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Coherent control of3l ground state dynamics in ethanol and acetonitrile solutions is demonstrated. The
method is based on impulsive excitation creating a dynamic hole employing sub 30 fsec tunable UV laser
pulses. The target of control was to increase the ratio of second to first harmonic spectral modulations of the
symmetric stretching vibrational coherences. Methods demonstrated to achieve this target include altering
pulse intensity when the excitation pulses are tuned to the maximum of the absorption peak, double excitation
pulses separated by half a vibrational cycle, and tuning the pumping or probing pulses to a wavelength
simultaneously resonant with both absorption bands of ground stat€hirping the probing pulses further

allows full mapping of the ground state coherence in phase space, pinpointing the position of the dynamic
holes not only in coordinate space but also in momentum. A theoretical model reconstructs the results nearly
quantitatively and provides insight into the mechanisms active in achieving the control aims. It further
demonstrates how the fundamental suppression serves to precisely characterize the relaxation dynamics of
weak spectral features such as higher harmonics of the symmetric stretching and the antisymmetric stretching
fundamental. In particular, the ratio of dephasing rates of the first two harmeni8) deviates considerably

from the ratio of 4 predicted by Kubo line shape theory. Possible sources of this discrepancy based upon
alternative dephasing models are discussed.

I. Introduction underlying vibrational dynamics could be attained which is akin
to the constants obtained from frequency domain Raman spectra.
The above holds true also for the theoretical analysis of the
RISRS process when cast in the dynamically motivated but
otherwise equivalent correlation function formaligm.

Subsequently, more rigorous approaches to describing the
RISRS process were introduc&d* This included work of our
own groups;1011.15vhich was dedicated to rationalizing results
of a femtosecond laser study of triiodide photodissociation
dynamicst>~1° On the basis of direct integration of the quantum
dynamics which explicitly includes the radiation in the Hamil-
tonian, the material density could be followed directly beyond
the range of validity of perturbation theory. When nuclear inertia
prohibits substantial motion during the optical pumping, it is
justifiable to think of the transition dipole as acting locally in
coordinate space. Accordingly, a phase space description of the
material density has real advantages over an eigenstate descrip-

Impulsive photoexcitation is a key tool in modern applications
of ultrafast spectroscopy to chemical dynandids.involves
optical excitation of molecular species with laser pulses shorter
than the time required for the constituent nuclei to move
significantly in response to the suddenly modified forces acting
between them. A major result of such optical transitions is the
nearly vertical promotion of localized material wave packets
onto the excited potential surface. The subsequent evolution of
this density, probed with a pulse of similar duration, serves to
fully reveal the chronology of the excited ensemble, from the
initial ground-state geometry to the final produgts.

An equally important and ubiquitous consequence of impul-
sive excitation is the buildup of ground-state vibrational
coherences. After their generation, the evolution of these
coherences gives rise to spectral modulations in the ground-

state absorption bands and can be followed as before, with_. . . U .
. 1 . tion. Using this approach, an intuitive understanding of the
delayed ultrafast probing pulség.1! No matter whether this
; ; . . : RISRS process can be formulatéd.
spectroscopic feature is a nuisance, masking a dynamical process . ) .
of interest, or the main object of the experiment, it is essential . | "€ PUMP pulse acts to transfer density to the excited potential
to understand its fundamental nature and omnipresence byn & coordinate selective fashion, acting most effectively for

probing its origins and its dependence upon the experimentalthe molecular configuration where the potential gap matches
parameters. the frequency of the light. Thus, if the Bohr frequency is a strong

Initial theoretical descriptions of resonant impulsively induced function of the molecular geometry, the field will drill a

ground state coherence utilized perturbative expansions of the{ﬁcal'zedl COheTe_“‘ hpletmt';]he grm:nclj sta(;eldt(_ensn)f/. Th|shhorlle
molecular density matrix, which associated the phenomenon €n evolves, giving nise to the spectral modulations from which,

exclusively with the Raman excitation term. This led to its yvhgngol(ljoweg t_)l}/hdelayed Firo?? pulses, tkhelwbratlcl)n.al dt{]“ifn'
acronym: resonant impulsive stimulated Raman scattering |bcslls e ucfe .I edcon(t:.ep ua rgrr:je]\c/vor .:-tllsq gxpﬁ:nsngnge
(RISRS)37°The analysis showed that from the time evolution alancing ot pulse duration required for optimizing the

i 10,11,15 i itati
of the RISRS spectral modulations, information concerning the S'gf‘a'- A.“ ideal excitation p_ul_se must be short enough to
fulfill the requirements of impulsivity, yet not be so short that

it interacts equally throughout the entire coordinate space,
* To whom correspondence should be addressed. . . .
t Also the Farkas Center for Light-Induced Processes. leading to a reduction of the ground-state norm without local
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I3~ is linear and centrosymmetric in its ground and reactive
excited states. Accordingly most of the induced dynamics upon
excitation is along the symmetric stretch mode. It exhibits a
near UV absorption spectrum which is dominated by two major
peaks centered at 34 050 and 27 500 §nwhich at 300 K are
~3600 cnt! wide?°22 The rapid evolution of the excited
population, and the fact that the absorption of the primary
photoproducts does not strongly overlap with much of this
spectrum, conveniently allows delineation of impulsively in-
duced ground-state vibrational dynamics by pumping and
probing in the near UV.

In earlier studies, 70 fs pulses centered at 310 nm were

employed both as pump and probe in RISRS experiments on
I3~. The same spectroscopic tool was also used in a transient

fashion to follow vibrational relaxation of nascent Iphoto-
products!® Vibrational dephasing dynamics of the symmetric

stretching motion was determined in various polar solvents and

in glass forming liquids at reduced temperatui®$.Coherent
vibrations were detected only along the symmetric stretch
fundamental. No evidence of antisymmetric stretch fundamental
activity, known to exist in protic solvents from Raman
data?32470.71or higher vibrational harmonics, were detected.
Kuhne and Varinger® studied the 4~ system with a higher
time resolution, interpreting the results to indicate activity of
higher harmonics and antisymmetric band excitation. A shorter
pulse also led to the observation of the second harmonic
vibrational coherences in.¥®

The theoretical model was also employed to gain additional
insights into the process of impulsively induced ground-state

vibronic coherence. The purpose was to set guidelines on how

experimental control parameters such as pulse inteHsity,
wavelength, and linear ch#p 2? influence the induced dynam-

ics and their detection. In the present study, the same molecula

system is revisited with improved theoretical tools and with a
laser source capable of testing theoretical predictions which

exceeded our earlier experimental capabilities. The tunable laser

source producing-30 fs pulses approaches the impulsive limit
to a much greater extent and allows observation of vibration
coherence in higher frequency modes.

With these sharper tools for experiment and analysis, the

objectives of the present study could be recast in the framework

of impulsive coherent contrdf. The pump pulse parameters

constitute control levers which can be used to selectively sculpt
the ground state density. In an analogous fashion, the parameter

of the probe pulse serve as selective filters for observing the

transient ground state evolution. These parameters include

central wavelength, intensity, relative timing, and residual chirp.

The objective of the current study is to investigate the degrees

of control afforded by these levers over the RISRS process.

Gershgoren et al.
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Figure 1. Schematic illustration of the impulsive excitation of the
symmetric stretch mode. The pulse shape in the time domain is
transformed into a bandwidth in the frequency domain. The coordinate
rangeAX influenced by the pulse is obtained by the reflection principle.
Notice that for §~ there are two excited surfac¥s andV, leading to

two overlapping absorption bands.

II. Theory

A theoretical framework of understanding is the basis for
interpreting and guiding the experimental studies. This task is
achieved by a two tier approach: combining approximate
analytic formulas with more rigorous quantum simulation
methods. Much of the theory has been developed and tested in
previous studiet?115The present account briefly reviews the

Imain conceptual points and the simulation methods. The

subsection describing the absorption of probe pulse contains
new results and, therefore, is described in more detail.

A. Impulsive Control: Coordinate Dependent Two-Level
Picture. The conceptual framework of controlling the ground
surface dynamics is based on abruptly sculpting the nuclear
distribution in phase space. A pulsed optical transition from the
ground to the excited electronic surface changes the ground state
from a stationary to a nonstationary distribution. The main
control knobs on the process are the central excitation frequency
oL, pulse durationty,ymp amplitudee, and chirp. A more
complex control scheme involves a multipulse excitation
ﬁrocedure where the time delasi, between pulses is an
additional control parameter.

In the impulsive limit, a time scale separation exists between
the electronic excitation process and the nuclear dynamics.
Conceptually the theory resembles the Bo@ppenheimer
approximation. Freezing of the nuclear motion during the pulse
enables study of the excitation process at each nuclear config-
uration separately. This is the basis of the coordinate dependent
two-level-system approximatidi:1> For each internuclear con-
figuration X, a local Rabi frequency can be defined:

(2.1)

U(X) = e(X)-a(X)

Through these insights, manipulation of the pump and probe
In this paper, nearly quantitative agreement between the
deviates from the range of validity of perturbation theory. Proper
the RISRS signal, allowing measurement of the first and seconddetuning andJ(X) is the local coupling
(2.2)
pulse chirp was demonstrated to have strong impact on the

stages will be used to selectively observe specific modes of
vibrational motion and follow their evolution at will.
model and experiment is demonstrated. Results show that even
at very moderate excitation intensities the observed behavior . = -
Q(X) =V A(X) + UA(X)
selection of pump and probe pulse wavelengths provides an R R R _
effective suppression of the symmetric stretch fundamental in Where 2A(X) = V¢(X) — V¢(X) — fw, is the local RWA
harmonic dephasing dynamics and of antisymmetric stretching
activity with enhanced precision. Finally, control of the probe
RISRS spectral signature, serving to fully map motion of the ¢(X) is the instantaneous pulse amplitude mapped onto the
dynamical hole in phase space. coordinate using the reflection principle (Cf. Figure 1) au(X)
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is the dipole function. The maximum degree of Rabi cycling
is determined by the anglé(X) defined by codf{(X)) =
AX)R(X).

The position dependent Rabi frequency, eq 2.1, is the key to
understand the control possibilities. For regions of configuration
close to the resonance poixt, A(X.) < U(X.) which results
in 6 ~ 90°. The population can therefore fully cycle between
the ground and excited electronic surfaces. The degree of cycling
depends on the area under the pulse profile. For pulse intensities
less tharyU(X,) dt = 7, the population transferred to the excited
electronic surface leaves a void in the ground surface position
distribution. The position of the void or dynamical hole can be
controlled by tuning the carrier laser frequensgy. For pulse
intensities larger tham, because of Rabi cycling, the void starts
to refill. In the extreme case of an2pulse, the void aX,
completely refills. Because of different rates of cycling because
Q = Q(X), each internuclear position obtains a different phase
from the field, shifting the final phase space distribution in the
momentum direction. Far from the resonance pauix) >
U(X), the degree of cycling is small, and therefore, almost no
population transfer takes place. The large Rabi frequency results
only in a small momentum shift to the initial distributid®hl3

Chirping the excitation pulse has two main consequences.
First, the chirp has a tendency to correlate the changes in the
position and momentum distributi3%-32 Second, at high
intensity, the chirp leads to adiabatic transfet The first effect
can be understood semiclassically as an excitation that follows
the motion of a wave packet. To synchronize with positive
momentum, the pulse has to have a negative chirp (from blue
to red). A positive chirp will synchronize with the motion of a
wave packet with negative momentum. At high intensity, the Figure 2. Phase space picture of the state created by the pump pulse
chirp has an additional effect which leads to adiabatic trafsfér. pr is shown in the upper panel. Below, the initial statg and the
If the chirp rate is slow relative to the Rabi period, adiabatic dynamical holeds = pr — C?peq are also shown. In this example, the
transfer prevails and all of the population is transferred from NOl€ is created by an excitation pulse with a frequency corresponding

. - to the center of the lower absorption band, i.e., 364 nm. The states are
the ground to the excited surface at the particular range of g,y as Wigner functions in phase space in scalled coordinates, where
positionAX. As a consequence, the Rabi cycling is eliminafed.  pjue color represents negative density (see text).

Electronic dephasing has a profound effect on the shape of the

dynamical “hole”. The effect diminishes the population transfer including the dissipative dynamics, on the basis of propagating
and diffuses the localization of the hdfe. the Liouville von Neumann equatidf.

) B. Simulation. _The creatiqn of the_dynamical hole was The detected signal is proportional only to the dynamical part
§|mulated by solving the.mgltlsgrfac.e tlme'depender?t OO f the ground surface density. This leads to a definition of the
inger equation for each initial vibrational eigenvalue: dynamical hole which is orthogonal to the equilibrium stte:

o b pd = pr — C?peq, Wherepy is the density operator after the pulse

re re
)= (%)

Peq is the stationary or initial density operatoc? is the
normalized scalar product? = tr{pspeqt/tr{pe}, Which

The dynamics were generated by an effective Hamiltonian

operator using the rotating wave approximation:

represents the difference between the final state and the initial
equilibrium state. A measure of the coherence induced by the
where —¢(t) is the envelope of the pump field. Extension to

pump has been defined 8sC? = tr{p4?}, which equally

represents the depth of the dynamical hole.

A Wigner functior#®3° of the final density operator

multiple excited electronic states is straightforward. The rotation
vector|y s related to the original state by the transformation:
|9 0= explwtS,)|yh whereS, is a rotation generator. Propaga-
tion in time was performed using a Chebychev polynomial the state prepared by the pump pulse. Figure 2 shows the Wigner
expansion of the evolution operafdrThe propagation was  function created in this fashion using scalled position and
realized in discrete steps with a time increment shorter by two- momentum coordinates = (mw/h)*2x andp = (L/mwh)*2p.
orders of magnitude than the pulse duration. The results of theIn these coordinates, the unitary time evolution is simply a
propagation for each initial vibrational wave function were rotation around the origin in phase space.

X
=

in 2 (L) =H

o (2.3)

- (He— hou2 —e(til2

“\eware Ayt Ro2 (2.4)

Wi(px) = 5 [ Blx— Y2, x+yi2) dy  (25)

as well as one for the hol&(p,x) were generated for visualizing

combined with Boltzmann weights to construct the final state:
or = Zie PEi|yi(t) Mpi(ty)| wherew(ty) is the wave function on
the ground surface after the pulse is over. The projectigh of
on the ground surface was the starting point of simulations

The negative density in the Wigner function @f(the blue
color in the upper panel) is evidence for a purely quantum
mechanical contribution to the distribution in phase space
reflecting interference in the light-induced coherent motion.
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C. Absorption of the Probe Pulse The total energy absorbed |y (t, + cr,)(=
by the probe pulse is linearly related to the change in population R i ator L
on the ground electronic surfdée eXp(—I/ﬁHecrp){E /. p"_crpp dr eXp(—I/hZAT)/«@*(T)}

AE = _h(ULANg (26) eXp(_i/hHgCTp)W)g(tp - CTp)D (211)

The change in populationNg can be simulated directly by ~ Wheree(t) = €(t) exp{w.t). The structure of eq 2.11 allows a
solving eq 2.3 with the characteristics of the probe pulse. The Synchronization of the ground and excited wave function to a
initial condition is the transient wave function induced by the common timet,, leading to

pump on the ground electronic surface. It is assumed that the i tren .

e.xcned. part of the wave packet at the probing tig‘mps alrgady [Pty 0= {E jt‘psi app dr exp(—i/h2A7) ﬁ?*(t)} Yt (2.12)
dissociated and thus moved out of the observation window.

An approximate alternative to the direct simulation of the  gqati0n 2,12 relates any arbitrary initial wave function on the
probe signal is obtained by an observable represented by ayyoynd surface to the final wave function on the excited surface,
window operatoiW: collapsed to a single instant of time. The window operator is

~ Ay AR therefore constructed from the projection composed from the
AE ho tr{ p(t)-W} @7) curly bracket in eq 2.12.

For a Gaussian shaped probe pulse with the envelope function,
€(t) = Ae~H%257 eq 2.12 can be integrated leading to the
window operator:

The window operator provides direct insight into the probing
process as well as reducing the computational effort. Equation
2.7 implies that the window operat®V is independent of the
state of the systerfi(t,). This statement is true if the intensity 2 2
of the probe pulse vanishes, which eliminates the contribution W(x X) = ”(TPA) ex —2A (X)T 21,52 — ¥
! ! . ) 1 (X)o(x — X)) (2.13)
of cycling back from the excited electronic surface. Moreover, K2 Rz °
the observation process is not instantaneous and is completed S .
in a time duration proportional to the probe pulse duratign This expression is identical to the one obtained by Ungar and
The concept of eq (2.7) is to collapse the observation to a single Cina** A similar expression can be obtained for a square pulse
instant of timet,. The collapse assumption for the window Where the Gaussian is replaced by a sinc functfon.
operator is equivalent to the impulsive condition that the nuclear ~ The window operator representing the probe absorption signal
motion is frozen during the observation. can be interpreted as a finite precision position measurement
Because the static contribution is subtracted from the signal, performed on the ground surface density The precision of
the probe signal observation can also be viewed as an overlaythe position measurement is determined by the slope of the
between the density of the hdlé; in phase space and a compact difference potential &(x), at the point of resonancex = 2
Wigner-Weyl functio®3°W,(p,X) = 1/(27)/ W(x — y/2, X + dA(x)/dX|a=o, leading toAX ~ Alaz, (see Figure 1). For the
y/2)eP dy, representing the observation window: I3~ system, with a pulse duration of = 25 fs, the resolution
in pg\sition in the symmetric stretch direction becomde$ =
; — ~ 0.1 A

Signal= AE thffdp X WPXW(PX) (2.8) Chirping the probe pulse modifies the window operator.
Equation 2.8 is the basis of the conceptual insight on the Consider the following chirped pulse:
emergence of the transient signal form the overlap in phase space 5
between the dynamical hole and the window operator. e(t) = A ex;{ —(t— tp)

Explicit expressions of the window operator are obtained by 27 2 T '}Ec(t - tp) Fio (t- tp) (2.14)
considering an initial state on the ground electronic surface P
Yo(tp — Crp) at a timecr, before the probing time,. The
constantc is determined such tha(t & crp) ~ 0. This initial

state will evolve under the influence of the probe pulse to

wherey measures the chirp rate. Because the chirp lengthens
the pulse, the impulsive approximation is corrected by the
next order int in the exponent of eq 2.10, i.e HEHy] =

~ ’\2 ~ 2 . . . . _
(O )_» (we(tp + crp)) 2[A,P?12M] ~ ihaP/M. This will lead to the following excited

2.9 state wave function:
volty — et gty + c2) (2.9) 2
T

) . it ([
Because of the total norm conservation, the change in norm on|y(t,) .= lﬁf;p dr exi{— EZAT -—
the ground surface can be measured on the excited surface: b 27,

ANy = —AN, = — [ (t, + crp)lpt, + cr,)0 expli(x/2 — a/2h IS/M)rz]ﬁ} [po(t) L (2.15)

For a probe which typically has weak intensity, time dependent Comparing eq 2.15 to eq 2.12, one finds that the chirpyase
perturbation theory can be used to obtain the final excited-state .qrelated with the velocity = /MO On performing the

wave functiomye(t, + czp) from the initial ground-state wave  integration, the window operator is approximated as
function yg(t, — crp):

. . 20%(X) 2
| e ST N N1~ % W(x,x') Oexp — T :
|'l/}e(tp + CTp)DZ EL/Z—C‘ED dr eXp[ |/hHe(CTp T)]lué (T) ( ) % hZ p 1+ Tp4(X/2 _ ((X./Zh)@)z
exp[—i/hH (T+cT )] [y 4(t, — cr,)U(2.10) ﬁZ(X) S(x — x) (2.16)
Under the impulsive conditiond, F|g] ~ 0, eq 2.10 simpli- The window operator in eq 2.16 enhances areas in phase space

fies to where the velocity is correlated with the chirp rate. Taking the
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Figure 3. Window operator in phase space. (a) Top: a probe centered
at 364 nm. Bottom: a probe centered at 400 nm. (b) The influence of
the chirp on a window function centered at 400 nm. Hhesigns
represent the positive and negative chirp of 500 Kotice that the
phase space in panel b is rotated by 96th respect to panel a.

next order in the expansion of, i.e., a; = (d?A/dx?)a=o,
through the commutator of the ground and excited Hamiltonian
will add the momentum position correlation operatbo,/M

(XP + PX) to eq 2.16. This addition will cause a rotation in
phase space of the window operator (see section IV.D). The
present approach to a chirped probe is different than the
semiclassical approach of Zadoyan e#2alvhere the window
function is defined only in coordinate space.

The concept of synchronizing the ground and excited wave
functions to a common timig can be used to obtain a numerical
representation of the window operator. Each initial eigenfunction
¢n on the ground electronic surface at titree —crp, evolves to
an excited-state wave functigm(n)(+crp), where the peak of
the probe intensity is shifted to tinie= 0. These wave packets
are propagated backward in time under the free evolution on
the excited surface tb= 0: y¢(n)(0) = e HCTp(N)(+Crp).

The window operator is constructed from the sum of excited-
state projections from all of the initial eigenvalues. To complete
the synchronization, the window operator is propagated forward
in time for durationcr, generated by free evolution on the
ground surface Hamiltonian:

W = —exp[—i/hﬂgcrp](lee(n)(o)ﬂlﬂbe(n)(O)l)
exp[+ifhH cr] (2.17)

The window operators are shown in phase space in Figure 3.

The blue color regions representing negative density are an
indication of the failure of the perturbation description, eq 2.15,
even for vanishingly small probe intensities. The basic assump-
tion in the perturbative expansion is that population moves
unidirectionally from the ground to the excited surface or in a
two-level description the light induces only a small fraction of
a Rabi cycle. However, the Rabi frequency for vanishing
intensity, Q(X) ~ |A(X)|, is proportional to the detuning.
Therefore, even for zero intensity for large detuning, there is
considerable cycling. These considerations define the range o
validity of the perturbation approach @gX):z, < h. For a
pulse of 30 fs for thes system, this translates to a detuning
of A(X) < 1500 cnt™.

Ill. Experimental Procedures

A. Experimental Details. The amplified laser used in this
study removes two major limitations imposed by its predeces-
sor: mediocre time resolution and the inability to tune the

J. Phys. Chem. A, Vol. 105, No. 21, 2008085

excitation pulses. The current homemade system provides a high
repetition rate source of nearly transform limited pulses which
are continuously tunable from the near-IR to the UV. The system
consists of a KLM Ti;sapphire oscillator and multipass amplifier,
coupled to a commercial OPA (TOPAS, Light Conversion). The
oscillator follows the design published by Asaki et&and is
pumped wih 4 W ofargon ion radiation (Coherent Innova 310).
This oscillator, which was built around a crystal purchased from
EKSMA, produces a 300 mW train of 17 fs pulses, with a
FWHM spectral band of 45 nm, and an 85 MHz repetition rate.
Before amplification, the pulses were stretched in an all
reflective stretcher, which preserves the spectral width of the
oscillator output, to a duration of 25 ps. The stretcher was
constructed from a 600 line/mm grating (Richardson Grating
Lab) ard a 6 in. gold parabolic mirror of 91 cm focal length
(Edmund Scientific).

After a single pulse was selected from the stretched pulse
train at a frequency of 1 kHz (Pockells cell; Fast Pulse
Technology), the pulse was injected into a multipass amplifier
pumped with 10 mJ pulses from an intracavity doubled YLF
laser (527 Quantronix DP-H). The amplifier is based on the
design of Backus et at?, with some modifications. Pumping
was achieved axially by focusing the YLF outputdrd 6 mm
optical path length brewster cut sapphire crystal (Casix). This
is achieved using 2 in. diameter dichroic end mirrors with 75
cm radii of curvature (CVI), which transmit the pumping
radiation and reflect the near-IR. A mask of 2.2 mm holes on
3.6 mm centers is introduced between the planar gold reflector
and one of the end mirrors to reduce effects of ASE, and self-
focusing. 8 round trips in the amplifier produce a 1.3 mJ pulse
(13% conversion of the pump energy). The amplified pulses
were spatially filtered and temporally compressed with a grating
pair to produce the ultimate output of 28 fs (FWHM) pulses
containing 700uJ of energy, at 1 kHz. The spectrum of the
output is centered at 800 nm. 80% of this output is used to
pump the OPA, generating 382 fs pulses throughout the
visible range (456750 nm) via frequency doubling the IR
output or nonlinear mixing with the 800 nm fundamental.

The UV pulses were generated by quadrupling the OPA
output in sub-100 micron BBO crystals which minimize pulse
broadening because of group velocity mismatch. Prism pairs
were used to control linear chirp both before and after the BBO
doubling crystals, to obtain the highest time resolution. In some
experiments linear chirp was intentionally introduced by
increasing or decreasing the depth of prism insertion in the same
compensating pairs.

I3~ solutions were prepared by mixing iodine and iodide salt
(KI for ethanol or (CH)4NI for acetonitrile) with a 10% excess
of iodide. The concentration of the solution changed from
experiment to experiment to provide 50% absorption of pump
energy. The integrity of the solution was monitored by measur-
ing the UV—vis absorption spectrum before and after the
experiments, and demonstrated to be unchanged by the irradia-
tion. The sample was circulated through a 200 path length
cell equipped with 15@m quartz windows, using an all Teflon

gperistaltic pump (Cole Parmer), at a rate which refreshed the

sample irradiated between shots.

Pump and probe pulses were focused through a 25 cm quartz
singlet into the sample. Intensity of the pump and probe pulses,
as well as the transmitted probe, were collected by amplified
photodiodes and digitized on a fast A/D converter. The
transmitted probe was subtracted from the reference pulse in a
lock-in amplifier (EG&G, 7260) and the pump beam chopped
at 500 Hz. The resulting signal detected at this frequency was
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digitized and dynamically normalized to changes in pump and experimental signal. In the analyzed signals, aside from very
probe reference intensities. The time delay between pump andrapidly decaying or very low-frequency components, the leading
probe was controlled by a high-resolution DC motor actuated amplitudes could be assigned to the known molecular modes,
translation stage (Newport, PM500). Computer control of the their harmonics and combination bands.
data collection as well as the subsequent data analysis to be There were cases where the analysis resulted in a group of
described below were programmed in Labvitw. close-lying frequencies. The possibility of regrouping these
B. Experimental Analysis. The outcome of the experiment  frequencies was checked by using a nonlinear fit procedure to
was a time series, composed of the absorption of the probe pulseefit the experiment with only one representative frequency. A
at incremental time delaysS:(nAt). The time series reflects  nonlinear fit procedure was also used to check the possibility
the ground-state nuclear motions induced by the pump andof non exponential decay. Thé criteria was used to determine
viewed by the probe. The ultimate goal of the analysis is a if this procedure was valid.
breakup of the spectral modulations into contributions from  The filter-diagonalization (FD) fitting procedure can be
individual active vibrational modes and to extract accurate values compared to the linear prediction singular value decomposition
for their frequencies and decay dynamics. (LP-SVDY procedure because both methods fit the data to a
A powerful tool employed for this purpose is the filter similar functional form. The advantage of the FD is that the
diagonalization techniqu- 4% The method is based on the stroboscopic structure of the data is incorporated in the method.
assumption that the time signal can be represented as a sum ofypically in pump probe spectroscopy the time delay is
complex exponentials: determined very accurately compared to the amplitude of the
signal which is affected by noise. The FD method is ideally

K . . .
. ted f h situat .
St = Zdi exp(-iat) (3.1) suited for such situatiorf$
1= IV. Case Studies
whereQ; = Re() is the desired frequency; = 1/Im(w;) is Once the target of control was defined as suppression of the
the life time, andd; is the complex amplitude of th¢h symmetric stretch fundamental and the enhancement of the

component. K is the number of fitting parameters. The remaining frequencies, a number of distinct strategies were
assumption of exponential vibrational dephasing of each com- studied. Each subsection describes a specific strategy, its
ponent is by no means assured in view of contrary examples inexperimental implementation, and theoretical foundation.
the literature’® Implications of this assumption will be addresses  After the concept of both the dynamical hole and the probing
in section V. window function are described, the general approach for
The analysis method employs only a small frequency window suppressing the first harmonic component of the symmetrical
inside the physically relevant range. In this range, the frequen- stretching in the RISRS signal is straightforward. The complete
cies are extracted by diagonalization of a small matrix. The signal cycle involves both the generation of the hole by the
matrix elements are evaluated directly from a stroboscopic pump and its observation through the coordinate dependent mask
sampling of the signa®(nAt) whereAt is the sampling interval. defined by the probe. We concentrate on a two-dimensional
The method is particularly suited for pumprobe ultrafast representation of vibrational phase space in terms of the
experiments wherdt is determined to a very high precision symmetrical stretching mode and disregard the possibility of a
(£ 0.3 fs). chirped probe. All that is required for first harmonic suppression
The experimental background of the signal was eliminated is to prepare a dynamical hole and/or to devise a probe window
either by the subtraction of a low order polynomial fit to the function withC, symmetry in phase space, assuming the rotation
data (order 23) or by letting the Filter-Diagonalization  axis is perpendicular to th@,&) plane and centered at its origin.
procedure fit the background. The relevant frequencies aboveEither or both of these will ensure that one period of phase
100 cnt! were not sensitive to the background subtraction space rotation (one period of vibration) will produce a signal
method. with two repeated and identical time sections, excluding a first
The advantage of the method is the ability to extract the harmonic component at the fundamental frequency by definition.
desired parameters, with high fidelity, using only a limited The following case studies will examine specific strategies for
number of data points. The validity of the output parameters obtaining this goal and describe their limitations and fortitudes
was checked in the time and frequency domains. In the time with respect to the control objective.
domain, the results were checked by eq 3.1. The experimental A. Drilling a Hole in the Middle of the Absorption Band.
signal was reconstructed starting with the frequencies with the By tuning the pump frequenay, to the center of the absorption
largest amplitudesd;|. For each additional frequency; that band, the dynamical hole in coordinate space is produced with
was added to the sum, the signal was compared to thereflection symmetry with respect to the minimum point of the
experimental output. When the agreement with the experimentalpotential well. If inversion symmetry is also imposed with
data was satisfactory the procedure was stopped. This constitutesespect to zero momentum, the desi@adymmetry is obtained.
the minimum set of amplitudes and frequencies which recon- A momentum kick induced by the pump will break this
struct of the experimental signal. Adding frequencies beyond symmetry leading to the appearance of a first harmonic

the minimum set increasegf, where y2 = Zﬂzl(sex(nAt) — component in the signal. A measure of the degree of symmetry
S(n At))%(N — 4K). In the frequency domain, the spectrum was breaking of the dynamical hole is defined as the momentum
reconstructed using the relation change on the ground surface normalized to the depth of the
q dynamical hole:
]
Fl)=3 (3.2) A .
_ _ PO tr{P,

C C
The F(w) function was reconstructed with the minimum set of
frequencies and compared to the Fourier transform of the whereC is the coherence measure (cf. subsection II.B).
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Figure 4. The buildup of the momentum kidR as a function of time

for different intensities. The duration of the pulse is indicated. After
the pulse is over the momentum ki€koscillates with the period of
the fundamental frequency. The insert shows the final momentum kick
P determined after the pulse is over as a function of fluence, showing
the transition from negative to positive momentum.

The source of the momentum kick is quite subtle. We found
by simulation that our previous semiclassical estimafitHs
were misleading. Figure 4 shows the buildup of the momentum
kick during the pulse. At small fractions of the Rabi cycle, i.e.,
Ut < 7, a universal buildup of a negative momentum kitls
observed. In this region of intensity, the momenti#) the
coherence measu@ and the population transféxNg all scale
linearly with the fluenced?). This phenomena can be rational-
ized by first decomposing the zero momentum initial stationary
state to a superposition of pairs of wave packets with positive
and negative momentum. The absorption process has a bias to
the promotion of the positive momentum wave packet, thus
leaving behind a negative momentum contribution. This phe- Figure 5. Intensity effect on a holgq drilled in the middle of the
nomena is related to the different absorption of a positive or band (364 nm) showing the breaking of @gsymmetry. The intensities
negatively chirped puls€: The zero intensity negative &€ in units of fluence, where panel 1, 0.017 mJ¥/¢Ny = 0.02);

; : - panel 2, 0.14 mJ/c#(0.13)P = 0; panel 3, 0.24 mJ/ct{0.19); panel
mom.emun;. kﬂ: means that ? re_HSIduaI symmettry breaklnﬁ], 4,0.66 mJ/crh(0.23); panel 5, 2.63 mJ/cnf0.30). The ellipse in panel
causing a first harmonic signal, will occur even at very small represents the probe winddd, located at 400 nm. The white point

fluence Va|UeS-_ The broken symmetry in the dynamical h0|e represents the origin of rotation in phase space which is the zero position
for low fluence is clearly observed in panel 1 of Figure 5 which  momentum point. The left panels show a top view, whereas the right

shows a phase space picture of the dynamical pgle panel shows a stereoscopic perspective.

Upon increasing intensity tHeincreases nearly linearly with
fluence and eventually changes sign (cf. Figure 4). This effect The insight gained by this analysis leads to the possibility of
is purely quantal because it results from interference betweencontrolling the relative phase between the first and second
the ground state wave function and the wave transferred backharmonic components using intensity and detuning as control
from the excited state by the optical cycling, see Figure 5. The knobs. A phase shift of/2 (with respect to the fundamental
population transfer which accompanies the change of sigh of frequency) between the first and second harmonic components
is moderateANg ~ 13%. This point represents a peak ratio in can be obtained by symmetry breaking in the coordinate
second to first harmonic amplitude. This maximum is clearly direction. This operation is easily obtained by detuning the
observed in the experimental signal (cf. Figure 6). Further excitation frequency slightly off the center of the absorption
increase in intensity was found to reduce this ratio, which is band. A combination of intensity and detuning enables control
consistent with an increase of the positive momentum kick.  of the amplitude ratio as well as control of the relative phase of

For even higher pump intensities the momentum distribution the first and second harmonic components of the signal.
changes shape almost completely loosing@hsymmetry. This Alternatively, observing the transient signal allows a direct
is the result of additional interference causing an oscillation in determination of the initial shape in phase space of the
the momentum kick as a function of fluence (cf. Figure 5). dynamical hole.
Figure 5 confirms the analysis that tli2 symmetry breaking Figure 6 displays the measured pump probe signal for
is in the momentum direction. This fact means that the peak of different intensities corresponding to the simulation presented
the first harmonic components will coincide with half the in Figure 5. The transition from a signal with a significant first
transmission peaks of the second harmonic component. As aharmonic component for low intensity to a signal dominated
result, one of the peaks of the second harmonic componentby a second harmonic component at higher intensity and a
will be enhanced, creating a sawtooth like signal with a decrease of the second harmonic component for even higher
different direction for negative and positive momentum kick intensity is evident in the time domain, where the main period
(cf. Figure 6). of oscillation doubles. This is born out in the spectral analysis
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Figure 6. Pump probe signal ot in ethanol for four different pump 1 2

intensities. The spectrum of the pump and probe pulses is indicated in
the insert superimposed on the absorption spectra of he right panel

shows the Fourier transform of the signal together with the filter-
diagonalization fit to the data shown as histograms indicating the main
frequencies and amplitudes in the data. The top label indicates the g
position of the fundamental frequency 111 @émand its second
harmonic. The insert shows the spectrum of the pump and probe pulses
superimposed on the absorption spectrumgof |

ssi0;

325/325

shown in the right panel of Figure 6. The other significant
frequency in the data is the antisymmetric streici 145 cn,
indicating a breaking of symmetry of thg"Imolecule by the
solvent?3.24.50

A series of experiments were performed where both the pump L \ j
and probe were in the middle of the absorption band either at v ———— ————
364/364 or, for the upper band, at 290/290. With a careful 0 1 z 3 100 200 300
selection of the wavelength and chirp, the first harmonic signal Time [psec] Frequency [cm™]
was suppressed almost completely becaus@,slymmetry of Figure 7. Pump probe signal forT in ethanol (top) and acetonitrile
the probing window function in phase space. (bottom). The pump wavelength is at 325 nm. The top trace shows a

B. Drilling Two Holes Simultaneously. Pump 325 nm probe at 325 nm and the bottom trace shows a probe at 400 nm. The
Probe 400/325 nmThe absorption spectrum of lis Composed right par_lel displa_ys the filter-diagonqlization fit to the dominant
of two overlapping absorption bands. By choosing an excitation frequencies superimposed on the Fourier transform of the data.
frequency where the two absorptions are equal, two holes are o ) )
created (see Figure 1). Because the two holes are positionegvavelength combinations (not shown) display a sawtooth like
nearly symmetrically around the zero point in phase space, theSignal indicating symmetry breaking in the coordinate direction.
desiredC, symmetry is approximately obtained. Panel b in ~ C. Multipulse Excitation. Pump 400/400 nm Probe 400
Figure 8 shows the phase space distribution after the pump.nm. A generally applicable method for ensuring ti&
The excitation removes amplitude from both sides of the initial Symmetry in phase space is the introduction of a double
distribution, creating a state which is narrower than its uncer- €xcitation pulse delayed by half a fundamental period. A similar
tainty width in the ground state. Such a nonclassical distribution method was previously used for studying interference effects
indicated by its negative components (blue) resembles ain impulsive Brillouin scatterinQ? The holes created have
“squeezed state” in quantum optfi$2 The distribution of the similarities to the ones created by the simultaneous drilling of
hole shows that a probe far from the center will experience more two holes.
first harmonic character than a probe close to the center of the From an eigenstate viewpoint, the double excitation creates
absorption band. This is evident in Figure 7, where a probe ata constructive interference for the even eigenstates and a
400 nm shows dominant first harmonic dynamics. A probe at destructive interference for the odd eigenstates. This process
325 nm shows dominant second harmonic dynamics due to acan be observed in Figure 9. As an indication of a coherent
filtering effect of the double probing window. At first sight the  process, the amplitude of the= 2 component after the second
pump probe signals in the two solvents look very similar. A pulse is enhanced by a factor o5 relative to its amplitude
more careful examination, in particular by filter-diagonalization after the first pulse.
analysis, reveals an antisymmetric contributionginih ethanol From the phase space viewpoint, one can imagine the effect
which will be absent from the acetonitrile data. of the pulse as first shaving one side of the distribution and

The 325/325 trace in the acetonitrile data has the typical then using the dynamics to rotate the distribution by°1&d
characteristics of @/2 phase shift between the first and second shaving the other side of the distribution. This effect can also
harmonic components. This means that the symmetry breakingbe utilized to make higher order harmonics by using three pulses
is along the momentum direction which could be interpreted as separated by/; of a period etc. The shape of the dynamical
an intensity effect. Other traces with the similar pump probe hole created by this method is shown in the top panel of Figure

Transient

325/400
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Figure 8. Comparison of final density\; (left panel) and dynamical
densityW; (right panel), created by (a) sequential drilling of two holes
by half a period delay (excitation at 400/400 nm) to (b) simultaneous
drilling of two holes (excitation at 325 nm) and to (c) an intermediate
intensity hole drilled in the center of the band. (excitation at 364 nm).
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Figure 9. Creation of a hole by a double pulse. The two pulses are
centered at = 0 andt = 0.5 in units of the vibrational period (300 fs).
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Figure 10. Pump probe signal fogT in ethanol. The figure compares
a pump at 400 nm (bottom trace) to a multipump pulse with a time
delay of half a period (top trace). The probe is also at 400 nm.
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Figure 11. Pump probe signal fogt in acetonitrile for different chirps.
The figure compares a pump at 400 nm and a probe at 325 nm with
different chirp rates. The vertical line emphasizes the correlation
between the phase shift of the signal and the chirp.

will corrupt the intendedC, symmetry. In this case study, we
will demonstrate this effect and highlight the utility which it
provides for pinpointing the coordinates of an evolving ground-
state density in phase space. The effective suppression of
fundamental modulations as expected for 325 nm probing is
demonstrated in the no-chirp trace of Figure 11.

A positive chirp of the probe pulse moves the detection
window in the direction of negative momentum (see section
11.C and Figure 3). The breaking of tli& symmetry will cause
the appearance of the first harmonic component in the signal.
The same should be true for a negatively chirped probe with

The change in population on the different eigenvalues is shown as ane difference that the detection window is shifted to positive

function of time.

momentum. This difference in the direction of the symmetry

8. Again the phase space distribution has a nonclassicalbreaking should cause exactlyrashift in the phase of the first
component resembling a squeezed state. The symmetric shapbarmonic component irrespective of the amount of chirp. This
of the hole will lead to a dominant second harmonic component fact is clearly observed in Figure 11 where, because of the faster
irrespective of the detection scheme. This effect can be seen inrelaxation of the second harmonic component, the signal, after

the experimental results of Figure 10.

D. Chirping the Probe Pulse. Pump 400 nm, Chirped
Probe at 325 nm.As stated in section II.C, residual chirp in
the probe radiation will break the symmetry of the window

sufficient time ¢~1500 fs), is almost exclusively composed from
the first harmonic component. The positive and negative chirped
modulations are exactly out of phase. The influence of chirping
the probe on the phase of the second harmonic component is

function with respect to the zero of momentum and, accordingly, gradual and is caused by the shift in the window position to
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364 also showed a suppression of the second harmonic
component. The 364 nm chirped signal differs from the 325

nm chirped signal in that the fundamental component was not
enhanced, probably because of its absence from the initial state.

T

V. Spectral Analysis

The control insight demonstrated in the case studies, in
particular the ability to suppress the strongest spectral feature,
the fundamental symmetric stretch signal, enables the study of
the transient spectroscopy on the ground electronic surface of
Is~ with enhanced precision. With these tools at hand the
dephasing dynamics of the different harmonic components
composing the signal can be unraveled for different solvents.
Moreover weak spectral features such as the antisymmetric
stretch and combination band can also be observed. The case
studies presented in the previous section are only a small fraction
of the data sets which were studied experimentally $orih
ethanol and acetonitrile. Detailed analysis of all of the collected
data is presented below in tabulated form.

A. Dephasing Dynamics of the Fundamental and Second
Harmonic Symmetric Stretch. Table 1 summarizes the result
of the filter-diagonalization analysis of the symmetric stretch
dynamics which fit the formula

negative zZero positive

Transient Transmission

0 150 300 450 600 . e
Pump-Probe Delay (fs) S(t) = ) Idj sin@; — wjt)e ™" (5.1)
]

Figure 12. Top: schematic view in phase space of the position of a

hole located at the outer turning point and of the observation widows. . . . .
A positive chirp of the probe shifts the window to the negative The amplitude in the table represents the fraction of a particular

momentum direction and also correlates the position and momentum FOUri€r component in the total transient signal after the
which is observed as a tilt to the window. The opposite is true for the background has been subtracted. A small amplitude of a
negative chirp. The lower panel shows a simulated puprpbe signal particular component degraded the reliability of the extracted
without dissipation. A positive chirp (red) delays the observation of parameters. When the decay of the second harmonic dynamics
the first window and advances the observation of the second window \ya5 analyzed, the possibility of an inertial effect was checked.

located at the inner turning point. The tilting causes additional : - .
asymmetry between the two observation windows. The negative chirpedA Gaussian fit model was tried for the decay curves but was

case is shown in blue and the zero chirp in black. inferior to f[he expone_ntial f_it' .
The main observations in the table concerning the funda-

earlier or later times depending on whether the chirp is positive mental frequency of the symmetric stretch are the following:
or negative, cf. Figures 11 and 12. (1) The frequency of the motion is 1121 cnr ! irrespective

The lower panel of Figure 12 shows a signal directly of the solvent.
simulated for a positive, zero, and negative chirped probe. The (2) The decay is exponential with a decay lifetime of
simulation was carried out by a direct integration of the 1030+ 20 ps for acetonitrile and 95& 20 ps for ethanol.
Schralinger equation including the pump and probe fields  The fundamental frequency in gas phase is very similar,
explicitly. The signal was calculated by adding the Boltzmann 112+ 1 cm 157 and fits well the ab initio result 114 crh8®
weighted signal from each initial ground surface eigenstate. The The decay rate is independent of the pump and probe charac-
exactsr phase shift between the first harmonic components is teristics except when the pump and probe wavelength is close
clearly evident. The two peaks in the signal are due to the to the middle of the absorption band-§64 and~290 nm)
detection by the two observation windows. Their lack of where avery fast decay time is observed. Under these conditions
equivalence is the result of a different slope of the difference the first harmonic component is suppressed though not entirely.
potential in the right and left observation windows. The experiment at 290 nm at the peak of the higher absorption

Another effect of the chirped probe is to reduce the signal of band was done to prove that the RISRS signal is a true ground-
the late detection in the positively chirped probe and the early state property independent of the excitation frequency. The
detection in the negatively chirped probe. This phenomena is similarities of the observations at 364 and 390 nm rule out
caused by a correlation between momentum and position whichexcited-state dynamics and chemical modulation of the nascent
tilts the observation windows, cf. Figure 12 and subsection II.C. product b~ as a source of the transient signal. The main
The tilting means that the probe can follow the motion of the observations concerning the second harmonic are as follows:
wave packet for a longer time when it is contracting from the (1) The frequency of the motion is 2242 cmi* irrespective
outer turning point and that a positive chirp will shift the of the solvent.
observation to negative momentum. The tilt in the observation (2) The decay is exponential, with a decay lifetime of 480
window is the result of a quadratic term?ddx?),— in the 50 fs for acetonitrile. Ethanol is slightly slower, 58050 fs,
difference potential which causes position momentum correla- but it is within the experimental error bars.
tion. When the simulated signal is compared to the observed (3) Within the experimental error, the decay rate was found
one, it is evident that the second derivative of the difference to be independent of the initial conditions induced by the pump
potential is larger in the simulation than in the real potentials. characteristics.

Chirping a probe with a frequency of 364 nm and a pump at  (4) An exponential decay describes the results well.
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TABLE 1: Filter-Diagonalization Fit to the Symmetric Stretch Frequency and Its Second Harmonic

pump [nm] probe [nm] solvent frequenay[cm™] decayr [fs] amplitude|d| phasep [rad]
290 289 acetonitrile 1131 6204+ 100 0.4+ 0.1 1.8+0.2
229+ 1 420+ 50 0.6+ 0.1 2.3+0.2
287 291 acetonitrile 1121 6504+ 100 0.6+ 0.1 2.0+ 0.2
227+ 1 5004+ 50 0.4+0.1 2.4+ 0.2
ethanol 112+ 5 770+ 40 0.16+ 0.04 2.1+ 0.2
364 364 225+ 5 5004+ 50 0.5+0.1 1.9+ 0.2
acetonitrile 113t 1 680+ 100 0.3+ 0.1 1.7£04
227+ 1 450+ 50 0.7£0.1 1.£0.2
364 ethanol 1133 1200+ 80 0.1+ 0.1 0.+0.3
low 400 224+ 1 5004+ 20 0.5+0.1 —-1.0+0.1
intensity acetonitrile 1122 850+ 50 0.2+0.1 25+0.1
226+ 2 460+ 50 0.8£0.1 —-1.14+0.3
364 ethanol 1121 1050+ 30 0.39+ 0.02 —0.44+0.3
medium 400 2221 4204+ 70 0.44+ 0.02 —0.4+0.3
intensity 400 acetonitrile 1121 1100+ 60 0.32+ 0.06 —-0.3+0.3
225+ 3 400+ 80 0.68+ 0.06 —0.8+0.3
364 ethanol 11%1 1100+ 80 0.60+ 0.1 0.+0.3
high 400 224+ 2 5204+ 70 0.3+0.1 —-0.6+0.3
intensity acetonitrile 1131 1060+ 30 0.85+ 0.02 0.5+ 0.1
227+ 2 540+ 60 0.154+ 0.02 —-0.24+0.1
ethanol 112+ 1 10004+ 200 0.3+ 0.1 1.7+ 04
325 325 224+ 1 5304+ 80 0.5+ 0.1 23+ 04
acetonitrile 113t 1 850+ 100 0.3+ 0.1 0.2+ 0.2
225+ 1 490+ 30 0.7+ 0.1 1.0+ 0.2
ethanol 112+1 1040+ 10 0.7+ 0.1
325 400 226+ 2 430+ 40 0.144+ 0.02
acetonitrile 113t1 1040+ 20 0.7+ 0.1
226+ 2 5104+ 20 0.2+ 0.1
325 112+1 13004+ 200 0.2+ 0.1 —-0.2+0.1
no chirp 226+ 3 490+ 50 0.8+ 0.1 —-3.3+0.1
400 325 acetonitrile 1121 10004+ 200 0.8+ 0.1 —0.3+0.02
+ chirp 225+ 2 600+ 50 0.2+ 0.1 —1.4+0.2
325 112+1 11004+ 100 0.6+ 0.1 25+0.3
— chirp 2264 2 4704 50 0.4+ 0.1 244+ 0.3
ethanol 112+ 1 1030+ 30 0.7+ 0.1 1.1+ 0.1
400 400 225+ 1 480+ 100 0.2+ 0.1 1.2+0.2
acetonitrile 112+ 1 1100+ 50 0.6+ 0.1 1.0+ 0.2
225+ 2 360+ 50 0.4+ 0.1 1.1+ 0.2
ethanol 1113 11004+ 100 0.1+ 0.1 0.0+ 0.2
400/400 400 2261 480+ 50 0.6+ 0.1 0.9+ 0.2
acetonitrile 113+ 2 10404+ 60 0.1+ 0.1 1.9+ 0.2
226+ 2 410+ 50 0.9+ 0.1 0.6+ 0.2
TABLE 2: Filter-Diagonalization Fit to the Antisymmetric (4) The decay is exponential, with a decay lifetime of 480
Stretch Frequency and Combination Band 70 fs.
pump probe solvent frequencywy  decayr amplitude (5) The decay of the combination band is slower than the
[nm]  [nm] [cm™] [fs] d| expected decay corresponding to the sum of the rates of the
364H 400 ethanol 1425  720+70 0.15+0.02 symmetric and antisymmetric stretch (400 fs).
325 325  ethanol 1485 650+ 300 0.13+0.07 An antisymmetric stretch frequency of 140 chfor 15~ in
288 ggg gmgﬂg: %gi % gggi 28 OOO?i 8-82 ethanol was inferred by ¥ne et af3 Ab initio calculations
400 325C ethanol 1442  680L50 011t 0.03 indicate a frequency of 147 crh (see ref 85).
400 325C ethanol 25% 2 870+50 0.11+0.03 ) )
400/400 400 ethanol 1483 700+ 100 0.124+0.03 VI. Discussion

400/400 400 ethanol 2563 3504+ 100 0.2+ 0.03 . . .
Impulsive coherent control of molecular dynamics hinges on

B. Dephasing Dynamics of the Antisymmetric Stretch and a separation of time scales between the light induced transitions
the Combination Band. Table 2 shows the result of filter- and the intramolecular vibrational motions when impulsive
diagonalization analysis for the antisymmetric stretch and conditions prevail. Itis particularly attractive for general control
combination band dynamics. A significant signal could only of ground electronic surface dynamics in condensed phases. The
be detected in ethanol. Suppressing the fundamental frequencybrevity of the control process allows initiation of particular

unravels the weak signals of other frequencies. modes of motion before dissipative forces take over.

(1) The frequency of the antisymmetric stretch is 142 One may ask whether this process is coherent control? The
cm L, accepted criterion is that coherent control isiaterference

(2) The decay is exponential, with a decay lifetime of 840  effect with at least two pathways leading to the final re¥t:56
50 fs. Reconsidering the process that creates the dynamical hole, it is

(3) The frequency of the combination band is 262 cnt 2. clear that cycling of the amplitude through the excited electronic
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surface and itsnterferencewith the initial ground-state wave  active control knobs. The symmetry in phase space is also the
function is the main source of control. The basic mechanism of key to understanding the probe manipulation. We have elabo-
coherent control is supplemented by multipulsing which allows rated on the concept of a window function. The window function

further interference pathways. can be thought of as a shaped porthole limiting the views of

Many goals have been envisioned for coherent control, from Phase space. By constructing a window with symmetry
the photosynthesis of exotic molecules to precisely timed Properties only patterns with such a symmetry are observed in
switching of currents in mini-scale electronic devices. Here we the signal.
seek more fundamental insights. On the one hand, to understand The effects of spectral chirp in the pump and probe pulses
how parameters of the excitation field influence the induced are intriguing. Although up to this point we have related to this
dynamics in the triiodide ground state; on the other hand, to parameter on equal footing with the others tested, in reality,
employ the degrees of control provided by the explored the effects of pump and probe chirp were stumbled over more
parameters to learn more about the mechanisms governingthan they were intentionally recorded. For 400 pump and 325
vibrational relaxation of triiodide in various solvents. probe data, we found it hard to reproduce results, until full chirp
Impulsive optical excitation, our vehicle of control, is by no scans were conducted! This fact, more than any other, exempli-
means a new topit7-9:131557.584owever, as demonstrated in ~ fies just how sensitive the reported results are to slight residual

the present study, new insights concerning this process, bothspectral chirp in the pump and probe pulses. In other words,
of fundamental and app“ed importance' are still being uncov- residual Chirp which had negllglble effects in other Wavelength
ered. The widespread application of impulsive photoexcitation, combinations strongly influenced the results of these pump probe
with femtosecond lasers in recent years, underlines the impor-schemes. In retrospect, this effect can be rationalized and even
tance of understanding its finer details, even in the limited scope Used to our advantage in understanding the underlying dynamics.
of induced ground state dynamics. Indeed, the material systemsAccordingly, the quantum motion of the induced hole is
of relevance extend beyond the molecular, identified in the followed in phase space in analogy with the scheme suggested
Introduction. Phonons which dress optical transitions in séfids, by Zadoyan et a¥? for following excited state wave packet
acoustical phonons in nanoclustétsharge transfer reactiofi$, evolution. Nonetheless, our results serve as a reminder of just
or photoassociation of cold atofisan replace the vibrational ~how strongly residual chirp can effect the RISRS signals under
coordinates in this scenario. Although the frequencies of the specific conditions when short and therefore broadband pulses
induced coherences may vary widely, the underlying principles are being employed.

are essentially the same. Our results are also illuminating from an applied point of

One fundamentally significant finding in the present study View. RISRS has been previously used as a spectroscopic
is the striking demonstration of the inadequacy of a perturbative method, both by ourselvés!® and by other§:2>52.59.6668 Jts
approach for describing impulsively induced ground state natural aptness for recovering vibrational dynamics of low
vibrational dynamics and its spectroscopic signature. The lowestfrequency modes stems from the fact that it is a time resolved
power in field intensity for a ground state variation should be method. Here we have not On|y recovered accurate vibrational
quadratic. Yet, here it was demonstrated that the asymptoticdynamics pertaining to first-order coherences but also obtained
dependence of the momentum change on intensity was linear.Similar data for one higher harmonic. Furthermore, the pos-
Equally significant is the nearly perfect agreement, both in form sibility of first harmonic suppression by the various methods
and in the levels of excitation, between the experiments and described allows the determination of decay dynamics for the
the theoretical approach chosen here. In this study, an alternativesecond harmonic and for weaker bands such as the antisym-
approach is used to simulate the material response to irradiation/metric stretch fundamental in ethanol with much higher preci-
using direct propagation methods of the molecular density Sion.
matrix. A similar approach has recently been suggested for Whereas all of the observed modulations have been ad-
simulating signals of CARS experiments and of other four-wave equately modeled assuming exponential dephasing, it is impor-
mixing spectroscopie® %> These points are particularly sig- tant to point out that any deviations from exponential decays,
nificant because many of the alternative theoretical descriptionsas in cases of intermediate to slow modulation limits in a Kubo
dealing with this process are cast in terms of the perturbation line shape scenario, could be detected using this spectroscopy
theory, and must therefore be suspected of glossing over theas well. However, the methods discussed above do not require
limitations of this approach as demonstrated in the current any assumptions or functional representations of the prominent
results. fundamental modulation decay in order to implement its very

One of the main sources of insight is the phase space picture€ffective suppression, allowing reliable and much closer scrutiny
of the dynamical hole. With this tool we are able to rationalize ©Of the weaker modulation features. In contrast, an arithmetic
the control manipulations. Creating a state withsymmetry subtraction for achieving the same result would require repre-
in phase space will completely eliminate the fundamental sentation of the fundamental frequency component, perhaps, as
frequency from the signal. Three different techniques were @ Lorentzian peak in frequency, or an exponentially decaying
demonstrated in the case studies to induce such a symmetryoscillation in time. Although it might fit the real feature very
Breaking this symmetry is the agent of control. It can be done Well near its center, it could equally deviate substantially on
either in the momentum direction by Varying the intensity orin the Wings distorting the structure of the low intensity features
the coordinate direction by tuning the pump wavelength. A Whose extraction was the objective in the first place. This is a
combination of these two control levers can induce dynamics Unique capability of impulsive Raman, and no counterpart exists
with a controlled combination of amplitude and phase of the for equivalent frequency domain spectroscopies. Accordingly,
first and second harmonics of the Signail Chirping the pump, it mlght find applications even in cases where the inherent time
which was not demonstrated explicitly, would add the ability resolution of this method is of no consequence.
to move in the diagonal direction in phase space. There exist The triiodide ion is a prime example for the utility of RISRS
other sources of uncontrolled symmetry breaking such asas an applied spectroscopic method. Above, the information
anharmonicity. These can be included or neutralized by the provided by this spectroscopy concerning the ground state
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vibrational dynamics ofsl” in solution has been outlined. Other  scale was also found for acetonitrile solutions at room temper-
spectroscopic methods that provide similar relaxation parametersature. Given these values for the rate of population relaxation,
are the resonance Raman and CARS methods. The later isand that 1T, = 1/T; + 1/2Ty(vib), with T, representing the
irrelevant in the triiodide case, because the dephasing times anchure dephasing time, we find that tfig process makes only a
the vibrational period are of the same order of magnitude. minor contribution to the dephasing of the symmetric stretching
Resonance Raman spectra of triiodide have been collected andnode of k= in either solvent. Thus, pure dephasing must be
analyzed by Myers and co-workei%?4%9 However, the line the primary mechanism leading to the loss of coherence in this
widths which best fit the data are nearly two times broader than mode of vibration.
predicted by the dephasing times extracted from our data. A As stated above, an exponential model fits the dephasing
priori this discrepancy does not necessarily identify which gynamics of both the fundamental and the second harmonic of
method is providing the more accurate result. However, the the symmetric stretching motions observed in ethanol and
dephasing times measured match up favorably with line widths acetonitrile. The second harmonic decays about 2.3 times faster
appearing in preresonant Raman spectra. An exception in thethan the fundamental. Within the Kubo line shape formalism,
RISRS data was found when the pump and probe were the exponential dephasing dynamics indicates that the medium
positioned at the peak of the absorption band the first harmonic jnquced spectral modulations are in the fast modulation limit.
was found to decay more rapidly. This may indicate a possible Accordingly, the inverse spread of momentary frequencies,
sensitivity of the decay time to the shape of the dynamical hole. 1/A4, must be substantially longer than the time scale for
Further investigation in this direction is in progress. In view of stochastic changes of the frequency In terms of these
the close agreement of our data with the preresonant Ramamarameters, Kubo line shape the®rprovides the following
line widths, we conclude that it provides a more precise measure,gjue of the dephasing time of the fundamental; =
ofgroun_d-state vibrational dynamics of fundamentals and higher 1/(Aw?r;). The same stochastic frequency fluctuations which
harmonics of 4" give rise to dephasing of the fundamental must also be those
Along with the advantages elaborated upon above, the RISRSwhich kill the phase memory in the second harmonic as well;
technique also suffers from substantial limitations. As in the thus, 7. is identical for both. In contrast, the spread of the
case of resonance Raman spectroscopy, spectral interferencérequencies for the second harmonic is twice as broad, and
from long-lived excited state populations can mask the ground within this framework, it is expected that the dephasing time
state dynamics, or at least superimpose spectral modulationsfor the second harmonic would be four times as rapid. Within
from ground state coherences with others related to wave packethis analysis, a subquadraticdependence of dephasing times
motions in the excited stat&.” Even in the 4~ case, where s possible, but only in the intermediate to slow modulation
dissociation rapidly dissipates the excited-state density, thereregimes, where the phase memory is markedly nonexponential,
exists the possibility of interference from spectral modulations contrary to our result.

in the b~ product, because of its UV absorption band which is Nongquadraticv dependence of dephasing rates such as that
centered at-364 nm in relaxed diiodide. To test this possibility, gpserved here is not limited to the triiodide ion and has been
we duplicated a number of experiments which were originally opserved using other methods in a variety of molecular systems
conducted using the lower excited stat@ = 364 nm), on iy sojutions! These observations have led to active recent

the intense absorption band centered at 292 nm. The lack Oftheoretical debate concerning the underlying mechanisms for
significant differences in the results proves that contribution to gephasing®

the signal from chemical modulations caused by coherent
vibrations of the product,I’, which partly overlaps the lower group memoryless approach is sufficient to describe the

absorption band, are absent. observations. In the past, a quantum Gaussian semigroup model
The analysis of the RISRS signals corroborates previous nas peen used to describe the depha¥iithe model is an
measurements of the fundamental frequenciessofin the alternative description of the fast modulation limit of the Kubo
solvents tested?%:247¢72 Compared to isolated gas-phase | jine shape theory where the dephasing is caused by fast and
very small solvent shifts are observed for the symmetric stretch 5jpyndant frequency modulation induced by the solvent. The
mode®® The measured frequencies agree very well with ab initio gayssian semigroup model also predicts quadradiependence
calculations on isolaté@ Is~, which again indicates small  \hich is inconsistent with the observations. Latter we have
solvent shifts. The weak influence of the solvent is remarkable suggested an alternative Poisson dephasing mechahignich
in view of the strong interactions existing between the negatively carries the view of isolated abrupt disruptions to the vibrational
charged molecular ion and the surrounding solvent. The centraldynamics_ If the disruption causes a large phase shift, the model
frequencies of the electronic transitions are also negligibly can explain subquadratie dependence. This viewpoint is
influenced by solvation. Indeed a recent study by Choi &t al.  consistent with a recent study by Yamaguchi, who suggested
shows that the central frequencies in the gas phase are ide”tic%lescribing the dephasing dynamics by a binary collision m&del.
to the ones in polar solvents. The model originated in describing gas phase dephasing caused
The results related above not only scrutinize the process of by isolated elastic collisions from other gas partiéfeghe basic
impulsive excitation itself but reveal the mechanisms of assumption is that each collision event is random and uncor-
vibrational relaxation active in the triiodide ground state. In a related; therefore, the process is the quantum analogue of a
previous RISRS study ofsT in cooled ethanol solutions, Poisson proces¥. Yamagauchi applies the model to the
dephasing dynamics were analyzed using the Kubo line shapecondensed phase environment on the basis of an analysis of a
theory’®7> To do so, the dephasing contribution made by large set of data from different molecules and solvents showing
population relaxation is estimated. In ethanol solutions, both that subquadraticc dependence is quite universal. A direct
our own result¥ and those of othefé demonstrated that  simulation for the dissipative dynamics of thg Isystem by
Ty(vib) for the symmetric stretch at low excess vibrational solving the Liouville von Neumann equation with a Poisson
energies is between 3 and 4 ps at room temperature, and remaindephasing model is in progress. We are currently investigating
in that range all of the way down to 100 K. A similar time the appropriate model for describing the dephasing dynamics

The exponential decay of the signals suggests that a semi-
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