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We present experimental results and theoretical simulations for an example of quantum control in
both gas and condensed phase environments. Specifically, we show that the natural spreading of
vibrational wavepackets in anharmonic potentials can be counteracted when the wavepackets are
prepared with properly tailored ultrafast light pulses, both for gas phase I2 and for I2 embedded in
a cold Kr matrix. We use laser induced fluorescence to probe the evolution of the shaped
wavepacket. In the gas phase, at 313 K, we show that molecular rotations play an important role in
determining the localization of the prepared superposition. In the simulations, the role of rotations
is taken into account using both exact quantum dynamics and nearly classical theory. For the
condensed phase, since the dimensionality of the system precludes exact quantum simulations,
nearly classical theory is used to model the process and to interpret the data. Both numerical
simulations and experimental results indicate that a properly tailored ultrafast light field can create
a localized vibrational wavepacket which persists significantly longer than that from a general
non-optimal ultrafast light field. The results show that, under suitable conditions, quantum control
of vibrational motion is indeed possible in condensed media. Such control of vibrational localization
may then provide the basis for controlling the outcome of chemical reactions. ©1997 American
Institute of Physics.@S0021-9606~97!01217-8#
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I. INTRODUCTION

Quantum control, defined here as using light with a t
lored electric field,E(t), to optimally manipulate the quan
tum dynamics of a system, has attracted great interest in
past decade. It has been shown both theoretically and ex
mentally that the tailoring of, and the interference amo
light fields can be used to control wavepacket dynamics
chemical reactions.1–55However, most experimental and th
oretical demonstrations to date have been in the gas p
even though most chemical reactions of interest to synth
chemists occur in condensed media. In this paper~which
extends earlier short reports24,51!, we study quantum contro
in both gas and condensed phases, using the focusing
vibrational wavepacket on the I2 B state as our test system
We thus provide a demonstration, both experimental and
oretical, that quantum control is indeed possible in co
densed phases.

There are two paradigms for quantum control: a dynam
control scheme, due to Tannor and Rice,2 which is based on
the creation of non-stationary states using ultrafast li
pulses; and a static control scheme, due to Brumer
Shapiro,4 that uses two or more cw light fields to cause
terference between different pathways to a degenerate
8486 J. Chem. Phys. 106 (20), 22 May 1997 0021-9606/97/
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quantum state. Various implementations of the Tannor-R
scheme to control a chemical reaction have been experim
tally realized by several groups.45,53 Herek et al.48 have
shown experimentally that a unimolecular reaction, the p
todissociation of NaI, with two distinct exit channels, can
controlled by varying the delay time between two femtos
ond excitation pulses. As is discussed below, it has b
demonstrated that this product branching ratio in NaI pho
dissociation can also be controlled by varying the pu
chirp.25,51 The Brumer-Shapiro scheme has also been r
ized experimentally, by Kleimanet al.32,33 who used it to
control the photodissociation of CH3I and the photoioniza-
tion of H2S, by Xing et al.52 who used it to control photo-
ionization of CH3I, and by Shnitmanet al.55 who used two-
photon incoherent interference to control the branching ra
of the photodissociation of Na2. Melinger et al.

40,41 have
shown that intense chirped pulses can be used to tran
population between electronically excited states both e
ciently and selectively. Chirped ultrashort pulses can also
used to selectively excite vibrational wavepacket motion
different electronic states.56

The control paradigm used in this paper is of the d
namic Tannor-Rice type and uses tailored ultrafast li
fields to drive the quantum dynamics of a system to a des
106(20)/8486/18/$10.00 © 1997 American Institute of Physics
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8487Bardeen et al.: Quantum control of I2
target at a desired time. The ability to localize wavepack
by using an optimally tailored ultrafast light field has be
discussed theoretically14 and demonstrated experimental
for gas phase I2.

16,18Such wavepacket focusing can be us
as an intermediate step leading to control of the product
a chemical reaction by selective bond excitation and b
breaking, and by the modification of the asymptotic prod
branching ratios through subsequent excitation to hig
electronic states. For instance, one could use a chirped p
to create a vibrational packet localized in internal coordin
space which can then be efficiently pumped by a sec
pulse to a dissociative state leading to specific products.
cently, we applied this idea of using wavepacket focusing
control a chemical reaction to the control of the Na* /Na
branching ratio in the NaI photodissociation using ultraf
light fields tailored by varying their linear chirp.25,51Thus the
condensed phase wavepacket localization demonstrate
the present paper opens the way, at least in principle
similar quantum control of condensed phase reactions.

In previous gas phase experiments, it was shown th
negatively chirped ultrafast light field can be used to foc
an I2 vibrational wavepacket with incoming momentum
while a positively chirped pulse will defocus th
wavepacket.16,18 This was a compelling result since
showed that two light fields, both essentially identical
their intensity vs. time and intensity vs. frequency profi
and differing only in the time ordering of their frequencie
can lead to very different wavepacket dynamics.

To date most of the experimental work on quantum c
trol has been limited to small molecules in the gas phase.
therefore important to extend quantum control to molecu
in condensed phases, characterized by a very large numb
coupled degrees of freedom, as most chemical react
which chemists would like to control occur in the condens
phase. It is likely not possible to control all degrees of fre
dom simultaneously. Fortunately, we as chemists, are usu
only interested in a small subset of the degrees of freed
Examples of such subsets are: a reaction coordinate, r
tants and products in a solution reaction, local chromopho
which are strongly coupled to external driving fields in soli
or liquids, and specific bonds in large molecules. It is de
able and reasonable to consider control of only these prim
degrees of freedom which are of special interest. In t
model study we show that the concept is realistic. Sev
theoretical approaches based on this reduced treatment
been presented in earlier work.13,15,17,22–24,26,46

In this paper, we present a more complete treatmen
chirped pulse excitation of gas phase I2 vibrational motion.
New experimental and theoretical work shows the imp
tance of taking the initial thermal distribution, both rotation
and vibrational, into account when doing the
experiments.25,51 In particular, we find from exact quantum
calculations that rotation must be included to match the
periments, particularly at longer times, but that, with th
inclusion, the match between exact quantum calculations
experimental results is very close. Furthermore, we find
a nearly classical theory provides a sufficiently good
proximation for the gas phase when compared to exact q
J. Chem. Phys., Vol. 106
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tum mechanics and experiment that we can have some
fidence that it is also appropriate for the condensed ph
where no test against exact quantum dynamics is possib

The caging process upon dissociative excitation of I2 in
rare gas matrices had already been studied in so
detail.57–59 Related I2/rare gas experiments and theory ha
been carried out in high density rare gas clusters,60–64 and
related theory in low and high density supercold rare g
solvents.15,17,65–67More recently, we tested the same pri
ciples in the case of dissociative excitation of I2 ~A 3P1u
state! in solid Kr.49 The dynamics following the first outward
stretch of the molecular bond is highly non-linear in this
state case,49 dominated by the over driven guest-host m
tions. Despite this high non-linearity, some control over t
recombinant molecular wavepacket motion could be ex
cised by using chirped pump pulses. A theoretical analysi
these processes, with particular emphasis on the effect
using chirped pulses in the preparation and interrogation
the wavepacket dynamics has already been given.50 The lim-
ited experimental data in this study49 are in concert with the
theory. The A state control effect is small.

A qualitatively different situation is provided in the cas
of excitation to the B (3P0

u
1) state of I2 in rare gas solids.

68

Time resolved studies of this system have shown that vib
tional populations, prepared with ultrafast pulses, evolve
herently, until they decay in amplitude due to predissoc
tion, on a time scale of 5-10 ps.68 The vibrational dynamics
of matrix isolated I2 ~B! presents a paradigm of a syste
weakly coupled to a bath, and as such, it represents a us
prototype to test the controllability of this general class
condensed phase systems by controlling the tailoring of
radiation fields. To control the time evolution of the wav
packet, for example, to localize it at some later time, t
pump pulse must be designed so as to counteract not only
anharmonicity of the molecular potential, but also the dis
pation and dispersion effects from the coupling of the m
lecular coordinate to the bath coordinates.15,17,26Clearly, the
cryogenic solid host, with its local order and low therm
occupation of modes, represents a bath which highly lim
the initial phase space, with only relatively small dynamic
fluctuations. Such a bath provides an experimental sys
where detailed information about the underlying many-bo
dynamics can be extracted from molecular dynamics sim
tions and a careful comparison of theory and experime
These considerations dictate the choice of systems for
present comparative study of coherent control in the gas
condensed phases.

Earlier theoretical predictions had indicated that so
degree of quantum control can be achieved in rare gas
densed media.15,17,23,24,49The theory presented here is bas
on the Liouville space density matrix formalism13,15,17,24,69

which can describe thermal or mixed state systems in a
fied fashion. The Liouville formalism also allows for
smooth transition from quantum mechanics through se
classical mechanics to classical mechanics. Using the den
matrix formulation, several approximate approaches to c
densed phase control problems have been developed w
, No. 20, 22 May 1997
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8488 Bardeen et al.: Quantum control of I2
include Stochastic Bath~SB!,13,26 semiclassical Gaussia
Wave Packet~GWP! dynamics,20,23Time Dependent Hartree
~TDH!,16,22 and Nearly Classical~NC! mechanics.15,17,24,25

To interpret and numerically simulate our experimen
we carry out further development of Nearly Classical~NC!
control and detection theory19,27 to reproduce the experimen
tal observable, i.e., the LIF signal. This NC theory15,17,24,25is
based on the\ expansion of the Liouville space Green fun
tions and gives good agreement with the experimental
sults.

We also extend experimental and theoretical studies
the gas phase control of molecular I2, concentrating on the
effect of initial rotational populations on quantum contro
We find from the exact quantum calculations that rotat
and rotational-vibrational coupling must be included
match the experiments, particularly at longer times, but t
with their inclusion, the match between exact quantum c
culations and experimental results is very close. Furth
more, we find that the NC theory provides a sufficiently go
approximation for the gas phase when compared to e
quantum mechanics and experiment that we can have s
confidence that it is also appropriate for the conden
phase, where no test against exact quantum dynamics is
sible.

This paper is organized as follows. In Sec. II we descr
the experimental design. In Sec. III we summarize the
perimental results for the quantum control of gas phase I2. In
Sec. IV we present gas phase control and detection theo
well as the numerical simulations and comparisons with
perimental results for the gas phase I2 system. Section V
presents the experimental results for the condensed p
I2/Kr system. Section VI presents the Nearly Classical th
retical approach to condensed phase quantum control
detection as well as the numerical simulations and comp
sons with the experimental results for the condensed ph
I2/Kr system. In Sec. VII we discuss the results and c
clude.

II. EXPERIMENTAL DESIGN

The experimental apparatus used to detect wavepa
focusing in both the gas and condensed phase experime
similar to that used previously.18 The I2 states involved in the
experiments are shown in Fig. 1. We detect the motion of
wavepacket on the B state excited by the first~pump! pulse
using a second~probe! pulse delayed in time. The prob
pulse excites population from the B state to a higher-ly
charge transfer state, either the E state~gas phase!57–59or the
f state~condensed phase!.68 From these higher-lying states i
condensed phase media, the population relaxes to the8
state and the LIF signal from the D8→A8 transition is de-
tected. This experimental method has been used previo
to monitor the dynamics of I2 in both gas and condense
phases.57–59,62,70The LIF detection wavelengths are 340 n
in the gas phase and 430 nm in the condensed phase an
chosen to maximize the detected signal and minimize le
age from scattered probe radiation. The reason the dete
wavelengths are different between the gas and conde
J. Chem. Phys., Vol. 106
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phase experiments is because the D8→A8 transition under-
goes a large solvatochromatic shift in the Kr matrix.

The experimental apparatus is shown in Fig. 2. The las
system used to generate the ultrafast pump and probe pul
in this experiment has been described before18,71,72and will
only be outlined here. The output of a femtosecond Ti:Sap
phire oscillator is amplified in a kilohertz regenerative am
plifier. The amplified pulse then pumps a two stage Optica
Parametric Amplifier~OPA! which is seeded by a continuum
generated by a small part of the original pulse.71,72 The tun-
able output of the OPA is then frequency-doubled to yiel
output pulses in the visible spectral region, which are th
pump pulses centered at around 565 nm. The probe pulses
about 395 nm are generated by frequency-doubling the am
plified Ti:Sapphire fundamental. Both pulses travel throug
folded prism compressors~BK7 prisms for the pump and
fused silica prisms for the probe! to compensate for the ma-
terial dispersion resulting from propagation through the non
linear crystals and the optics. The polarization direction

FIG. 1. I2 potentials as a function of internuclear distance. In the gas pha
experiments, the final electronic state is E state, which is shown as a so
line. In the condensed phase experiments, the final electronic state is
solvated f state, which is shown as the dashed line and is lowered by 39
cm21 from the gas phase potential. The solid arrows indicate the gas pha
pump and probe windows, and the dotted arrows indicate the condens
phase pump and probe windows.

FIG. 2. Schematic of apparatus used for the I2 control experiments in both
the gas and condensed phases.
, No. 20, 22 May 1997
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8489Bardeen et al.: Quantum control of I2
of the pump and probe are aligned parallel to one anot
The final pulse energies at the sample are on the order
microjoule or less.

The pulses, which have been precompensated for
material in the cryost at windows, cell face, etc., are focu
onto the sample by a 20 cm focal length silica lens. In
gas phase experiments, the sample is in a gas bulb at 31
and the LIF is detected by a photomultiplier tube~PMT!
placed at 90 degrees to the direction of the beams, usi
340 nm interference filter. No other collection optics a
used. For the Kr matrix experiments, the sample is held a
K in a closed cycle He cryostat and the LIF is collected
the forward direction, along with the scattered laser rad
tion, and focussed through a 430 nm interference filter
onto the slit of a 0.25-m monochromator. This spectral
tering eliminates most of the scattered probe light. In
experiments the detectors were checked to confirm that
LIF signal was linear with both pump and probe power.

Pulse characterization is a crucial part of these quan
control experiments and we use the Frequency Resolved
tical Gating ~FROG! technique for this purpose.73,74 This
method retrieves, using a numerical algorithm, the elec
field,E(t), of the light pulse from a two dimensional exper
mental measurement of the pulses in frequency and ti
The fields,E(t), generated from the FROG data can then
compared to other measures of pulse characteristics, su
the power spectrum or intensity autocorrelation, in order
gauge the reliability of the FROG technique. The consiste
among these measurements depends on several factor
cluding the signal-to-noise ratio and the bandwidth of
pulse, but in general is good. The measured full widths
half maximum~FWHM! of the intensity autocorrelations an
those calculated from FROG-derived electric fields agree
within 10 percent at all chirps, with the best agreement
tained when the pulses are close to the transform limit
comparison is shown in Fig. 3 of the FROG-generated po
spectra with the experimentally measured power spectr
the pulses used in the gas phase experiments shown in F
The left hand panels of Fig. 3 show the comparison of
pump pulse spectrum~for a representative set of pum
pulses! as measured directly~solid line! and as derived from
the FROG data~dotted line!. As can be seen in Fig. 3, th
spectra agree reasonably, although not perfectly. The m
important point is that the FROG method provides us w
reliable, semi-quantitative, characterizations of the pump
probeE(t) fields used in these experiments, which we th
employ in our theoretical simulations. The FROG measu
ments are done before and after the experiment in orde
guard against the possibility of changes in spectrum or ph
structure due to drift in the OPA or regenerative amplifie

Also shown in Fig. 3 are the Wigner transforms of t
electric fields generated from the experimental FROG m
surements. The Wigner transform maps the fieldE(t) into a
two-dimensional representation in time and frequency, g
ing a visual image of the tailoring of the pulse. The Wign
transform gives the intensity vs. time of the pump field as
projection onto the time axis, and the intensity vs. freque
~spectral density! of the pump field as the projection onto th
J. Chem. Phys., Vol. 106
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frequency axis. In the right hand panels of Fig. 3, we show
the FROG-derived Wigner transforms for a positively
chirped pulse~panel a!, transform limited pulse~panel b!,
and negatively chirped pulse~panel c!. For example, a posi-
tively chirped pulse will have its lower frequency compo-
nents arriving earlier in time and its Wigner transform will
be a set of contours with an overall positive slope, as shown
in panel ~a! of Fig. 3. A pulse with a negative linear chirp

FIG. 3. The left hand panels show the comparison of the experimentally
measured~solid line! and FROG-derived~dotted line! spectra for a posi-
tively chirped ~panel a!, transform limited ~panel b!, and a negatively
chirped ~panel c! pump pulse. The right hand panels show the FROG-
derived Wigner transforms of these pulses.~An overall carrier frequency of
572 nm and a central time have been removed from the Wigners, and al
Wigners have been smoothed for clarity!.

FIG. 4. Summary of the experimental measurements for 313 K gas phase
I2. The left hand panel of Fig. 4 shows the collected LIF signals for excita-
tion with pump pulses that have positive chirps~panels a and b!, a transform
limited pump pulse~panel c!, and pump pulses that have negative chirps
~panels d and e!. The right hand panel of Fig. 4 shows the FROG-derived
Wigner transforms of these pump fields.~An overall carrier frequency of
572 nm and a central time has been removed from the fields in presenting
these figures.!
, No. 20, 22 May 1997
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8490 Bardeen et al.: Quantum control of I2
will have a set of contours with an overall negative slope,
shown in panel~c! of Fig. 3, while a transform-limited pump
pulse will have all the frequency components arriving sim
taneously, as shown in panel~b!. In general, we can also
write an electric field in frequency space as follows,

Ẽ~v!5A~v!eiw~v!, ~1!

whereA(v) is the slowly varying envelope function, an
w(v) is the frequency dependent phase of the electric fi
Ẽ(v) can be obtained through a Fourier transform of its ti
domain representation,E(t). Quantitatively, we define the
frequency domain linear chirp29 of an electric field,c8, as the
second order coefficient in the Taylor expansion of its pha
w(v), in frequency domain around its center frequencyv0,

c85
1

2

]2w

]v2 U
v5v0

. ~2!

Roughly speaking, on the Wigner contour plot, there is
center time at each frequency and these centers form a
ciple axis of the contour plot as a function of frequency. T
slope which gives the linear frequency chirp is then defin
as the tangent formed by the frequency axis and this p
ciple axis.29 Specifically, the field in panel~a! of Fig. 4 has
larger positive chirp than the one in panel~b!.

III. EXPERIMENTAL RESULTS: GAS PHASE

The goal of the experiments described in this section
to more clearly demonstrate the effect of the tailoring of
pump pulse on the vibrational dynamics of the I2 molecule in
the gas phase, and to test the accuracy of the NC approx
tion ~which we will apply to the I2/Kr system! on a system in
which we can carry out the exact quantum mechanics,
then to test both exact quantum dynamics and the NC
proximation against gas phase experiment. We use two
ferent pump pulses, both of which have essentially the sa
intensity vs. time, and intensity vs. frequency profiles, th
differing only in the time ordering of their frequencies. W
show theoretically and experimentally that varying t
frequency-temporal ordering leads to different vibration
dynamics of the I2 molecule, the positive chirp delocalizin
and the negative chirp localizing the wavepacket. The pu
pulse creates the wavepacket on the B state~see Fig. 1!, and
the dynamics of the I2 vibrational motion are then monitore
via fluorescence induced by the probe pulse, which is
layed relative to the pump pulse. The probe pulse open
small window in coordinate space, through which the I2 vi-
brational wavepacket on the B state passes as it is fur
excited to the E state. In general, the more localized
peaks in the collected LIF signal vs. delay time, the m
localized the vibrational I2 wavepacket on the B state.19,27

Figure 4 summarizes the experimental results for
phase I2. The left hand panel shows the collected LIF sign
for excitation with pump pulses that have positive chir
~panels a and b!, a transform limited pump pulse~panel c!,
and pump pulses that have negative chirps~panels d and e!.
All the pump pulses have essentially the same freque
spectrum. The right hand panel of Fig. 4 shows the FRO
J. Chem. Phys., Vol. 106
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derived Wigner transforms of these pump fields. The pro
pulse is an approximately transform limited ultrafast pulse
50 fs FWHM with a carrier frequency of 390 nm. This prob
pulse opens a window centered at an internuclear distanc
325 pm on the B state potential energy surface~see Fig. 1!.
Every time the I2 vibrational wave packet crosses this wi
dow, which it does twice per total vibrational cycle, it will b
further excited to the probe state, thus giving two LIF pea
per vibrational period. The LIF signal that corresponds
excitation with a positively chirped pump pulse~panel b!
clearly shows less vibrational localization which dies o
faster in time than the LIF signal that corresponds to exc
tion with the corresponding negatively chirped pump pu
~panel d!. Thus the I2 vibrational wavepacket initiated by th
negatively chirped pump pulse retains its vibrational loc
ization longer than that of the wavepacket initiated with t
positively chirped pump pulse. Furthermore, the second
cillation in panel~d! is larger than that of the signal resultin
from the transform limited pulse in panel~c!. The height of
the peak is directly related to the amount of population in
probe window, and the higher peak is the result of the
cused wavepacket’s having more population in that region
the PES at the appropriate delay.18 The right hand panel of
Fig. 4 clearly demonstrates that the pump fields that give
to the LIF signals in panels~b! and~d! are a nearly matched
pair of chirped pump fields in the sense that they have si
lar intensity vs time, and intensity vs frequency profiles a
differ substantially only in their frequency vs time correl
tions. The figure also demonstrates that these two pu
fields have mainly a linear chirp and only a smaller comp
nent of higher order chirp. The LIF signals in panels~a! and
~e! also result from a matched pair of chirped pump field
Again the LIF signal that is collected from the negative
chirped pump pulse~panel e! shows more structure than tha
of the LIF signal due to the positively chirped pump pul
~panel a!. The small oscillations in the strongly positivel
chirped excitation data~panel a! at about 2.5 ps are repro
ducible and may result from a wavepacket that has split i
several smaller ones. Thus there is an overall trend th
negatively chirped pump pulse leads to a more localized2

vibrational wavepacket in the gas phase than that of
equally and oppositely chirped positive pump field. Furth
the LIF signal in panel~d! shows more structure than the LI
signal in panel~e!. The LIF signals in both of these pane
arise from negatively chirped pump fields, and this sho
that the degree of wavepacket focusing induced by a ne
tively chirped pump field is a function of the chirp of th
pulse, i.e. some negatively chirped pump fields are be
than others for inducing vibrational localization by causi
wavepacket focusing.

IV. THEORY: GAS PHASE

A. Brief review of quantum control theory: Weak
response regime

In this section, we briefly review the theoretical basis f
our analysis of these control experiments,13,17using the den-
sity matrix language of Liouville space.69 The density matrix
, No. 20, 22 May 1997
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8491Bardeen et al.: Quantum control of I2
formulation has the advantage over the Schro¨dinger formu-
lation that it can more directly deal with thermal systems a
mixed states, and that it allows for a smoother transit
among quantum, semiclassical, and classical mechanics.
latter advantage becomes particularly important when we
beyond simple gas phase systems and consider conde
phases. The system evolution is described by the system
sity matrix, r(t), which obeys the quantum Liouville
equation,69

dr

dt
5

1

i\
@H,r#, ~3!

whereH is the system Hamiltonian. For a two electron
level system which is coupled to an external electric field
has the following form,

H5ug&Hg^gu1ue&~He1\v!^eu1DW •eW~ t !, ~4!

whereDW is the transition dipole operator, defined as,

DW 5ue&mW eĝ gu1ug&mW gê eu. ~5!

In the weak response limit, the key quantity for calculati
both the optimal control field and the spectroscopic respo
of the system to that field is the material response funct
After excitation from the ground electronic stateug& to the
excited stateue&, this material response function can be wr
ten as,13

M ~ t1 ,t2!5Tr@G ee~ t1!Dee,egG eg~ t2!Deg,ggrg#, ~6!

whereG ee,G eg are the excited state and transition Gre
functions, respectively.Dmn,m8n8 is the transition dipole ma
trix operator.13 For the calculation of the LIF signal, thi
function is the non-stationary excited state population t
gives rise to the transient absorption to the second exc
state. For the quantum control calculation, our objective is
find the optimal electric field that will drive the system d
namics to a desired target state at a particular target t
The measure of quantum control for this system is given
the overlap at the target time, tf , between the target state an
the system density matrix,

A~ t f !5Tr@Ar~ t f !#, ~7!

whereA is our target operator. The target operatorA is an
operator that projects upon a desired target, which can be
function of quantum observables. In the present work,
choose the target operatorA that projects onto a minimum
uncertainty wavepacket, and this result is termed wavepa
‘‘focusing.’’ The above overlap can be maximized subject
various constraints,28 but here we choose a single constrai
the total incident electric field energy. For the weak respo
regime this choice leads to a simple eigenequation,
eigenfunction of which, corresponding to the largest eig
value, is the globally optimal control field.13 In this work we
will only consider the weak response limit, keeping in mi
that the strong response problem can also be solved, b
erative techniques.21 To maximize the overlapA(t f) in Eq. 7,
J. Chem. Phys., Vol. 106
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we employ functional variation of the electric field subject
the constraint of constant field energy, to get the followi
eigenequation,13

E
t0

t f
Ms~t,t8!E~t8!dt85lE~t!, ~8!

where Ms(t,t8) is the symmetrized material respon
function,13

Ms~t,t8!5@Ms~t8,t!#*[M ~ t f2t,t2t8!, t>t8.
~9!

In Eq. 8,Ms(t,t8) is field-independent in the weak respon
regime, andl measures the yield, thus, the electric fie
corresponding to the largest eigenvaluel is the globally op-
timal field in the weak response regime. Once we know h
the system evolves independently of the the driving fie
e(t), we can compute the optimal field.13

The quantum control theory presented in this and in p
vious papers can thus be used to compute both the opt
control field and the spectroscopic response induced by
field. Previous theoretical work14 has concentrated on
achieving the target of a localized wavepacket after reflec
from the outer turning point, i.e., a molecular reflectro
These earlier calculations have shown that an ultras
pulse with negative linear chirp is ideal for producing such
wavepacket. Since earlier work has dealt with the theoret
calculation and achievement of such optimal light fields,
this paper we emphasize the practical calculation of the sp
troscopic signatures of control using such fields. We conc
trate on the experimental creation and use of chirped pu
to demonstrate and characterize the phenomenon of fo
ing.

B. Exact quantum gas phase control theory

In earlier theoretical and experimental papers, it w
shown that gas phase I2 vibrational wavepackets can be co
trolled via tailored ultrafast light pulses.18 Here we extend
this work and show that a one dimensional molecular mo
considering only vibrational dynamics cannot reproduce
longer time behavior of the LIF signals, because rotatio
start to play an important role after;1 picosecond at room
temperature.10,11,75,76One rotational effect, the evolution o
the angular distribution of the excited sample, can be eli
nated from the LIF signal by aligning the polarization ax
of pump and probe beams at the ‘‘magic angle.’’77 However,
the second rotational effect, the rotational-vibrational co
pling, also plays an important role, producing a dispersion
evolution for each set of wavepackets belonging to a sin
vibrational state but having different total angular mome
tum. Therefore, it is important to investigate how well w
can control the coherent vibrational motion under such c
ditions. The initial density matrix, including rotational de
grees of freedom, can be written as,

rg~ t !5 (
v,J50

`

(
M52J

J

e2bEv,J
g

rv,J,M
g ~ t !, ~10!
, No. 20, 22 May 1997
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8492 Bardeen et al.: Quantum control of I2
where v,J,M are the vibrational, total angular momentu
and magnetic quantum numbers, respectively,g stands for
the electronic ground state,Ev,J

g is the energy of thisv,J
rovibrational quantum state in the electronic ground sta
We neglect the contributions of electronic orbital and nucl
and electronic spin angular momenta to the total angular
mentum, as well as spin-orbital coupling in the calculatio
but must keep track of the electronic and spin momenta
the spin-orbital coupling in labeling the electronic states,
that for the I2 molecule with heavy atoms we are led co
rectly to the strong spin-orbit coupling case, and Hund’s c
~c! in particular. For Hund’s case~c!, the ‘‘good’’ electronic
quantum number isV so that, for example, the
3P0u

←1S01 initial transition is parallel. We assume that th
transition from the B state to the probe state is also para
Further more, the energy of a quantum state does not de
on magnetic quantum numberM .

In general, the nuclear density matrix for each quant
state can be written as,

rv,J,M~ t !5uv,J,M ;t&^v,J,M ;tu. ~11!

Following the above equations, we can evaluate the den
matrix by working in Hilbert space. The total wavefunctio
within an electronic state can be factorized as

cJ,M~R,u,f,t !5
uJ~R,t !

R
YJ
M~u,f!. ~12!

In Eq. 12, theYJ
M are the spherical harmonics,R is the in-

ternuclear distance coordinate, andu andf are coordinates
in a spherical polar coordinate system. Invoking the Rotat
Wave Approximation~RWA!, assuming a parallel transition
and using first order perturbation theory with respect to
external field, we have,

uJ21,M
e ~ t !52

i

\E0
t

dt8e2
i
\ he

J21
~ t2t8!DegE~ t8!

3F ~J2M !~J1M !

~2J21!~2J11!G
1/2

uJ
g0~ t8!, ~13!

uJ11,M
e ~ t !52

i

\E0
t

dt8e2
i
\ he

J11
~ t2t8!DegE~ t8!

3F ~J2M11!~J1M11!

~2J11!~2J13! G1/2uJg0~ t8!, ~14!

where uJ
g0(t) is the ground state wavefunction propagat

under the unperturbed radial Hamiltonianhg
J . In the above,

Deg andE(t) are the magnitudes of dipole transition mome
and of the pump laser field, respectively. Note that th
quantities are treated here as scalars. The superscriptJ indi-
cates the initial state total angular quantum number, and

hg
J52

\2

2m

]2

]R2 1Vg~R!1
J~J11!\2

2mR2 ,

he
J52

\2

2m

]2

]R2 1Ve~R!1
J~J11!\2

2mR2 . ~15!
J. Chem. Phys., Vol. 106
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As we will see below, the final angular momentum depe
dent centrifugal potential terms in these Hamiltonians p
an important role in the vibrational wavepacket delocaliz
tion. In Eqs. 13 and 14,E(t) is obtained by invoking the
RWA,

e~ t !5E~ t !e2 iVegt1E* ~ t !eiVegt, ~16!

whereVeg is the overall carrier frequency of the pump fiel
Once we haveuJ

e , we can then further calculate the popul
tion on the excited state reached by the addition of the pr
pulse. The sum of all the populations on the final state, e
initiating from different ground statesuv,J,M &, is propor-
tional to the experimentally observed LIF signal.

C. Nearly classical (NC) control theory

For a simple gas phase system such as I2, the procedure
of Boltzmann averaging over initial rovibrational states,
though tedious, can be carried out exactly, to any des
degree of accuracy. However, in a condensed phase sy
consisting of;1023 degrees of freedom, it is impossible t
perform an exact quantum dynamics calculation. Therefo
we would like an efficient and sufficiently accurate appro
mation to the exact quantum dynamics. Recently Stocha
Bath ~SB!,13,26 Nearly Classical~NC!,15,17,24,25semiclassical
Gaussian Wave Packet~GWP!,20,23 and Time Dependen
Hartree~TDH!16,22methods to calculate the optimal fields
the weak response regime for multidimensional systems h
been formulated and numerically tested. In what follows,
will review the NC approximation, based on the expansion
\ of the exact quantum Green functions,G eeandG eg . Clas-
sical dynamics has the great advantage of being able
handle large thermal systems~rotation and rotation-vibration
coupling are included automatically with no extra work!, and
it has been applied successfully to problems of t
type.15,17,57–59~As we emphasized above, the density mat
formalism allows a smooth transition between quantum m
chanics and classical mechanics.! The density matrix evolu-
tion on the electronic excited state under perturbation the
is,69

re~ t !5S i\ D 2E
0

`E
0

`

dt2dt1E* ~ t2t2!E~ t2t22t1!

3re
0~ t2 ,t1!1h.c., ~17!

where we definere
0(t2 ,t1) as a bare density matrix since it

physically obtained from the density matrix created by a p
of separated delta pulses,23

re
0~ t2 ,t1!5~ i /\!2G ee~ t2!Dee,egG eg~ t1!Deg,ggrg~2`!.

~18!

With an analogy to the density matrix formalism, w
work in the phase space of classical trajectories. The gro
state density matrixrg(2`) can be chosen many differen
ways and we choose it to be from a classical distribut
with quantum correction by means of an artifici
temperature,78
, No. 20, 22 May 1997
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8493Bardeen et al.: Quantum control of I2
T85
\v

2kB
cothS \v

2kBT
D , ~19!

whereT is the real system temperature, andv in our case is
the vibrational frequency of the ground state diatomic. T
distribution generated from this procedure is the exact qu
tum thermal Wigner distribution for a harmonic system, b
is only approximate if the system is anharmonic.

The main challenge to computing the exact quantum
namics for a condensed phase system is that we canno
culate the Green functions involved in the time evolution
re
0(t2 ,t1). However, the two Green functions in Eq. 6 can
approximately evaluated from an analogy to classical m
chanics, and the Franck vertical transition approximati
First, let us considerG eg(t), which is defined in terms of an
arbitrary operatorO as

G eg~ t !O[e2 iHet/\OeiHgt/\. ~20!

In classical mechanics there is no quantity analogous
G eg(t), but we can invoke the vertical transition approxim
tion which is generally good for ultrafast excitation field
Thus, we can approximate this transition Green funct
as,15,17

G eg~ t !'e2 iUegt, ~21!

whereUeg is defined asUeg[ (He2Hg)/\. This equation
can be obtained by expandingGeg in a power series in\ and
keeping only the lowest order term. It is consistent with t
static dephasing limit and is equivalent to the truncation
the quantum commutator. In other words, the quantum c
rections, which are due to the commutation relation and
pear in higher order terms of the expansion, are neglecte
the present level of approximation. The same approxima
is also used to derive the next equation. The second G
function,G ee(t), has a simple classical mechanical anal
and we can approximate it as,15,17

G ee~ t !~p,q,t;p0 ,q0!5d@p2pe~ t !#0d@q2qe~ t !#0 , ~22!

where (pe(t),qe(t))0 is the phase space classical trajecto
on the excited state propagated from the initial multidime
sional phase space point (p0 ,q0). These two approximation
can be obtained formally by an expansion of the Green fu
tions in a power series of\, the NC Green functions bein
the leading terms.15,17 The NC approximant toG ee is inde-
pendent of\, ~sinceG ee has a classical mechanical analog!,
and forG eg , which has no classical analog, the leading te
is proportional to\.

Substituting Eqs. 21 and 22 into Eq. 6, we obtain t
material response function in the NC approximation,

M ~ t2 ,t1!5E dG0A~G~ t2!:G0!e
2 iUeg~q0!t1rg~G0 ;2`!.

~23!

Here G0 denotes the collection of initial conditions
(p0 ,q0), for the phase points, andA(G(t2):G0) is the target
operatorA written in terms of the phase space coordinat
As previously noted, once the material response functio
J. Chem. Phys., Vol. 106
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computed, it is straightforward to calculate both the optim
field and the spectroscopic response of the system in
weak response regime.13

The NC approximation has the advantage of leading t
tractable computational algorithm for systems of large
mensionality. As a confidence check, we apply this NC
proximation to a gas phase I2 system at room temperatur
and show the favorable comparison with both experimen
and exact quantum results. In the next section, we will ap
this approximation to a condensed phase system, I2 in a cold
Kr matrix, where no check with exact quantum mechanics
possible.

When we employ the NC approximation we must ta
care to preserve the causality of the system. Many tim
frequency representations of the field do not satisfy this c
straint, e.g., the Wigner and Husimi transformations. Yan
suggested the following causality transformation for t
pump field,65,79

I ~w,t !5
1

p
ReFE* ~ t !E

0

`

dtE~ t2t!e2 ivtG . ~24!

Eq. 24 indicates that the field only contributes to the exc
tion for times previous to it, thereby preserving causality.
fact, this transformation follows naturally from Eq. 17 if w
invoke the approximation given by Eq. 21. The excited st
density matrix can be constructed as

re~G,t !5E dG0E
0

`

dt8G ee~ t2t8!I ~Ueg~G0!,t8!rg~G0!.

~25!

The NC theory presented here can capture the most
portant dynamical information of the system, and can the
fore guide experimentalists in making optimal fields and p
dicting experimental outcomes. The comparison betw
exact quantum calculations and the NC theory has been
ried out previously for a one dimensional system, and it w
found that they agree well.15

After we irradiate the system with the optimal field, w
need to be able to detect the outcome, in other words,
must have an experimentally realizable gauge that meas
how well the control field has driven the system dynamics
the target state. The experimental detection technique
employ is Laser Induced Fluorescence~LIF!. In a previous
gas phase experiment,16,18 and in theoretical analyses,19,27 it
has been demonstrated that the LIF signal contains the
nature of wavepacket focusing, more specifically, at the
get time, the observed LIF signal is localized when using
properly tailored ultrafast pump field. Thus, the sharpness
localization of LIF peaks indicate the focusing of the wav
packet at the probe window that is opened by a transfo
limited probe pulse. The LIF signals can be calculated qu
tum mechanically19 as well as using the NC approximation

For a condensed phase system we are not able to ob
the exact wavefunction or density matrix, therefore it is co
putationally impractical to predict LIF signals with exa
quantum mechanics. In general the transient probe abs
tion is recorded as a function of time delay,td , between
, No. 20, 22 May 1997
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8494 Bardeen et al.: Quantum control of I2
pump and probe pulses either as the total integrated sig
S(td), or as a frequency-resolved transient sign
S8(td ,v), in which the transmitted probe field is further di
persed in the frequency domain. These two signals are
fined by80

S~ td!522 ImE
2`

`

dtET* ~ t !PT~ t;td!5E
2`

`

dvS8~v,td!

~26!

and

S8~v,td!52 Im@ẼT* ~v!P̃T~v,td!#. ~27!

HereET(t) andPT(t,td) are the probe field and third orde
polarization functions, respectively, andẼT(v) and
P̃T(v,td) are their Fourier transforms. The key quantity f
the calculation of the transient absorption is the third or
polarization function.

We now apply the same NC approximation to the tra
sition Green function between theue& and u f & states, where
ue& and u f & are the generic notation for the first and seco
excited states, respectively. In our gas phase experim
these states correspond to the B and E states of I2. We then
obtain the NC transient absorption signal as,81

S~ td!'E
2`

`

dt Tr@ um f eu2I T~Ufe ,t !re~ t1td!#, ~28!

whereI T(Ufe ,t) is the causality transformation of the prob
pulse defined as79

I T~v,t !5
1

p
ReFET* ~ t !E

0

`

dt8ei ~v2V f e!t8ET~ t1t8!G ,
~29!

whereV f e is the carrier frequency of the probe field. With
the classical approximation, we can writere(t) as

re~ t,R,R!5
1

N(
i

d@R2Ri~ t !#, ~30!

where ( runs over all the phase space trajectories of
ensemble,Ri(t) is the i th trajectory, andN is the total num-
ber of trajectories. Substituting Eq. 30 into Eq. 28, we get
final formula for calculating the LIF absorption using clas
cal trajectories within the causality transformation,

S~ td!}(
i
E

2`

`

dtIT~Ufe@Ri~ t1td!#,t !. ~31!

Equation 31 is particularly simple and easy to implem
computationally.

D. Numerical simulations for gas phase I 2

For the exact quantum simulation of the experimen
LIF signals, there are two ways to choose the initial rovib
tional eigenstates,uv,J,M &. The first one is a straight
forward, though tedious, direct summation over the init
rovibrational states,v andJ ~the energy does not depend o
M!, in Eq. 10 according to their Boltzmann weighting. F
instance, settingv50→9 and J50→150, will involve a
J. Chem. Phys., Vol. 106
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very tedious averaging of 1510 initial rovibrational state
Further, each of these initial states will branch into two sta
~due to the selection rules! whose sum is non-stationary o
the excited electronic state, and these two states will e
spawn two states on the final probe potential energy surf
This is the main challenge to doing exact quantum rovib
tional calculations for the pump-probe signal. The seco
alternative is to choose the initial rovibrational states usin
Monte Carlo algorithm according to the thermal Boltzma
distribution. The energy of a rovibrational state is estima
from the following spectroscopic formula:82

Ev,J
g 5\FveS v1

1

2D2vexeS v1
1

2D
2

1BvJ~J11!

2DvJ
2~J11!21veyeS v1

1

2D
3G , ~32!

where

Bv5Be2aeS v1
1

2D , Dv5De1beS v1
1

2D , De5
4Be

3

ve
2 ,

~33!

and ve5214.57 cm21, vexe50.6127 cm21, veye
520.000895 cm21, Be50.03735 cm21, ae50.000117
cm21, be50 are the spectroscopic constants.82 For a given
temperature, we sample eachv,J state according to its ther
mal weight,

Wv,J}exp~2bEv,J
g !. ~34!

Note that eachv,J state is 2J11 degenerate among differen
M states. Since we explicitly put the 2J11 in the summa-
tion ~see Appendix!, it is absent in Eq. 34. In our simulation
we choose 50v,J states randomly by Monte Carlo samplin
from the distribution defined by Eq. 34. The ranges ofv and
J considered are from 0 to 9 and 0 to 150, respectively
turns out that averaging over 50 states obtained from su
sampling method gives converged results for the cases
are considering here. The radial part of each rovibratio
eigenstateuJ

g(R,t) is obtained using the Discrete Variab
Representation~DVR! method,83 and we use the split opera
tor method to propagate the radial part of the wavefunct
on a spatial grid.84 The pump and probe electric fields a
obtained from the experimental FROG data. In this calcu
tion, the transition dipole is assumed to be coordinate in
pendent, and the orientation is that of a parallel-parallel ty
transition. The parameters of the gas phase potential en
surfaces are listed in Table I. For the probe process,

TABLE I. Parameters for the I2 Morse potential surfaces in the gas an
condensed phases.a

I-I Te ~cm21! De ~cm21) b(pm21) Re(pm)

X 0 12550 0.019 267
B 15769 4381 0.018 302
E 41411 12536 0.016 365
f 43150 12536 0.017 364

aReferences 19, 58, and 87.
, No. 20, 22 May 1997
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8495Bardeen et al.: Quantum control of I2
Franck approximation is used~see Appendix!. The time step
in the quantum propagation is 0.97 fs.

When the time delayed probe pulse is turned on,
angular distribution of the excited state molecules h
changed from the initial cos2 u distribution, due to the orien
tational effect of molecular rotation. For illustration, we c
formulate this orientational decay as a function of delay ti
t for an ensemble of rigid diatomic rotors,

P~ t !}(
J50

`

expF2
b\2

2I
J~J11!GF 215~2J11!

1
1

15~2J11!
1

4J~J11!

15~2J11!
cos~2J11!

\t

I G ,
~35!

where I is the moment of inertia for the rigid rotor. Th
above equation also has a classical correspondence,

P~ t !}
16p2I

5b
2
32p2It

15b
A2I

b
expS 2

2It 2

b D E
0

A2I
b tdx ex

2
.

~36!

To check the accuracy of the NC theory, we apply it
the gas phase I2 system. Although the quantum dynamics
this system can be calculated exactly, as described abov
is quite time consuming for a room temperature syste
Therefore, the NC theory is also useful even for a simple
phase thermal system. The simplicity of the NC calculat
also makes it possible to directly include in the dynamics
spatial orientational effects, e.g. the temporal decay of
orientational distribution induced by the polarized lig
pulses, for either gas or condensed phase samples. Th
different from the quantum calculations where the overla
between spherical harmonics have to be evaluated explic

The set of trajectories$Ri(0),Ṙi(0)% is sampled from
the quantum corrected temperature Boltzmann distributio
velocities. The initial distribution of the I2 vibrational coor-
dinates is constructed from the causality transformation
the pump field and I2 ground state potential. Applying Eq
24, we obtain a time and coordinate dependent initial
semble,

r
I2
~R,t !}e2bVg~R!uI @Ueg~R!,t#u, ~37!

whereR is the internuclear distance of the iodine molecu
Vg is the I2 ground state potential, andUeg is proportional to
the difference between the ground and excited state pote
energy surfaces of I2, Ueg(R)5 (Ve(R)2Vg(R))/\. Note
that the causality transformation is not positive definite~this
is also true for the Wigner transformation!, and therefore we
have to label each initial phase space point according to
corresponding sign of the causality intensityI @Ueg(R),t#.
The trajectories which have a negative weight will give
negative contribution to the material response function
to the final LIF signal. This feature is absent in usual M
simulations and arises from the quantum mechanical na
of the interference.
J. Chem. Phys., Vol. 106
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The momentum is chosen from a Boltzmann distributi
at the artificial temperature78 of 340 K ~corresponding to the
real experimental temperature of 313 K!. The final signal is,
in fact, insensitive to this temperature within small vari
tions. This insensitivity to small variations in temperatu
was found to be true experimentally, as well. In each N
simulation, 4000 trajectories are used.

E. Simulation and experimental results: Gas phase

We now compare experimental and simulation resu
for gas phase control of I2 vibrational motion. In Fig. 5, we
show experimental results and simulated signals from qu
tum dynamics simulations which do not include rotation
motion. The dashed line in panel 5~a! is the simulated LIF
signal derived from the positively chirped pump pulse sho
in panel~b! of Fig. 4, and the solid line is the experiment
result. The dashed line in panel 5~b! is the simulated LIF
signal from the negatively chirped pump pulse shown
panel ~d! in Fig. 4, and the solid line is the experiment
result.

From the experimental results considered alone, it
quite clear that the signal from the negatively chirped pu
pulse is sharper and the oscillations last much longer t
with the positively chirped pump pulse. This is because
the anharmonicity of the Morse potential. Higher vibration
states have longer vibrational periods, therefore, if the lo
time period ~higher photon frequency! components of the
I2 vibrational wavepacket are initiated first and then follow
by the excitation of the short period~lower photon fre-
quency! components of the wavepacket, the components
eventually coalesce and focus before furth
dispersion.14,28,29Therefore, the vibrational wavepacket in
tiated by a negatively chirped pump pulse can remain

FIG. 5. Gas phase LIF signal as a function of delay between the pump
probe pulses calculated from quantum dynamics. The pump pulses use
those shown in Fig. 4 panels~b! and~d!, and the probe pulse is as measur
and described in the text. The solid lines are experimental results, the da
lines are theoretical calculations. Panel~a! is the LIF signal from the posi-
tively chirped pump pulse~the pulse in panel b in Fig. 4!, and panel~b! is
the LIF signal from the negatively chirped pump pulse~the pulse in panel d
in Fig. 4!. As can be seen, theory without the thermal rotational distribut
cannot well reproduce the experimental results. Experimental results
been normalized to the theory.
, No. 20, 22 May 1997
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8496 Bardeen et al.: Quantum control of I2
cused for a longer time period than the vibrational wa
packet initiated by a positively chirped pump pulse. T
positively chirped pump pulse, on the other hand, create
wavepacket that disperses directly.

However, when we look at Fig. 5, which compares t
theoretically calculated LIF signals with the experimental
sults, there is a substantial difference between them, bec
the rotational motion is not included in this calculation. U
der the experimental conditions, T5313 K, many rovibra-
tional states are thermally populated. The observed LIF
nal decays also due to the decay of orientational localiza
arising from the dispersion in angular velocities in the th
mal rotational distribution. It can be seen from Fig. 5 that
calculated signals match the experimental results reason
well for the first ;600 fs, but diverge more and more
longer times. Although the thermal averaging over the ini
population of vibrational states contributes to the delocali
tion of the LIF signal, the disagreement between simulat
and experiment remains substantial if rotation is omit
from the calculations.10,11,75,76

In Fig. 6, we show the comparison of gas phase I2 ex-
perimental measurements~solid line! with exact quantum
simulations~dashed line! which now include rotation, for the
same positive and negative chirped pair of pump pulses a
Fig. 5. In this figure, the theoretical results are in excell
agreement with the experimental measurements, confirm
the importance of rotational motion in wavepack
dynamics.10,11,75,76More detailed analysis shows that the
are two important rotational effects. The first is the decay
the anisotropic orientational distribution induced by the p
larized pump pulse and then sampled by the polarized pr
pulse. This effect can be experimentally eliminated by pl
ing the pump and probe polarizations at the ‘‘mag
angle.’’77 The second effect is due to the rotation-vibrati

FIG. 6. Gas phase LIF signal as a function of delay between the pump
probe pulses calculated from exact quantum dynamics that include rotat
in particular the time evolution of the orientational distribution and t
rotational-vibrational coupling due to the angular momentum depen
centrifugal potential. The pump and probe pulses are the same as tho
Fig. 5. The solid lines are experimental results and the dashed lines
theoretical calculations. Panel~a! is the LIF signal from the positively
chirped pump pulse and panel~b! is the LIF signal from the negatively
chirped pump pulse. Experiments and theory are normalized to the s
area.
J. Chem. Phys., Vol. 106
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multilevel structure, which can be eliminated by collapsi
the rotational distribution by rotationally cooling the samp
~e.g., in a molecular beam or cold matrix! or by projecting
out a narrower distribution~e.g., by illuminating with a
prepulse!.

The overall rotational orientational decay is handled d
ferently for the exact quantum calculations and the NC c
culations. In the NC calculations, the ground state molecu
are assumed originally to be isotropically oriented in spa
and, for a parallel transition, the excited state initially form
a cos2 u distribution of internuclear axes about the polariz
tion direction of the pump field due to theDW •EW 5DE cosu
term in the rovibrational Hamiltonian, where we have chos
the electric field polarization to be along the Z-axis in the l
frame. When the time delayed probe pulse is turned on,
angular distribution of the excited state molecules h
changed from the initial cos2 u distribution, due to molecular
rotation. This is an orientational effect, and is handled au
matically ~with no extra work! in the three dimensional NC
approximation. For the exact quantum calculation, for n
merical efficiency, the dynamics are one dimensional, a
angular parts of the total wavefunctions are calculated a
lytically. Both the pure orientational effect and the spread
of the vibrational wavepacket due to the centrifugal coupl
between vibration and rotation contribute. In Fig. 7, we sh
NC theory simulated and experimental LIF signals for po
tive, zero, and negatively chirped pump pulses. The das
line signal in panel 7~a! is the simulated LIF signal that is
derived from the positively chirped pump pulse shown
panel ~b! of Fig. 4, and the solid line is the experiment
result, and similarly for the transform limited~Figs. 7b and
4c! and negatively chirped~Figs. 7c and 4d! cases. Fig. 7
shows reasonably good agreement between experiment
simulation, the NC approximation reproducing the oscil
tions shown in the experimental LIF signals, and also c
turing the trend of longer lasting localization of the wa
packet in the LIF signal for the negatively chirped pum

nd
ns,

nt
for
re

e

FIG. 7. Gas phase LIF signals as a function of delay between the pump
probe pulses calculated from Nearly Classical~NC! theory ~dashed lines!.
The solid lines are experimental results. Panel~a! is the LIF signal from the
positively chirped pump pulse~panel b of Fig. 4!, panel~b! the LIF signal
from the transform limited pump pulse~panel c of Fig. 4! and panel~c! the
LIF signal from the negatively chirped pump pulse~panel d of Fig. 4!.
Experiments and theory are normalized to the same area.
, No. 20, 22 May 1997
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8497Bardeen et al.: Quantum control of I2
pulse over that of the matched positively chirped pum
pulse.

From these NC simulations of gas phase I2, we gain
confidence in applying the approximate NC theory to mor
complicated condensed phase systems where the exact qu
tum simulations would be intractable. In the following sec
tion we describe the condensed phase experiments and ap
the NC theory to simulate the condensed phase results a
understand their meaning.

V. EXPERIMENTAL RESULTS: CONDENSED PHASE

We now present experimental results for the I2/Kr 15 K
condensed phase system. These experiments clearly dem
strate that the profound effect the tailoring of the pump puls
has on the vibrational dynamics of the I2 molecule in the gas
phase is also seen in the condensed phase. As in the
phase, in order to clearly demonstrate this effect, we sho
that pairs of different pump pulses, each of which has near
the same intensity vs. time, and intensity vs. frequency pro
files, differing only in the time ordering of their frequencies,
will lead to different vibrational dynamics of the I2 mol-
ecules.

In Fig. 8 we summarize the results of the I2/Kr experi-
ments. The left hand panel shows the LIF signals for excita
tion with pump pulses that have positive chirps~panels a and
b!, transform limited pump pulse~panel c!, and negative
chirps~panels d and e!. All of these pump pulses are experi-
mentally arranged to have essentially the same frequen
spectrum. The right hand panel of Fig. 8 shows the FROG
derived Wigner transforms of these pump fields. The prob
pulse is a transform limited 50 fs pulse centered at 394 nm
This probe pulse opens a window at 360 pm on the B sta

FIG. 8. Summary of the experimental results from the I2 in solid Kr matrix
at 15 K experiment. The left hand panel shows the collected LIF signals fo
excitation with pump pulses that have positive chirps~panels a and b!, a
transform limited pump pulse~panel c!, and pump pulses that have negative
chirps ~panels d and e!. The right hand panel shows the FROG-derived
Wigner transforms of these pump fields.~An overall carrier frequency cor-
responding to 565 nm and a central time have been removed from the fie
in presenting these figures.! The lowest contour levels of the Wigner repre-
sentations, which are noisy, are not shown for reasons of clarity.
J. Chem. Phys., Vol. 106
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potential energy surface and every time the I2 vibrational
wavepacket crosses this window it will be further excited
the ion-pair state. Comparing Figs. 4 and 8, we find t
there are about twice the number of peaks in the gas phas
in the condensed phase within the same time duration. T
is because the probe window~see Fig. 1! is very near the
turning point in the condensed phase, so that only one
peak is seen per vibrational period, and the probe window
between turning the points in the gas phase, so that
peaks per vibrational period are seen. The LIF signal t
corresponds to excitation with a positively chirped pum
pulse ~panel b! clearly shows less structure and shallow
modulation than the LIF signal that corresponds to excitat
with a negatively chirped pump pulse~panel d!. This means
that the I2 vibrational wavepacket initiated by the negative
chirped pump pulse retains its vibrational localization long
than the wavepacket initiated with the positively chirp
pump pulse. The right hand panel of Fig. 8 demonstrates
the pump fields that give rise to the LIF signals in panels~b!
and~d! are an approximately matched pair of chirped field
although we found it considerably more difficult to make a
measure the broader bandwidth pump pulses used in the
densed phase experiments in comparison to the narro
bandwidth gas phase pulses, and thus the matching is
exact. The LIF signals in panels~a! and ~e! are also a result
of an approximately matched pair of chirped pump field
Again the LIF signal that is collected from the negative
chirped pump pulse~panel e! shows more structure than tha
of the LIF signal due to the positively chirped pump pul
~panel a!. Thus, these results confirm that the control of
brational dynamics by pulse tailoring is possible in the co
densed phase, and that, as in the gas phase, for ‘‘reflectr
types of targets,14,27,29negatively chirped pump pulses lea
to a greater degree of wavepacket focusing and vibratio
localization than positively chirped pump pulses. In contr
to the gas phase where, in the absence of collisions
population decay, the delocalization~and later relocalization!
occurs with no loss of rovibrational coherence, in the co
densed phase there is loss of coherence~T2 processes! as
well as loss of population~T1 processes! involved in the
dynamics. Thus relocalization due to the conservation
rovibrational phases will occur at later times in the g
phase, but will be damped out by dephasing processe
condensed phase systems.

In the next section we present the results of theoret
simulations of this experiment on the I2/Kr system which
show good agreement with experiment.

VI. THEORY: CONDENSED PHASE

A. Nearly classical control theory for the condensed
phase

As we emphasized in the previous section, the N
method is particularly useful for large dimensional system
In this section, we apply this method to a condensed ph
system, I2 in a cold Kr matrix. All the theory presented i
Secs. IV C and D is applicable, except that now each ph

r

lds
, No. 20, 22 May 1997
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8498 Bardeen et al.: Quantum control of I2
space trajectory evolves on a multidimensional potential
ergy surface. The I2/Kr system Hamiltonian is

H5H I2
1HKr1H int , ~38!

whereH I2
is iodine molecular Hamiltonian and has sam

form as Eq. 4.HKr is the multidimensional krypton Hamil
tonian andH int is the interaction Hamiltonian between th
iodine and krypton atoms. Quantum control has been form
lated previously in terms of the reduced density matrix,
fined as follows:22,23,46

rR~ t !5Trbath@r~ t !#, ~39!

where Trbathmeans tracing over all the bath degrees of fr
dom in I2/Kr system, the bath being defined here as the kr
ton atoms, the iodine molecular librations, and the iod
center of mass motion. The reduced density matrix descr
the state and dynamics of the subsystem of interest, unde
influence of its surrounding environment. Since the bath
grees of freedom have been traced out, the reduced de
matrix only contains information pertaining to the I2 internu-
clear vibrational motion. It is straightforward to combine t
reduced density matrix approach with the NC approximati
In the NC picture, the density at each time is a set of Di
delta functions, making the trace over the bath particula
simple. As a result, all the NC approximation equations p
sented for the gas phase in Secs. IV C and D generaliz
the condensed phase, with the one extension that the I2 vi-
brational trajectories now evolve under the influence of
Kr matrix.

B. Numerical simulations for the I 2/Kr system

To compute the classical dynamics the I2/Kr system, we
perform simulations in a repeating cubic unit cell of 108
atoms. We replace the two adjacent Kr atoms at the cente
the cell with two I atoms. In Fig. 9, we show the local stru
ture with the iodine molecule and its first two Kr solvatio
shells. The interaction between any two Kr-Kr or I-Kr atom
is modeled with pairwise additive Lennard-Jones potenti
and the parameters for the interaction between iodine
krypton atoms are approximated by Xe-Kr potential para
eters. These parameters are tabulated in Table II. The po
tials for the I2 electronic states are modeled by the followi
Morse potential,

V~R!5De~12e2b~R2Re!!2, ~40!

with the parameters given in Table I. The pump field exci
I2 to the electronic B state, the time delayed probe pulse t
further excites the wavepacket to the ionic f state. The L
signal from the ionic manifold is then detected as a funct
of delay time between the pump and the probe pulses.57–59

The initial configuration of the I2/Kr system is obtained
by using the artificial temperature method.78 In this case, T in
Eq. 19~the real system temperature! is 15 K, andv is chosen
to be the Debye frequency of solid Kr,;60 cm21. Although
this method is not exact for an anharmonic system, it sho
work well for this low temperature solid which is very ha
monic in the ground equilibrium state. The artificial tempe
J. Chem. Phys., Vol. 106
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ture (T8 in Eq. 19! is approximately 45 K. The initial distri-
bution of the I2 vibrational coordinate is obtained in a simila
way as in the gas phase simulation. After we obtain the
tial ensemble of I2 internuclear distances, we sort them fro
smallest to largest values. Beginning with the smallest2

internuclear distance, we sequentially assign a distance to
iodine molecule in the face centered cubic crystal beginn
with the smallest internuclear distance and equilibrate the
atoms at T8, holding the I2 internuclear distance fixed. Th
face centered cubic crystal cell constant is 569 pm. The
equilibration is for 6 ps, and further equilibrations for ne
larger I2 internuclear separations are for an additional pic
second. For each pump field, 2000 trajectories are run u
5 ps, the time step being 1.94 fs. The time-coordinate ini
ensemble contains all the information about the excitat
process, therefore we can then monitor what happens du
the excitation process. Once we have all the trajectories,
final LIF signal is obtained using Eq. 31.

We include the non-adiabatic population decay of pop
lation on the B state of I2 due to the interaction with the
condensed phase environment. This decrease in populati
modeled as an overall exponential decay in the LIF signa
a function of time,

Sad~ td!5S~ td!e
2gtd, ~41!

FIG. 9. Local structure of I2 in a solid Krypton matrix, showing the first two
shells around the I2 molecule, with face centered cubic structure.

TABLE II. Parameters for the Lennard-Jones potential condensed p
surfaces.a

I-Kr Kr-Kr

e ~cm21) 162.3 138.9
s ~pm! 374 358

aReference 58.
, No. 20, 22 May 1997
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8499Bardeen et al.: Quantum control of I2
whereS(td) is the final LIF signal defined in Eq. 31, andg is
the overall decay constant which is choseng50.13 ps21, in
order to fit the condensed phase experimental data.

C. Simulation results: Condensed phase

In Fig. 10 we compare the results of the NC simulatio
to the experimental measurements obtained for the I2/Kr
condensed phase system. Panels~a! and ~b! show the com-
parison of the simulation results~dashed line! to the experi-
mental results~solid line! for positively and negatively
chirped pump pulses, respectively. The pump and pro
pulses used in the simulation are the experimentally m
sured pulses used in panels~b! and ~d! respectively, of Fig.
8. As can be seen in Fig. 10, the simulation results ag
reasonably well with the experimental data. The experim
tal trend of more vibrational localization in the LIF signa
obtained from the negatively chirped pump pulse compa
to the positively chirped pump pulse is captured by the sim
lation. In the following section we will discuss the ramifica
tions of these results.

Another interesting experimental result is confirmed
the simulations. By comparing Figs. 8~condensed phase!
and 4~gas phase!, it is evident from experiment and theor
that the observable vibrational localization persists longer
the condensed phase at 15 K than in the gas phase at 31
This result will also be discussed in the next section.

VII. DISCUSSION AND CONCLUSIONS

We have shown, both theoretically and experimental
that a properly tailored light pulse can create a vibration
wavepacket that exhibits a long time persistence in its vib
tional localization in both the gas and condensed phase.
observable localization persistslonger in the condensed

FIG. 10. Comparison of the simulation results for the I2/Kr system with the
experimental data. Panels~a! and~b!, which correspond to panels~b! and~d!
respectively of Fig. 8, show the comparison of the simulation results~dashed
line! to the experimental results~solid line!, for a positive and negatively
chirped pump pulse, respectively. Experimental results are normalize
theory.
J. Chem. Phys., Vol. 106
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phase than in the gas phase. The key to understanding
counter-intuitive result is the role of the initial ground ele
tronic state distribution of rovibrational states in determini
the observables. In the gas phase we prepare the system
a rovibrational distribution at 313 K. In the solid state~at 15
K!, rotational and vibrational degrees of freedom are ess
tially frozen into their ground states, the cage allowing on
small librations. In what follows we first discuss the g
phase results, with particular attention to the special role
rotations, and then discuss the condensed phase result
nally comparing and contrasting them.

The two main results to discuss concerning gas ph
control of I2 vibrational motion are the effect of the tailorin
of the laser pulse on the vibrational dynamics, and the de
mental effects of the distribution of I2 rotation as well as
vibration on the vibrational localization of the wavepacke

The effect of the linear chirp of the pump pulse on t
vibrational localization has been discussed elsewhere,14,29

and we summarize those conclusions here. On the an
monic B state potential, the higher energy components
more anharmonic, and have a longer period of oscillat
than the lower energy components which are more harmo
and have a shorter oscillation period. To make these com
nents of the wavepacket coalesce for times after the wa
packet reaches the outer turning point, the higher ene
components must be excited before the lower energy c
ponents. A negatively chirped pump field will do just thi
From this argument, it is easy to see why a negativ
chirped pump pulse will create a wavepacket that evol
with a minimum of immediate delocalization, and a po
tively chirped pump pulse will create a vibrational wav
packet that delocalizes more directly. These qualitative ar
ments, which apply to both the gas phase and conden
phase examples, are developed more rigorously elsewhe29

Although the experimental data shows clearly that a ne
tively chirped pulse is much better than a positively chirp
pulse at preserving the localization of the wavepacket,
comparison between a negatively chirped pulse and a tr
form limited pulse is less dramatic. The reason for this is t
there are two factors at work when one chirps the pulse.
changing the frequency ordering, we can enhance or s
press the wavepacket spreading, but we also lengthen
pulse in time, which will result in a broader wavepack
especially at early times. For negative chirps, these effe
cancel each other, and whether we see dramatically sha
oscillations as we chirp the pulse depends on the interpla
pulse and molecular parameters. For positive chirps, th
two effects work in concert, and the wavepacket delocali
very quickly with chirp. Nevertheless, we emphasize th
there is an absolute enhancement of the peak height in
gas phase with the negatively chirped pulse as opposed to
transform limited pulse. Thus chirping does result in a mo
focused wavepacket than does a transform limited pulse
beit slightly, and in that sense it is an optimized light field

The large effect of I2 rotational dynamics on the ob
served LIF signals, particularly for longer times, is seen
the comparison of the theoretical simulations to the I2 gas
phase experimental data. Previous theoretical treatmen

to
, No. 20, 22 May 1997
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8500 Bardeen et al.: Quantum control of I2
wave packet interferometry experiments in gas phase2

~Refs. 75 and 76! have analyzed the effect of rotations
detail. The present 2 photon experiment is of a different
ture than those experiments, however, and thus the rol
rotations is different. The ‘‘inhomogeneous dephasing’’
the oscillations seen in those experiments, which is an
gous to a free induction decay of an electronic polarizati
does not play a role in the present work, since the first pu
completes the one photon absorption and leaves the sy
in a population on the first excited state. The evolution
this population depends only on the excited state PES pa
eters, unlike the polarization in the interferometry expe
ments, which depends on the energy difference between
ground and excited state surfaces. Simple calculations
show that purely quantum effects, like theJ85J961 selec-
tion rule or nuclear spin degeneracy of theJ9 states, do not
play a role on the picosecond timescale that we observe
decay of the vibrational oscillations. The good agreemen
the nearly classical and fully quantum calculations of
experimental LIF signal also provides evidence for the
sence of purely quantum rotational effects. The orientatio
decay~which can be eliminated by magic angle pump-pro
polarization77!, also plays a role but cannot explain the co
plete disappearance of the oscillations. By considering
excited state Hamiltonian,

he
J52

\2

2m

]2

]R2 1Ve~R!1
J~J11!\2

2mR2 , ~42!

we can think of each initial angular momentum of an2
molecule as contributing an effective potential energy te
to the Hamiltonian. When added to the vibrational poten
energy, this rotational term distorts the effective PES. T
every angular momentum in the thermal distribution resu
in a different excited state PES on which the wavepac
propagates, and thus a different effective vibrational per
This distribution of effective vibrational frequencies, due
the initial distribution of angular momenta, results in a rap
decay of the observed oscillation due to destructive inter
ence. For a heavy molecule like I2 at high temperatures, thi
classical picture should be sufficient to understand the rol
the rotations in contributing to the decay of the oscillatio
and the degradation of our ability to control the system. T
negative effect of an initial distribution of rovibrationa
states on quantum control can be reduced either thro
cooling the sample by molecular beam expansion or by
of a cold matrix as we have done here, or through projec
out a narrower rovibrational distribution by excitation with
previous pulse or pulses. Such cooling by a cryogenic ma
is a major cause of the increased duration of vibrational
calization in the condensed phase observed here.

Perhaps the most significant result of the present wor
the clear demonstration of quantum control in the conden
phase. As in the gas phase, negatively chirped pump pu
produce a longer-lived vibrational localization. In contrast
the gas phase, the cold I2/Kr matrix sample has little rovi-
brational excitation, and the I2 molecule does not rotate bu
only librates in the Kr cage. The latter fact has been es
J. Chem. Phys., Vol. 106
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lished experimentally by noting that the fluorescence is fu
polarized, and has been verified in the simulations.

The fact that the effect of the chirp on the vibration
localization is similar in both the gas and condensed pha
simply indicates that the dynamics in this case is domina
by the I2 ~B! molecular potential, and only slightly perturbe
by the lattice forces, which is also seen by examining
forces in the simulations. The observed decay of overall a
plitude in the pump-probe signal is due to the decrease
vibrational population due to dissipation to the bath and
host induced electronic predissociation. With respect to
vibrational dynamics on the molecular B electronic sta
these represent relatively small perturbations. Another
nificant difference between the gas and condensed phas
vironments is the fact that the decay of the absorption co
lation function is much faster in the condensed phase tha
the gas phase. For I2 in Kr at 15 K, this time has been
estimated to be on the order of 150 fs,85 which is longer than
the pulse durations used here. If the pulses were significa
longer than this time, we would expect to see some lesse
of the control effect due to a broader initial wavepack
although the present experiment is not nearly as sensitiv
the above-mentioned interferometry experiments.86 For a
further discussion of the dissipative dynamics of I2 in Kr, see
the recent paper by Ovchinnikovet al.85

Particularly at low temperature, it is clear that contro
lable localized vibrational evolution can persist in a co
densed phase sample for many vibrational periods. By ad
a subsequent ‘‘locking’’ pulse, this localized distribution ca
be excited to another electronic surface leading to des
products and thus used to control the products of a chem
reaction by tailoring the pump~localization! pulse25 as well
as by varying the timing between pump and ‘‘locking
pulses.2,48 Thus the control of vibrational localization dem
onstrated here can be the basis of quantum control of che
cal reactions in the condensed phase.
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APPENDIX: FRANCK APPROXIMATION TO PROBE
PROCESS IN QUANTUM CALCULATION

Treating the pump field as a first order time-depend
perturbation, the total wavefunction on the excited electro
state that is initiated from a groundJ,M state,
ce(R,u,f,t;J,M ), can be written as

ce~R,u,f,t;J,M !5
uJ21,M
e ~R,t !

R
YJ21
M ~u,f!

1
uJ11,M
e ~R,t !

R
YJ11
M ~u,f!, ~A1!

where uJ61,M
e are defined in Eqs. 13 and 14. Note that

J50,M50, we will only have one term in above equatio
theJ21 term being absent. Therefore, the total density m
trix on the electronic excited state is
, No. 20, 22 May 1997
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re~ t !5 (
v,J50

`

(
M52J

J

e2bEv,J
g

uce~ t;J,M !&^ce~ t;J,M !u.

~A2!

For simplicity, we do not write down the spherical coord
nate representation explicitly in the above equation, but fr
now on, all the spatial variables will be in spherical coor
nates unless otherwise specified. When we substitute Eq
into Eq. A2, we get the density matrix in the coordina
representation. To calculate the asymptotic population on
final state after the probe pulse is over, we also apply fi
order perturbation theory to the probe process. We can
write down the wavefunction created from the groundJ,M
state on the final energy surface,
J. Chem. Phys., Vol. 106
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1

e
st
en

c f~ t;J,M !52
i

\E2`

t

dt1e
2

i
\ Hf ~ t2t1!DW f e

•EW 2~ t1!c
e~ t1 ;J,M !, ~A3!

whereEW 2(t) is the probe light field,DW f e is the transition
dipole from the excited state to the final state, andHf is the
final state Hamiltonian. We choose the electric field pol
ization direction to be along the Z-axis in the space fix
frame. Therefore, for this parallel transition,DW f e•EW 2

5DfeE2cosu, and we have the wavefunction on the fin
state,c f(t;J,M ), which is initiated from the groundJ,M
state as
can be
ficients
the

en
pagation
over, we
l
e
be
c f~ t;J,M !}
1

RE2`

t

dt1DfeE2~ t1!H F ~J2M11!~J1M11!~J2M12!~J1M12!

~2J13!2~2J11!~2J15! G1/2YJ12
M e2

i
\ hf

J12
~ t2t1!uJ11

e ~R,t1!

1
~J2M11!~J1M11!

~2J13!~2J11!
YJ
Me2

i
\ hf

J
~ t2t1!uJ11

e ~R,t1!1
~J2M !~J1M !

~2J21!~2J11!
YJ
Me2

i
\ hf

J
~ t2t1!uJ21

e ~R,t1!

1F ~J2M !~J1M !~J2M21!~J1M11!

~2J21!2~2J11!~2J23! G1/2YJ22
M e2

i
\ hf

J22
~ t2t1!uJ21

e ~R,t1!J , ~A4!

wherehf
J is the radial Hamiltonian for the nuclear motion on the electronic final state,

hf
l 52

\2

2m

]2

]R2 1Vf~R!1
J~J11!\2

2mR2 . ~A5!

Due to the orthogonality of the spherical harmonic functions, the asymptotic population on the final electronic state
calculated without involving these spherical harmonics explicitly in the computation. For simplicity, we denote the coef
in the bracket in Eq. A4 asC1(J,M ),C2(J,M ),C3(J,M ),C4(J,M ), respectively. Continuing the algebra, we then get
expression for the population on the final probe surface which is excited from the grounduv,J,M & state,

P~ t;J,M !}E
2`

t

dt1E
2`

t

dt2uDfeu2E2~ t1!E2* ~ t2!@C1
2~J,M !^e

i
\ hf

J12t2uJ11
e ~R,t2!,e

i
\ hf

J12t1uJ11
e ~R,t1!&1C2

2~J,M !

3^e
i
\ hf

J12t2uJ11
e ~R,t2!,e

i
\ hf

Jt1uJ11
e ~R,t1!&1C3

2~J,M !^e
i
\ hf

Jt2uJ21
e ~R,t2!,e

i
\ hf

Jt1uJ21
e ~R,t1!&1C4

2~J,M !

3^e
i
\ hf

J22t2uJ21
e ~R,t2!,e

i
\ hf

J22t1uJ21
e ~R,t1!&1C2~J,M !C3~J,M !^e

i
\ hf

Jt2uJ11
e ~R,t2!,e

i
\ hf

Jt1uJ21
e ~R,t1!&

1C3~J,M !C2~J,M !^e
i
\ hf

Jt2uJ21
e ~R,t2!,e

i
\ hf

Jt1uJ11
e ~R,t1!&#. ~A6!

In the above equation,^A(R,t1),B(R,t2)&[*dRA* (R,t)B(R,t). Note that the timet in the final state propagator has be
canceled out due to the inner product. Physically, this is because we only calculate the final population, and the pro
on the final surface has no effect on this quantity. Since we only observe the total population after the probe pulse is
can replace the upper limit of the integral in Eq. A6 by`, and thereforeP(t;J,M ) is proportional to the experimenta
observable. The quantities in the inner products only depend on timet1 and the time differencet22t1, so we can change th
integration variablet85t22t1, and the population as a function of delay,td , between the pump and probe pulses can
written as the following,

Sv,J,M~ td!52ReE
2`

`

dtE
0

`

dt8E2~ t !E2* ~ t1t8!@C1
2~J,M !^uJ11

e ~ t1t81td!,e
2

i
\ hf

J12t8uJ11
e ~ t1td!&1C2

2~J,M !

3^uJ11
e ~ t1t81td!,e

2
i
\ hf

Jt8uJ11
e ~ t1td!&1C3

2~J,M !^uJ21
e ~ t1t81td!,e

2
i
\ hf

Jt8uJ21
e ~ t1td!&1C4

2~J,M !

3^uJ21
e ~ t1t81td!,e

2
i
\ hf

J22t8uJ21
e ~ t1td!&1C2~J,M !C3~J,M !^uJ21

e ~ t1t81td!,e
2

i
\ hf

Jt8uJ11
e ~ t1td!&

1C3~J,M !C2~J,M !^uJ11
e ~ t1t81td!,e

2
i
\ hf

Jt8uJ21
e ~ t1td!&#. ~A7!
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Since Sv,J,M(td) is only the contribution from a single
grounduv,J,M & state, we need to sum over all the therma
populated ground states. It is not hard to see from the ab
equation that doing an exact propagation for each inner p
uct is extremely tedious. It has previously been shown19 that
the Franck approximation~vertical excitation! is good for
short probe pulses. In our experiments, the probe pulses
of approximately 40-50 fs duration, and therefore this a
proximation will work reasonably well. The Franck approx
mation assumes that,

e2
i
\ hmte

i
\ hnt'e

i
\ hnte2

i
\ hmt'e2

i
\ Umnt, ~A8!

whereUmn5hm2hn . After we apply this approximation
the propagation on the final surface can be eliminated,
therefore the computation becomes much more effic
without losing much accuracy.

The total signal is obtained by summing over the in
vidual signals from eachuv,J,M & state,

S~ td!5 (
v,J50

`

(
M52J

J

exp~2bEv,J
g !Sv,J,M~ td!. ~A9!

Since the grounduv,J,M & state energy is independent
magnetic quantum number, the sum overM can be done
analytically.

(
M52J

J

C1
2~J,M !5

2~J11!~J12!

15~2J13!
,

(
M52J

J

C2
2~J,M !5

~J11!@4~J11!211#

15~2J13!~2J11!
,

(
M52J

J

C3
2~J,M !5

J~4J211!

15~2J21!~2J11!
,

(
M52J

J

C4
2~J,M !5

2J~J21!

15~2J21!
,

(
M52J

J

C2~J,M !C3~J,M !5
2J~J11!

15~2J11!
. ~A10!

Substituting Eq. A10 and Eq. A7 into Eq. A9, we then g
the final LIF signal, including rotational and vibrational m
tion.

1A. H. Zewail, Phys. Today33, 27 ~1980!.
2D. J. Tannor and S. A. Rice, Adv. Chem. Phys.70, 441 ~1988!.
3S. A. Rice, Science258, 412 ~1992!.
4M. Shapiro and P. Brumer, J. Chem. Phys.84, 4103~1986!.
5M. Shapiro and P. Brumer, Int. Rev. Phys. Chem.13, 187 ~1994!.
6B. Hartke, J. Manz, and J. Mathis, Chem. Phys.139, 123 ~1989!.
7A. M. Weiner, D. E. Leaird, G. P. Wiederrecht, and K. A. Nelson, Scien
247, 1317~1990!.

8H. Rabitz and S. Shi, Adv. Mol. Vib. Coll. Dynam.1A, 187 ~1991!.
9W. S. Warren, H. Rabitz, and M. Dahleh, Science259, 1581~1993!.
10V. Dubov and H. Rabitz, J. Chem. Phys.103, 8412~1995!.
11L. Shen and H. Rabitz, J. Chem. Phys.100, 4811~1994!.
12B. Kohler, J. Krause, F. Raksi, K. R. Wilson, R. M. Whitnell, V. V
Yakovlev, and Y. J. Yan, Acc. Chem. Res.28, 133 ~1995!.

13Y. J. Yan, R. E. Gillilan, R. M. Whitnell, K. R. Wilson, and S. Mukame
J. Phys. Chem.97, 2320~1993!.
J. Chem. Phys., Vol. 106

Downloaded¬12¬Feb¬2004¬to¬128.200.47.19.¬Redistribution¬subject¬
ve
d-

re
-

d
nt

-

t

14J. L. Krause, R. M. Whitnell, K. R. Wilson, Y. J. Yan, and S. Mukamel,
Chem. Phys.99, 6562~1993!.

15J. L. Krause, R. M. Whitnell, K. R. Wilson, and Y. J. Yan, inUltrafast
Reaction Dynamics and Solvent Effects, edited by Y. Gauduel and P
Rossky~American Institute of Physics, New York, 1994!, p. 3.

16B. Kohler, J. L. Krause, R. M. Whitnell, K. R. Wilson, V. V. Yakovlev
and Y. J. Yan, inUltrafast Phenomena IX, edited by G. A. Mourou, A. H.
Zewail, P. F. Barbara, and W. H. Knox~Springer, Berlin, 1994!, p. 44.

17J. L. Krause, R. M. Whitnell, K. R. Wilson, and Y. J. Yan, inFemtosec-
ond Chemistry, edited by J. Manz and L. Wo¨ste ~Springer, Weinheim,
1995!, p. 743.

18B. Kohler, V. V. Yakovlev, J. Che, J. L. Krause, M. Messina, K. R
Wilson, N. Schwentner, R. M. Whitnell, and Y. J. Yan, Phys. Rev. Le
74, 3360~1995!.

19J. Che, J. L. Krause, M. Messina, K. R. Wilson, and Y. J. Yan, J. Ph
Chem.99, 14 949~1995!.

20M. Messina and K. R. Wilson, Chem. Phys. Lett.241, 502 ~1995!.
21J. L. Krause, M. Messina, K. R. Wilson, and Y. J. Yan, J. Phys. Chem.99,
13 736~1995!.

22M. Messina, K. R. Wilson, and J. L. Krause, J. Chem. Phys.104, 173
~1996!.

23J. Che, M. Messina, K. R. Wilson, V. A. Apkarian, Z. Li, C. C. Marten
R. Zadoyan, and Y. J. Yan, J. Phys. Chem.100, 7873~1996!.

24J. Che, M. Messina, K. R. Wilson, and Y. J. Yan, inFemtochemistry,
Ultrafast Chemical and Physical Processes in Molecular Systems, edited
by M. Chergui~World Scientific, Singapore, 1996!, p. 360.

25C. J. Bardeen, J. Che, K. R. Wilson, V. V. Yakovlev, P. Cong, B. Kohl
J. L. Krause, and M. Messina, J. Phys. Chem.~in press!.

26J. Cao and K. R. Wilson, J. Chem. Phys.106, 5206~1997!.
27J. Cao and K. R. Wilson, J. Chem. Phys.106, 5239~1997!.
28J. Cao and K. R. Wilson, Phys. Rev. A~in press!.
29J. Cao and K. R. Wilson~submitted!.
30C. Chen, Y. Y. Yin, and D. S. Elliott, Phys. Rev. Lett.64, 507 ~1990!.
31S. M. Park, S. P. Lu, and R. J. Gordon, J. Chem. Phys.94, 8622~1991!.
32V. D. Kleiman, L. Zhu, J. Allen, and R. J. Gordon, J. Chem. Phys.103,
10 800~1995!.

33V. D. Kleiman, L. Zhu, X. Li, and R. J. Gordon, J. Chem. Phys.102, 5863
~1995!.

34B. A. Baranova, A. N. Chudinov, and B. Y. Zel’dovich, Opt. Commu
79, 116 ~1990!.

35N. F. Scherer, A. J. Ruggiero, M. Du, and G. R. Fleming, J. Chem. Ph
93, 856 ~1990!.

36H. G. Muller, P. H. Bucksbaum, D. W. Schumacher, and A. Zavriyev
Phys. B23, 2761~1990!.

37W. Jakubetz, J. Manz, and H.-J. Schreier, Chem. Phys. Lett.165, 100
~1990!.

38B. Just, J. Manz, and G. K. Paramanov, Chem. Phys. Lett.193, 429
~1992!.

39J. E. Combariza, B. Just, J. Manz, and G. K. Paramonov, J. Phys. C
95, 10 351~1991!.

40J. S. Melinger, A. Hariharan, S. R. Gandhi, and W. S. Warren, J. Ch
Phys.95, 2210~1991!.

41J. S. Melinger, S. R. Gandhi, A. Hariharan, D. Goswami, and W.
Warren, J. Chem. Phys.101, 6439~1994!.

42K. J. Schafer and K. C. Kulander, Phys. Rev. A45, 8026~1992!.
43B. Amstrup, J. D. Doll, R. A. Sauerbrey, G. Szabo´, and A. Lörincz, Phys.
Rev. A 48, 3830~1993!.

44J. Janszky, P. Adam, A. V. Vinogradov, and T. Kobayashi, Chem. Ph
Lett. 213, 368 ~1993!.

45T. Baumert and G. Gerber, Isr. J. Chem.34, 103 ~1994!.
46S. A. Rice and M. Zhao, inLaser Techniques for State-Selected Chemis
II , edited by J. W. Hepburn~SPIE, Bellingham, 1994!, Vol. 2124, p. 246.

47M. Sugawara and Y. Fujimura, J. Chem. Phys.100, 5646~1994!.
48J. L. Herek, A. Materny, and A. H. Zewail, Chem. Phys. Lett.228, 15

~1994!.
49V. A. Apkarian, inFemtochemistry, Ultrafast Chemical and Physical Pr
cesses in Molecular Systems, edited by M. Chergui~World Scientific,
Singapore, 1996!, p. 603.

50M. Sterling, R. Zadoyan, and V. A. Apkarian, J. Chem. Phys.104, 6497
~1996!.

51V. A. Apkarian, C. J. Bardeen, J. Che, B. Kohler, C. C. Martens,
Messina, K. R. Wilson, V. V. Yakovlev, and R. Zadoyan, inUltrafast
, No. 20, 22 May 1997

to¬AIP¬license¬or¬copyright,¬see¬http://jcp.aip.org/jcp/copyright.jsp



H.

ox

P

m

ys

.

R

ail,

.

a,

ller,

of

A.
n,

ro-

8503Bardeen et al.: Quantum control of I2
Phenomena X, edited by J. Fujimoto, W. Zinth, P. F. Barbara, and W.
Knox ~Springer, Berlin, 1996!, p. 219.

52G. Q. Xing, X. B. Wang, X. Huang, and R. Bersohn, J. Chem. Phys.104,
826 ~1996!.

53A. Assion, T. Baumert, V. Seyfried, and G. Gerber, inUltrafast Phenom-
ena X, edited by J. Fujimoto, W. Zinth, P. F. Barbara, and W. H. Kn
~Springer, Berlin, 1996!, p. 190.

54Z. Chen, M. Shapiro, and P. Brumer, J. Non. Opt. Phys. Mater.4, 605
~1995!.

55A. Shnitman, I. Sofer, I. Golub, A. Yogev, M. Shapiro, Z. Chen, and
Brumer, Phys. Rev. Lett.76, 2886~1996!.

56C. J. Bardeen, Q. Wang, and C. V. Shank, Phys. Rev. Lett.75, 3410
~1995!.

57R. Zadoyan, Z. Li, P. Ashjian, C. C. Martens, and V. A. Apakarian, Che
Phys. Lett.218, 504 ~1994!.

58R. Zadoyan, Z. Li, C. C. Martens, and V. A. Apkarian, J. Chem. Ph
101, 6648~1994!.

59Z. Li, R. Zadoyan, V. A. Apkarian, and C. C. Martens, J. Phys. Chem.99,
7453 ~1995!.

60E. D. Potter, Q. Liu, and A. H. Zewail, Chem. Phys. Lett.200, 605~1992!.
61Q. Liu, J.-K. Wang, and A. H. Zewail, Nature364, 427 ~1993!.
62J. K. Wan, Q. Liu, and A. H. Zewail, J. Phys. Chem.99, 11 309~1995!.
63S. Fei, X. Zheng, M. C. Heaven, and J. Tellinghuisen, J. Chem. Phys97,
6057 ~1992!.

64F. G. Amar and B. J. Berne, J. Phys. Chem.88, 6720~1984!.
65R. M. Whitnell, K. R. Wilson, Y. J. Yan, and A. H. Zewail, J. Mol. Liquid
61, 153 ~1994!.

66J. P. Bergsma, M. H. Coladonato, P. M. Edelsten, J. D. Kahn, K.
Wilson, and D. R. Fredkin, J. Chem. Phys.84, 6151~1986!.

67V. S. Batista and D. F. Coker, J. Chem. Phys.105, 4033~1996!.
68R. Zadoyan, M. Sterling, and V. A. Apkarian, Faraday Trans.92, 1821

~1996!.
J. Chem. Phys., Vol. 106

Downloaded¬12¬Feb¬2004¬to¬128.200.47.19.¬Redistribution¬subject¬
.

.

.

.

69S. Mukamel,The Principles of Nonlinear Optical Spectroscopy~Oxford
University, New York, 1995!.

70M. Gruebele, G. Roberts, M. Dantus, R. M. Bowman, and A. H. Zew
Chem. Phys. Lett.166, 459 ~1990!.

71V. V. Yakovlev, B. Kohler, and K. R. Wilson, Opt. Lett.19, 2000~1994!.
72K. R. Wilson and V. V. Yakovlev, J. Opt. Soc. B.14, 444 ~1997!.
73R. Trebino and D. J. Kane, J. Opt. Soc. Am. A10, 1101~1993!.
74B. Kohler, V. V. Yakovlev, K. R. Wilson, J. Squier, K. W. Delong, and R
Trebino, Opt. Lett.20, 483 ~1995!.

75N. F. Scherer, A. Matro, L. D. Ziegler, M. Du, R. J. Carlson, J. A. Cin
and G. R. Fleming, J. Chem. Phys.96, 4180~1992!.

76R. Bavli, V. Engel, and H. Metiu, J. Chem. Phys.96, 2600~1992!.
77M. Dantus, R. M. Bowman, and A. H. Zewail, Nature343, 737 ~1990!.
78J. P. Bergsma, P. H. Berens, K. R. Wilson, D. R. Fredkin, and E. J. He
J. Phys. Chem.88, 612 ~1984!.

79Y. J. Yan, Chem. Phys. Lett.198, 43 ~1992!.
80Y. J. Yan and S. Mukamel, Phys. Rev. A41, 6485~1990!.
81M. Lax, J. Chem. Phys.20, 1752~1950!.
82G. Herzberg,Molecular Spectra and Molecular Structure. I. Spectra
Diatomic Molecules, 2nd ed.~Van Nostrand Reinhold, Princeton, 1950!.

83J. V. Lill, G. A. Parker, and J. C. Light, Chem. Phys. Lett.89, 483~1982!.
84C. Leforestier, R. H. Bisseling, C. Cerjan, M. D. Feit, R. A. Friesner,
Guldberg, A. Hammerich, G. Jolicard, W. Karrlein, H. Meyer, N. Lipki
O. Roncero, and R. Kosloff, J. Comput. Phys.94, 59 ~1991!.

85M. Ovchinnikov and V. A. Apkarian, J. Chem. Phys.105, 10 312~1996!.
86N. F. Scherer, R. J. Carlson, A. Matro, M. Du, A. J. Ruggiero, V. Rome
Rochin, J. A. Cina, G. R. Fleming, and S. A. Rice, J. Chem. Phys.95,
1487 ~1991!.

87J. C. D. Brand and A. R. Hoy, Appl. Spectrosc. Rev.23, 285 ~1987!.
, No. 20, 22 May 1997

to¬AIP¬license¬or¬copyright,¬see¬http://jcp.aip.org/jcp/copyright.jsp


