E,, pd®) (2)

0 200 600 J000 0 500 1000 1500 2000 X prob
Probe Delay (fs) Frequency (cm™)

To obtainP®)(w) we must numerically integrate the four time
correlation functions that result from solving the time-dependent
Liouville equation perturbatively to third ord&r>

Figure 5. Experimental pumpprobe signal detected at 656 nm for
BR with NC, TL, and PC pump pulses with pulse widths (assuming
sech pulse shapes) of 17, 12, and 22 fs, respectively. The Fourier power
spectra of the time-dependent oscillations are shown at right.

in S. Next to the pumpprobe traces are the normalized P(t) = (i/h)® f_too dt’ f_tw dt” f_too dt™ E(t) E(t") E(t") x

Fourier power spectra of those oscillations. The middle trace,

corresponding to the TL pulse, is similar to that obtained 4

previously” and exhibits four strong peaks in the high-frequency R(t—t,t —t', t" —t") (3)

part of the Fourier spectrum. All these peaks correspond to =

modes observed previously in resonant Raman experiments.

Also shown are the traces and Fourier transforms for PC andWhereR: can be written as the product of harmonic oscillator

NC pulses. In the case of BR we cannot chirp the pulse very linear response functior#,for instance

much before we wash out the oscillations completely. The high-

frequency vibrations have such short periods;-30 fs, that Ry(ty, 1. tg) = explo(ty) + g% (1) + 9" (1) +

we cannot adjust the gratings very far before the pulse duration gt +t,+t) —g(t, + ) — o* (t, + t5)] (4)

is longer than the period and we lose the ability to impulsively

excite the mode. Even with these light chirps, we do see an The line shape functiog(t) is evaluated for undamped harmonic

effect, especially for the modes around 16a200 cntl. A oscillators for the case of intramolecular vibrational modes and

PC pulse completely extinguishes the peaks in this region, while @s a stochastic broadening function to take solvent effects and

they are still present in the NC data. The 1530-¢mmode is  dephasing into account

decreased by about the same amount by either chirp. We do 5 - ot ot

not, however, see any enhancement of BR’s oscillations by Onralt) = (D72)[(N+ L)(e ™ — 1)+ n(e™ —1)] (5)

applying a NC pulse, unlike in LD, where the Fourier peak . . .

increased by a factor of rqughly 5. Note that the low-frequency Oinel) = i4 ﬁ) dt' M(t') + Azﬁ) dt' ﬁ) dt” M(t") (6)

structure around 250 crhis largely unaffected by these pulse

chirps. The intramolecular parameters, namely 18 harmonic modes with

frequencies ) and dimensionless displacemeniy derived

from resonance Raman data, can be found in Table 1. The
As mentioned in the Introduction, we believe the main effect intermolecular parameters, including the fluctuation width

of chirping the pulse is to change the amount of ground-versus and the solvation correlation functidit), are those used before

excited-state contribution to the oscillations. One way to to calculate photon echo signals for LD690 in methafiol.he

distinguish between the two would be if the vibrational electric field of the pump pulse is a Fourier transform of the

frequencies in @and S are different. Joo and Albrecht have magnitude of experimentally measured pulse power spectrum

analyzed their four-wave mixing experiments in terms of a 586- multiplied by a frequency-dependent phase function derived

cm! ground-state vibration and a 571-cinexcited-state from the cross-correlation measurements. Specifically, the

vibration32 If this were the case, one could distinguish ground- spectrum in Figure 2 show&(1)|, while a cubic polynomial

and excited-state contributions to the pump probe signal by usingwas fit to the GVD data. These calculated pulses reproduced

the Fourier transform of the data alone. Our resonance Ramarnthe shape of the experimentally measured pulse autocorrelations

measurements, however, are consistent with the 57%-omde and cross-correlations to within #20%. The probe pulse was

being ground state in originit has a narrow line width, and its  taken to be an 8-fs truncated Sinc funcfiowhose spectral

relative intensity does not depend on the excitation power. width matched that of the experimentally measured probe

Fourier transforms of long-time traces did not turn up any new spectrum. The calculations in this case are fairly insensitive to

frequencies besides those already seen in the resonance Ramahe probe pulse as long as the pulse duration and spectral width

measurements, and the 571 ¢drshows up as a slight shoulder do not change significantly.

on the 586-cm! peak. Since there is no evidence of new The calculations confirm the intuitive picture presented in

vibrational frequencies in;Sin order to model the data we make the Introduction: a negatively chirped pulse produces an

the assumption that the excited-state PES is identical to theenhancement of the oscillatory motion of the ground-state hole

ground-state one except for a mode-dependent shift of thewave packet, which is manifested in the time-dependent

potential energy minima. absorption of the molecule. A positively chirped pulse, on the
The assumption that the excited state is merely a displacedother hand, decreases the oscillatory component of the ground

version of the harmonic ground state makes it straightforward state relative to the TL case. Figure 6 shows the calculated

Calculations and Discussion
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Total S, Since the wave packet travels through this region twice per

S
period and also broadens at the bottom of the well, the S
oscillations are washed out in this region and a minimum in
PC Pulse their amplitude is observed:3®> Neither the NC nor the TL
pulse data show such a minimum because in these cases there
AL NN is a significant contribution from motion onyS Theory and
TL Pulse experiment for TL pulse data show good agreement in the low-
/\/\/W frequency half of the probe spectrum, but the data also shows
" A “'“vr\/\/\\/\/\ an equally large Fourier magnitude to the high-frequency side,

which is absent from the calculated signal. In fact, both the

TL and the PC pulse data show a large oscillatory component

v
W /\ NC Pulse extending far to the blue, while the calculated signals suggest
ul | AN /\ /\ /\ that it should die off around 17 000 cth Overall, however,

.U . : ‘ .V i , , v V, v \Il v , the agreement between experiment and calculation is fairly good,
0 200 0 200 0 200 especially considering that the system being modeled is a large,
Probe Delay (fs) complicated organic molecule in a room-temperature molecular
Figure 6. Calculated pumpprobe signal of LD690, using the  liquid.
molecular parameters from Table 1 and the pulse spectrum and chirps | addition to the amplitude of the oscillations, we can also
shown in Figure 2, with the decomposition inteed S contributions. determine their wavelength-dependent phase. Since the 586-
cm~! mode has a period of about 60 fs, a delay of 60 fs
corresponds to a change in phase af Zigure 9 shows the
relative delay of the oscillations as a function of probe
wavelength for NC, TL, and PC pulses, along with the calculated
wavelength-dependent delays. This data was derived from the

manifesting itself as a deeper modulation of the total signal.
. R OMA measurements, where all wavelengths were detected
The excited-state contribution is slightly degraded by both . . o o .
simultaneously in order to eliminate the possibility of zero drift

E?(fgéi\leengrlgena%?/tlevzacglfeﬁ because the longer excitation eventin the delay stage. For both positively chirped and TL pulses,

Another compatiso of heoy and experinent s shown n 1 5L 0 e T e speci v oo satey
Figures 7 and 8, which plot the frequency-resolved Fourier the PC pulse data this 186h hift h v vl ; th,
power spectra of the normalized oscillations of the experimental € pulse data this 18phase shift occurs very close to the

and calculated signals for PC, TL, and NC pulses. Note that observed null in the amplitude of the oscillations. The null and
in these figures both axes are’in u’nits of frequency, one being phase shift are consistent with the observed oscillations being

the optical probe frequency and the other being the molecularoIue mainly to coherent motion on the State, as the wave
vibration frequency. The experimental values were obtained packet travels from high to low optical frequencies (on a time
from the data as described above for Figure 5, while the scale of 30 fs) where the oscillations are highly visible, through

calculated ones result from the calculations described above anoSl minimum where the phase shifts anq the oscnlatpns.are
then repeating the procedure used for the experimental da'[a.WaSheOI 9“t' For both the PC and TlT exuta‘uop, the oscnlgtlons
Only the first 300 fs of data was Fourier-transformed in order are dominated by Wave_papket motion of \Sh'(_:h results in

to avoid complications from different damping times for the usual 60-fs round trip time as the population moves from
different chirps (discussed below). The absolute magnitudes tNe a@bsorption region out to the red and then back again.
of the experimental and calculated Fourier transforms are not INtuitively, the oscillations in the red will be 18430 fs) out

in good agreement, with the calculated amplitudes being of phase with those in the blue. When the oscnl_atlons exmted_
consistently larger by up to a factor of 3, depending on the probe PY @ NC pulse are analyzed, we see that there is a phase shift
wavelength. We concentrate on trends across the spectrum an@f @Pout 270 between the blue and red edges of the spectrum,
the qualitative agreement between theory and experiment, which®Wind to the significant gr.ound-statg motion. Callculatlons show
should indicate whether our calculations capture the basic that the large phase difference is due to this ground-state
physics of the process. The agreement is best for the case of®mPonent, while the excited-state component behaves as in
NC pulse excitation: both theory and experiment show a very e PC and TL cases. Referring back to Figure 1, we offer the
large enhancement of the oscillations starting at around 610 nmfollowing intuitive explanation of the extra phase shift. As the
and obviously extending well outside of the probe’s spectral St Wave function moves to the red, some is pulled down to
window. In both Figures 7 and 8 the magnitude of these Créate the & nonstationary hole. The (Swave function
oscillations is the largest seen for any pulse, modulating the Propagates briefly in the same direction as thevgve function,
transient absorption by 50% or more. One discrepancy is thatth thg slope of &resists this motion and eventlually it reverses
the calculation predicts that a significant second harmonic of direction and goes back toward the blue. This process results
the 586-cm® mode should be visible at the low-frequency side N & broad ground-state hole that does not evolve in the same
of the window, whereas experimentally this component is not intuitive way as do the more or less Gaussian wave packets on
nearly so pronounced. Our expectation that a PC pulse excitesSt- The ground-state hole undergoes a sort of breathing motion,
mostly excited-state wave packet motion is confirmed by the SO that modulations on the edges of the spectrum occur closer
observation of a strong minimum in the Fourier amplitude seen together in time than they would if they were due to a classical
in both the calculated and experimental signals for positive chirp. Wave packet sloshing back and forth.

The experimental minimum occurs at about 635 nm, close to The last aspect of the observed oscillations we analyze are
the maximum of the steady-state fluorescence spectrum intheir damping times, which is accomplished by using a single-
methanol, which corresponds to the bottom of the&tential value-decomposition meth#dto analyze the oscillatory part
well, according to our displaced harmonic oscillator model. of the data. This method assumes the data can be fit with a set

signal at 640 nm along with its decomposition into ground- and
excited-state components. As in the experiment, the largest
effect is seen in this spectral region, with the ground-state
contribution greatly increasing with the negative chirp and
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Figure 7. Normalized Fourier power spectra of the data for LD690 probe signals using the experimental pulses from Figure 2 and a

shown in Figure 3, after applying a weak smoothing algorithm to myitimode displaced harmonic oscillator model for LD690. FopC

remove high-frequency noise components. The pulses used are (1) gulse, middle= TL pulse, bottom= NC pulse. The vertical axis is the

positively chirped pulse with an intensity autocorrelation wigtfl9  Fourier amplitude of the pump-induced molecular response at a given

fs (top), (2) a transform-limited pulse with an intensity autocorrelation yiprational frequency, detected at a given optical frequency. Note that

width = 12 fs (middle), and (3) a negatively chirped pulse with an  the vertical scale for the negatively chirped pump pulse is different

IntenSIty autocorrelation widtks 25 fs (bOttOI’Tl) The vertical axis is from that of the transform-limited and positively Chirped pulsesl

the Fourier amplitude of the pump-induced molecular response at a

given vibrational frequency, detected at a given optical frequency. Note nm: a positively chirped pulse excites oscillations with a

that the vertical scale for the negatively chirped pump pulse is different . .. .

from that of the transform-limited and positively chirped pulses. significantly slower decay t,'me (f°‘!9h'y afactor of 2) than those
caused by a TL or negatively chirped pulse. At 670 nm the

of exponentially damped sinusoids, which may not be the casesituation is similar to that at 640 nm. Negatively chirped and
in nature if the vibrational relaxation is non-Markovian or if a TL pulses yield oscillations with approximately the same decay
single frequency has multiple relaxation times. The numbers time, while positively chirped pulses result in a slower decay.
obtained from this analysis should therefore not be taken asIn conclusion, an analysis of the decay times of the oscillations
absolute determinations of the vibrational dephasing times, butshows at least one clear trend: negative chirp yields fast-
as approximate values that illustrate the trend with different decaying oscillations in the red, while positive chirp yields fast
probing wavelength and chirp. The most dramatic chirp effect decays in the blue. Figure 11 summarizes these decay times
is seen in the blue region of the spectrum this time. Figure 10 and illustrates the regions of the potential energy surfaces
shows the oscillations at 580 nm, where a NC pulse yields interrogated by each probe wavelength.

essentially undamped oscillations, while the TL pulse excites A qualitative explanation of the data is as follows. There is
oscillations that decay on the order of a picosecond, and a PCa large body of work on vibrational relaxation in polyatomic
pulse results in oscillations with an even faster decay time of moleculeg® that suggests that higher-lying vibrational states
about 0.8 ps. Again, the oscillations at 610 nm are less sensitiveundergo faster relaxation. Thus in the negatively chirped case,
to the chirp, although there is a trend toward faster decays with where we are dominated by the ground-state contribution, we
positive chirp. At 640 nm the situation is the reverse of 580 see a fast damping in the red part of the spectrum (corresponding
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Figure 11. Dependence of the damping time of the oscillations on
pulse chirp and probe wavelength for LD690.

to coherences involving higher-lying states ig) Shile the
oscillations in the bluer region suffer much less damping, since
they involve lower-lying states and motion closer to the ground-
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Figure 12. Fourier power spectra of the calculated signal of BR for
the pulses and probe wavelength shown in Figure 5.

dominated by the excited-state wave packet motion. Here the
fast damping at 580 nm is due to coherently excited higher-
lying vibrational states in the;ibrational manifold, now that

the $ motion is less pronounced. There is also fairly rapid
damping of the oscillations out at 670 nm, which is past the
fluorescence peak and also corresponds to coherences between
higher-lying vibrational states in;S The relatively slow
damping at 640 nm, close to the excited-state PES minimum
as inferred from the steady-state fluorescence peak at 635 nm,
is again most likely the result of wave packet motion close to
the bottom of the potential well having a longer dephasing time.
A summary of this data is that, for the 586-cimnmode,
vibrational dephasing for low-lying states is roughly 3 psin S
and at least 10 ps inpSwhile both $ and § show dephasing
times of about 1 ps for higher-lying states. It is interesting to
note that if this interpretation is correct, the vibrational dephasing
rate depends on the region of the potential well the wave packet
samples as well as the given electronic state.

The analysis of the chirped pulse excitation of BR is
considerably more complicated than for LD. The fast movement
of BR’s excited-state population out of the Frargkondon
region toward the crossing point where the photoproduct is
formed has been found to occur on a time scale of 209 fs.
The rapid disappearance of the ®pulation from the optical
spectrum means that oscillations observed on a longer time scale
must result from the ground state or from a coherently formed
photoproduct. A careful comparison of pumprobe data with
calculations based on resonant Raman ddtas shown that
ground-state oscillations in the red can be attributed to the
impulsively excited ground state, and we hoped to be able to
make the same determination based only on chirping the
excitation pulse. The fact that we manage to kill most of BR’s
oscillatory component by putting a slight positive chirp on the
pulse implies that we are at least partially successful in our
attempt to use chirp to turn off the ground-state component.
The Fourier power spectrum of a full calculation of the 656-
nm signal is shown in Figure 12, and comparing this to the
data in Figure 5 we see that the calculation underestimates the
magnitude of the 1000 cm peak in the TL and NC data and
also predicts that the 1530-cthmode should be much larger
in the PC data than in the NC data, whereas experimentally

state minimum. The signal at 580 nm does not correspond tothey are of similar magnitude. The reasons for the qualitative

the ground-state minimum, but if the well is anharmonic then
580 nm will be closer to the ground-state minimum than 640

discrepancies between theory and experiment are unclear but
may be the result of modeling a reactive (and thus very

nm. As discussed above, the signal at 610 nm is dominated byanharmonic) excited state as a collection of displaced harmonic

the excited-state oscillations even in the case of NC excitation
and will not give a good indication of the ground-state damping.
Both the TL and especially the PC pulse data should be

oscillators. A calculation of the same system using the linearly
chirped Gaussian pulse mentioned previously showed almost
complete suppression of the ground-state oscillations in the PC
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calculation, including those from the 1530 cthmode, implying photophysics. Finally, these results demonstrate the dramatic
that our inability to achieve this experimentally is due at least effect of pulse phase structure on vibrational coherences
in part to the nonideal pulse shape. But even the Gaussian pulsebserved in transient absorption experiments and suggest that
showed no NC enhancement, and it may be that an even shortecaution should be used in the interpretation of such data when
pulse is needed, which can be both chirped and short enoughthe excitation pulse is not well characterized.
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