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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 phaaed for |, 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 reactiond 9% American
Institute of Physicg.S0021-96007)01217-9

I. INTRODUCTION guantum state. Various implementations of the Tannor-Rice
scheme to control a chemical reaction have been experimen-
Quantum control, defined here as using light with a tai-tally realized by several grouf2>® Herek et al*® have
lored electric field E(t), to optimally manipulate the quan- shown experimentally that a unimolecular reaction, the pho-
tum dynamics of a system, has attracted great interest in th®dissociation of Nal, with two distinct exit channels, can be
past decade. It has been shown both theoretically and expetontrolled by varying the delay time between two femtosec-
mentally that the tailoring of, and the interference amongpond excitation pulses. As is discussed below, it has been
light fields can be used to control wavepacket dynamics andemonstrated that this product branching ratio in Nal photo-
chemical reactions->° However, most experimental and the- dissociation can also be controlled by varying the pulse
oretical demonstrations to date have been in the gas phashirp?®°! The Brumer-Shapiro scheme has also been real-
even though most chemical reactions of interest to synthetiized experimentally, by Kleimaret al3?33 who used it to
chemists occur in condensed media. In this papdtich  control the photodissociation of GHand the photoioniza-
extends earlier short repofts’), we study quantum control tion of H,S, by Xing et al®? who used it to control photo-
in both gas and condensed phases, using the focusing ofienization of CHl, and by Shnitmaret al>® who used two-
vibrational wavepacket on the B state as our test system. photon incoherent interference to control the branching ratio
We thus provide a demonstration, both experimental and thesf the photodissociation of Na Melinger et al*®4! have
oretical, that quantum control is indeed possible in conshown that intense chirped pulses can be used to transfer
densed phases. population between electronically excited states both effi-
There are two paradigms for quantum control: a dynamiciently and selectively. Chirped ultrashort pulses can also be
control scheme, due to Tannor and Riaghich is based on used to selectively excite vibrational wavepacket motion on
the creation of non-stationary states using ultrafast lightifferent electronic state¥.
pulses; and a static control scheme, due to Brumer and The control paradigm used in this paper is of the dy-
Shapiro? that uses two or more cw light fields to cause in-namic Tannor-Rice type and uses tailored ultrafast light
terference between different pathways to a degenerate finéiklds to drive the quantum dynamics of a system to a desired
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target at a desired time. The ability to localize wavepacketsum mechanics and experiment that we can have some con-
by using an optimally tailored ultrafast light field has beenfidence that it is also appropriate for the condensed phase,
discussed theoreticaly and demonstrated experimentally where no test against exact quantum dynamics is possible.
for gas phase,I'®!® Such wavepacket focusing can be used  The caging process upon dissociative excitation,dfl

as an intermediate step leading to control of the products afare gas matrices had already been studied in some
a chemical reaction by selective bond excitation and bondietail®>’~>° Related j/rare gas experiments and theory have
breaking, and by the modification of the asymptotic producteen carried out in high density rare gas clusi&r&’ and
branching ratios through subsequent excitation to higherelated theory in low and high density supercold rare gas
electronic states. For instance, one could use a chirped pulselvents:>”%-%"More recently, we tested the same prin-
to create a vibrational packet localized in internal coordinatesiples in the case of dissociative excitation gf (A 3H1u

space which can then be efficiently pumped by a secondiatg in solid Kr4° The dynamics following the first outward
pulse to a dissociative state leading to specific products. Resretch of the molecular bond is highly non-linear in this A
cently, we applied this idea of using wavepacket focusing tQ;iate cas8? dominated by the over driven guest-host mo-
control a chemical reaction to the control of the*d¥a  ions. Despite this high non-linearity, some control over the
branching ratio in the Nal photodissociation using ultrafastecompinant molecular wavepacket motion could be exer-
light fields tailored by varying their linear ghi?ﬁ:SlThus the  ¢ised by using chirped pump pulses. A theoretical analysis of
condensed phase wavepacket localization demonstrated jRese processes, with particular emphasis on the effects of
the present paper opens the way, at least in principle, tQsing chirped pulses in the preparation and interrogation of
similar quantum control of condensed phase reactions. the wavepacket dynamics has already been gi%@ine lim-

In previous gas phase experiments, it was shown that go experimental data in this stufyare in concert with the
negatively chirped ultrafast light field can be used to focuscheory. The A state control effect is small.

an |, vibrational wavepacket with incoming momentum,
while a positively chirped pulse will defocus the
wavepacket®!® This was a compelling result since it
showed that two light fields, both essentially identical in
their intensity vs. time and intensity vs. frequency profiles

and differing only in the time ordering of their frequencies, : 3 . >
can lead to very different wavepacket dynamics. tion, on a time scale of 5-10 38 The vibrational dynamics

To date most of the experimental work on quantum conOf matrix isolated 4 (B) presents a paradigm of a system
trol has been limited to small molecules in the gas phase. It i¥/€akly coupled to a bath, and as such, it represents a useful
therefore important to extend quantum control to molecule$rototype to test the controllability of this general class of
in condensed phases, characterized by a very large number g@ndensed phase systems by controlling the tailoring of the
coupled degrees of freedom, as most chemical reactiorf@diation fields. To control the time evolution of the wave-
which chemists would like to control occur in the condensed@cket, for example, to localize it at some later time, the
phase. It is likely not possible to control all degrees of free-PUMP pulse must be designed so as to counteract not only the
dom simultaneously. Fortunately, we as chemists, are usual§nharmonicity of the molecular potential, but also the dissi-
only interested in a small subset of the degrees of freedoniation and dispersion effects from the coupling of the mo-
Examples of such subsets are: a reaction coordinate, reatecular coordinate to the bath coordinates’*°Clearly, the
tants and products in a solution reaction, local chromophoregryogenic solid host, with its local order and low thermal
which are strongly coupled to external driving fields in solidsoccupation of modes, represents a bath which highly limits
or liquids, and specific bonds in large molecules. It is desirthe initial phase space, with only relatively small dynamical
able and reasonable to consider control of only these primarfjuctuations. Such a bath provides an experimental system
degrees of freedom which are of special interest. In thigvhere detailed information about the underlying many-body
model study we show that the concept is realistic. Severalynamics can be extracted from molecular dynamics simula-
theoretical approaches based on this reduced treatment haliens and a careful comparison of theory and experiment.
been presented in earlier wotk!®1722-24.26.46 These considerations dictate the choice of systems for the

In this paper, we present a more complete treatment opresent comparative study of coherent control in the gas and
chirped pulse excitation of gas phasevibrational motion. ~ condensed phases.

New experimental and theoretical work shows the impor-  Earlier theoretical predictions had indicated that some
tance of taking the initial thermal distribution, both rotational degree of quantum control can be achieved in rare gas con-
and vibrational, into account when doing thesedensed medi&*’?*?449The theory presented here is based
experiment$>° In particular, we find from exact quantum on the Liouville space density matrix formaligfrt®172469
calculations that rotation must be included to match the exwhich can describe thermal or mixed state systems in a uni-
periments, particularly at longer times, but that, with thisfied fashion. The Liouville formalism also allows for a
inclusion, the match between exact quantum calculations angimooth transition from guantum mechanics through semi-
experimental results is very close. Furthermore, we find thatlassical mechanics to classical mechanics. Using the density
a nearly classical theory provides a sufficiently good ap-matrix formulation, several approximate approaches to con-
proximation for the gas phase when compared to exact quamlensed phase control problems have been developed which

A qualitatively different situation is provided in the case
of excitation to the B {I1,+) state of } in rare gas solid$®
u
Time resolved studies of this system have shown that vibra-
tional populations, prepared with ultrafast pulses, evolve co-
herently, until they decay in amplitude due to predissocia-
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include Stochastic Bath{SB),*>?® semiclassical Gaussian
Wave PacketGWP) dynamics2>>Time Dependent Hartree
(TDH),*522and Nearly ClassicalNC) mechanicg>17:24:2

To interpret and numerically simulate our experiments,
we carry out further development of Nearly Clasdibl)
control and detection theot}y’ to reproduce the experimen-
tal observable, i.e., the LIF signal. This NC theGry/-?*%is
based on thé& expansion of the Liouville space Green func-
tions and gives good agreement with the experimental re-
sults.

We also extend experimental and theoretical studies of
the gas phase control of moleculgr toncentrating on the
effect of initial rotational populations on quantum control. R (pm)

We find from the exact quantum calculations that rotation
and rotational-vibrational coupling must be included to
match the experiments, particularly at longer times, but thaf!G- 1. L potentials as a function of internuclear distance. In the gas phase

experiments, the final electronic state is E state, which is shown as a solid

with their inclusion, the match between exact quantum CalTine. In the condensed phase experiments, the final electronic state is the

culations and experimental results is very close. Furthersolvated f state, which is shown as the dashed line and is lowered by 3900
more, we find that the NC theory provides a sufficiently goodem™ from the gas phase potential. The solid arrows indicate the gas phase
approximation for the gas phase when compared to exa@ﬁmp and probe windows, and the dotted arrows indicate the condensed
guantum mechanics and experiment that we can have sonfgse PumP and probe windows.

confidence that it is also appropriate for the condensed

phase, where no test against exact quantum dynamics is pgshase experiments is because the-D\’ transition under-
sible. goes a large solvatochromatic shift in the Kr matrix.

This paper is organized as follows. In Sec. Il we describe  The experimental apparatus is shown in Fig. 2. The laser
the experimental design. In Sec. Il we summarize the exsystem used to generate the ultrafast pump and probe pulses
perimental results for the quantum control of gas phasil  in this experiment has been described befofe’?and will
Sec. IV we present gas phase control and detection theory asily be outlined here. The output of a femtosecond Ti:Sap-
well as the numerical simulations and comparisons with exphire oscillator is amplified in a kilohertz regenerative am-
perimental results for the gas phasesystem. Section V  piifier. The amplified pulse then pumps a two stage Optical
presents the experimental results for the condensed phaggrametric AmplifieOPA) which is seeded by a continuum
I,/Kr system. Section VI presents the Nearly Classical theogenerated by a small part of the original pulé? The tun-
retical approach to condensed phase quantum control anghle output of the OPA is then frequency-doubled to yield
detection as well as the numerical simulations and comparioutput pulses in the visible spectral region, which are the
sons with the experimental results for the condensed phaggump pulses centered at around 565 nm. The probe pulses at
I,/Kr system. In Sec. VII we discuss the results and conabout 395 nm are generated by frequency-doubling the am-
clude. plified Ti:Sapphire fundamental. Both pulses travel through
folded prism compressor@K7 prisms for the pump and
fused silica prisms for the propé& compensate for the ma-
terial dispersion resulting from propagation through the non-

The experimental apparatus used to detect wavepack#hear crystals and the optics. The polarization directions
focusing in both the gas and condensed phase experiments is
similar to that used previousl{.The I, states involved in the
experiments are shown in Fig. 1. We detect the motion of the 565 nm pump putse 395 nm probe puise
wavepacket on the B state excited by the fimimp pulse
using a secondprobe pulse delayed in time. The probe

V (10%m™)

Il. EXPERIMENTAL DESIGN

Ip Gas

or

pulse excites population from the B state to a higher-lying Iy/Kr Sample Monochromator
charge transfer state, either the E stat@s phasg’>°or the >H<
f state(condensed phas® From these higher-lying states in il

condensed phase media, the population relaxes to the D
state and the LIF signal from the’B+A’ transition is de-
tected. This experimental method has been used previously Prism Compressor LIF Detection
to monitor the dynamics of,lin both gas and condensed
phases/~>%62%The LIF detection wavelengths are 340 nm

in the gas phase and 430 nm in the condensed phase and are
chosen to maximize the detected signal and minimize leak-
age from scattered probe radiation. The reason the detectigfi. 2. schematic of apparatus used for thedntrol experiments in both
wavelengths are different between the gas and condens&@ gas and condensed phases.

Pl
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of the pump and probe are aligned parallel to one another.
The final pulse energies at the sample are on the order of 1
microjoule or less.

The pulses, which have been precompensated for the
material in the cryost at windows, cell face, etc., are focused
onto the sample by a 20 cm focal length silica lens. In the
gas phase experiments, the sample is in a gas bulb at 313 K2
and the LIF is detected by a photomultiplier tutleMT) =)
placed at 90 degrees to the direction of the beams, using a
340 nm interference filter. No other collection optics are T T
used. For the Kr matrix experiments, the sample is held at 15
K in a closed cycle He cryostat and the LIF is collected in
the forward direction, along with the scattered laser radia-
tion, and focussed through a 430 nm interference filter and o oo ™ T am
onto the slit of a 0.25-m monochromator. This spectral fil- Wavelength (nm) Time (fs)
tering eliminates most of the scattered probe light. In all
experiments the detectors were checked to confirm that theg. 3. The left hand panels show the comparison of the experimentally
LIF signal was linear with both pump and probe power.  measuredsolid line and FROG-deriveddotted ling spectra for a posi-

Pulse characterization is a crucial part of these quanturfi’ély chirped (panel a, transform limited (panel b, and a negatively

. chirped (panel ¢ pump pulse. The right hand panels show the FROG-
control experiments and we use the Frequency Resolved oBérived Wigner transforms of these pulsgsn overall carrier frequency of

tical Gating (FROQ technique for this purpos€.” This 572 nm and a central time have been removed from the Wigners, and all
method retrieves, using a numerical algorithm, the electridVigners have been smoothed for clayity

field, E(t), of the light pulse from a two dimensional experi-

mental measurement of the pulses in frequency and time.

The fields,E(t), generated from the FROG data can then befrequency axis. In the right hand panels of Fig. 3, we show
compared to other measures of pulse characteristics, such 8¢ FROG-derived Wigner transforms for a positively
the power spectrum or intensity autocorrelation, in order techirped pulse(panel a, transform limited pulsgpanel b,
gauge the reliability of the FROG technique. The consistencynd negatively chirped pulgpanel ¢. For example, a posi-
among these measurements depends on several factors, tiyely chirped pulse will have its lower frequency compo-
cluding the signal-to-noise ratio and the bandwidth of thenents arriving earlier in time and its Wigner transform will
pulse, but in general is good. The measured full widths abe a set of contours with an overall positive slope, as shown
half maximum(FWHM) of the intensity autocorrelations and in panel(a) of Fig. 3. A pulse with a negative linear chirp
those calculated from FROG-derived electric fields agree to

within 10 percent at all chirps, with the best agreement ob-

tained when the pulses are close to the transform limit. A Experimental Data: I gas Pump Fields

comparison is shown in Fig. 3 of the FROG-generated power @
spectra with the experimentally measured power spectra of

the pulses used in the gas phase experiments shown in Fig. 4. /MW‘W
The left hand panels of Fig. 3 show the comparison of the (b)
pump pulse spectruntfor a representative set of pump
pulses as measured directlgolid line) and as derived from
the FROG datddotted ling. As can be seen in Fig. 3, the
spectra agree reasonably, although not perfectly. The most &
important point is that the FROG method provides us with

) . o N (@)
reliable, semi-quantitative, characterizations of the pump and
probeE(t) fields used in these experiments, which we then

Experiment — — FROG Calculation Pump Fields
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Also shown in Fig. 3 are the Wigner transforms of the

electric fields generated from the experimental FROG mea- .

. . IG. 4. Summary of the experimental measurements for 313 K gas phase
surements. _The Wigner transfo”_n maps the fie{d) into a 1, The left hand panel of Fig. 4 shows the collected LIF signals for excita-
two-dimensional representation in time and frequency, givtion with pump pulses that have positive chitpsnels a and)pa transform
ing a visual image of the tailoring of the pulse. The Wignerlimited pump pulse(panel ¢, and pump pulses that have negative chirps

transform gives the intensity vs. time of the pump field as th panels d and)e The right hand panel of Fig. 4 shows the FROG-derived
’ igner transforms of these pump field&\n overall carrier frequency of

projection ontq the time axis, _and the intenslity VS. frequeNncys75 nm and a central time has been removed from the fields in presenting
(spectral densityof the pump field as the projection onto the these figures.
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will have a set of contours with an overall negative slope, aslerived Wigner transforms of these pump fields. The probe
shown in pane(c) of Fig. 3, while a transform-limited pump pulse is an approximately transform limited ultrafast pulse of
pulse will have all the frequency components arriving simul-50 fs FWHM with a carrier frequency of 390 nm. This probe
taneously, as shown in pané). In general, we can also pulse opens a window centered at an internuclear distance of
write an electric field in frequency space as follows, 325 pm on the B state potential energy surfésee Fig. 1L
~ (o) Every time the } vibrational wave packet crosses this win-
E(w)=A(w)e™®, @ dow, which it does twice per total vibrational cycle, it will be
where A(w) is the slowly varying envelope function, and further excited to the probe state, thus giving two LIF peaks
¢(w) is the frequency dependent phase of the electric fieldper vibrational period. The LIF signal that corresponds to
E(w) can be obtained through a Fourier transform of its timeexcitation with a positively chirped pump pulgpanel b
domain representatior(t). Quantitatively, we define the clearly shows less vibrational localization which dies out
frequency domain linear chifpof an electric fieldc’, as the  faster in time than the LIF signal that corresponds to excita-
second order coefficient in the Taylor expansion of its phasejon with the corresponding negatively chirped pump pulse
¢o(w), in frequency domain around its center frequengy (panel d. Thus the § vibrational wavepacket initiated by the
2 negatively chirped pump pulse retains its vibrational local-
:1 [9_@ . 2) ization longer than that of the wavepacket initiated with the
2 dw* o positively chirped pump pulse. Furthermore, the second os-

_7 ° ) . cillation in panel(d) is larger than that of the signal resulting
Roughly speaking, on the Wigner contour plot, there is &m the transform limited pulse in pane). The height of

center time at each frequency and these centers form a prifse nea s directly related to the amount of population in the
ciple axis of the contour plot as a function of frequency. The

: . ; o ) robe window, and the higher peak is the result of the fo-
slope which gives the linear frequency chirp is then deflnetgused wavepacket's having more population in that region of

as the tangent formed by the frequency axis and this pring,e pgs at the appropriate deféyThe right hand panel of
ciple axis™ Specifically, the field in panela) of Fig. 4 has  £ig 4 clearly demonstrates that the pump fields that give rise
larger positive chirp than the one in part). to the LIF signals in panel&) and(d) are a nearly matched
pair of chirped pump fields in the sense that they have simi-

IIl. EXPERIMENTAL RESULTS: GAS PHASE lar intensity vs time, and intensity vs frequency profiles and

The goal of the experiments described in this section igliffer substantially only in their frequency vs time correla-
to more clearly demonstrate the effect of the tailoring of thetions. The figure also demonstrates that these two pump
pump pulse on the vibrational dynamics of therlolecule in ~ fields have mainly a linear chirp and only a smaller compo-
the gas phase, and to test the accuracy of the NC approximaent of higher order chirp. The LIF signals in panedsand
tion (which we will apply to the J/Kr system) on a system in  (€) also result from a matched pair of chirped pump fields.
which we can carry out the exact quantum mechanics, anfgain the LIF signal that is collected from the negatively
then to test both exact quantum dynamics and the NC apghirped pump pulsépanel @ shows more structure than that
proximation against gas phase experiment. We use two diff the LIF signal due to the positively chirped pump pulse
ferent pump pulses, both of which have essentially the sam@anel a&. The small oscillations in the strongly positively
intensity vs. time, and intensity vs. frequency profiles, thuschirped excitation datgpanel a at about 2.5 ps are repro-
differing only in the time ordering of their frequencies. We ducible and may result from a wavepacket that has split into
show theoretically and experimentally that varying theseveral smaller ones. Thus there is an overall trend that a
frequency-temporal ordering leads to different vibrationalnegatively chirped pump pulse leads to a more localized |
dynamics of the 4 molecule, the positive chirp delocalizing Vibrational wavepacket in the gas phase than that of the
and the negative chirp localizing the wavepacket. The pumgqually and oppositely chirped positive pump field. Further
pulse creates the wavepacket on the B sts¢e Fig. J, and  the LIF signal in pane{d) shows more structure than the LIF
the dynamics of the,lvibrational motion are then monitored signal in panele). The LIF signals in both of these panels
via fluorescence induced by the probe pulse, which is dearise from negatively chirped pump fields, and this shows
layed relative to the pump pulse. The probe pulse opens #at the degree of wavepacket focusing induced by a nega-
small window in coordinate space, through which theit  tively chirped pump field is a function of the chirp of the
brational wavepacket on the B state passes as it is furthdulse, i.e. some negatively chirped pump fields are better
excited to the E state. In general, the more localized théhan others for inducing vibrational localization by causing
peaks in the collected LIF signal vs. delay time, the morevavepacket focusing.
localized the vibrational,l wavepacket on the B stat&?’

Figure 4 summarizes the experimental results for gagy. THEORY: GAS PHASE
phase §. The left hand panel shows the collected LIF signals ) ,
for excitation with pump pulses that have positive chirps” Brief review of quantum control theory: Weak
(panels a and )b a transform limited pump puls@anel g, response regime
and pump pulses that have negative chijpenels d and)e In this section, we briefly review the theoretical basis for
All the pump pulses have essentially the same frequencyur analysis of these control experimehts’ using the den-
spectrum. The right hand panel of Fig. 4 shows the FROGsity matrix language of Liouville spad& The density matrix
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formulation has the advantage over the Sdimger formu-  we employ functional variation of the electric field subject to
lation that it can more directly deal with thermal systems andhe constraint of constant field energy, to get the following
mixed states, and that it allows for a smoother transitioreigenequatior®

among quantum, semiclassical, and classical mechanics. This

latter advantage becomes particularly important when we go f fMS( 7,7 )E(7)d7 =\E(7), (8)
beyond simple gas phase systems and consider condensed Jto

phases. The system evolution is described by the system dep

) . ! Al here M3(7,7') is the symmetrized material response
sity matrix, p(t), which obeys the quantum Liouville f,,.tion23

equatior®®
MS(7, 7)) =[M3(7", 1) ]*=M(t;—1,7—7'), 7=1".
dp 1 (9
acintH.el )

In Eq. 8,M3(7,7") is field-independent in the weak response
regime, and\ measures the yield, thus, the electric field
corresponding to the largest eigenvalués the globally op-
timal field in the weak response regime. Once we know how
the system evolves independently of the the driving field,
(4y  €(t), we can compute the optimal fietd.

The quantum control theory presented in this and in pre-

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

H=|g)Hq(g|+|e)(Het+%w)(e|+D- 1),

whereD is the transition dipole operator, defined as, vious papers can thus be used to compute both the optimal
control field and the spectroscopic response induced by that
D= |e>ﬁeg<9|+ |g>ﬁge<e|_ (5) field. Previous theoretical wotk has concentrated on

achieving the target of a localized wavepacket after reflection
In the weak response limit, the key quantity for calculatingfrom the outer turning point, i.e., a molecular reflectron.
both the optimal control field and the spectroscopic respons&éhese earlier calculations have shown that an ultrashort
of the system to that field is the material response functionpulse with negative linear chirp is ideal for producing such a
After excitation from the ground electronic stdtg) to the  wavepacket. Since earlier work has dealt with the theoretical
excited statée), this material response function can be writ- calculation and achievement of such optimal light fields, in

ten ast> this paper we emphasize the practical calculation of the spec-
. . . . troscopic signatures of control using such fields. We concen-
M(ty,t) =Tr Ledt1) Yeeeg eqlt2) ZegggPyl (6) trate on the experimental creation and use of chirped pulses

where ¢, 24 are the excited state and transition Greenf[0 demonstrate and characterize the phenomenon of focus-

functions, respectively~,, ., is the transition dipole ma-
trix operatort® For the calculation of the LIF signal, this
function is the non-stationary excited state population that

gives rise to the transient absorption to the second exciteB. Exact quantum gas phase control theory
state. For the quantum control calculation, our objective is to
find the optimal electric field that will drive the system dy-
namics to a desired target state at a particular target tim
The measure of quantum control for this system is given b
the overlap at the target timg, tbetween the target state and
the system density matrix,

In earlier theoretical and experimental papers, it was
shown that gas phase Vibrational wavepackets can be con-
§tolled via tailored ultrafast light pulsé8.Here we extend
Xhis work and show that a one dimensional molecular model
considering only vibrational dynamics cannot reproduce the
longer time behavior of the LIF signals, because rotations
— start to play an important role after 1 picosecond at room

Alt)=TrAp(ty)]. @ temperaturé®!:">®0ne rotational effect, the evolution of
whereA is our target operator. The target operatois an  the angular distribution of the excited sample, can be elimi-
operator that projects upon a desired target, which can be amated from the LIF signal by aligning the polarization axes
function of quantum observables. In the present work, weof pump and probe beams at the “magic anglé Flowever,
choose the target operatér that projects onto a minimum the second rotational effect, the rotational-vibrational cou-
uncertainty wavepacket, and this result is termed wavepackeling, also plays an important role, producing a dispersion in
“focusing.” The above overlap can be maximized subject toevolution for each set of wavepackets belonging to a single
various constrainté€ but here we choose a single constraint,vibrational state but having different total angular momen-
the total incident electric field energy. For the weak responstum. Therefore, it is important to investigate how well we
regime this choice leads to a simple eigenequation, thean control the coherent vibrational motion under such con-
eigenfunction of which, corresponding to the largest eigenditions. The initial density matrix, including rotational de-
value, is the globally optimal control fiefd.In this work we  grees of freedom, can be written as,

will only consider the weak response limit, keeping in mind w J
that the strong response problem can also be solved, by it- t) = e~ BEY ;9 t 10
erative technique%: To maximize the overlap\(t;) in Eq. 7, Py(t) U,Jzzo M:E—.] Psam(t), (19
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8492 Bardeen et al.: Quantum control of I,

wherev,J,M are the vibrational, total angular momentum As we will see below, the final angular momentum depen-
and magnetic quantum numbers, respectivghstands for dent centrifugal potential terms in these Hamiltonians play
the electronic ground statEg,J is the energy of thiw,J an important role in the vibrational wavepacket delocaliza-
rovibrational guantum state in the electronic ground statetion. In Egs. 13 and 14E(t) is obtained by invoking the
We neglect the contributions of electronic orbital and nucleaRWA,
and electronic spin angular momenta to the total angular mo- i i
mentum, as well as spin-orbital coupling in the calculations e()=E(he ' Ted + E*(1)eed, (16
but must keep track of the electronic and spin momenta andihere() is the overall carrier frequency of the pump field.
the spin-orbital coupling in labeling the electronic states, s®Once we haveal;, we can then further calculate the popula-
that for the } molecule with heavy atoms we are led cor- tion on the excited state reached by the addition of the probe
rectly to the strong spin-orbit coupling case, and Hund’s cas@ulse. The sum of all the populations on the final state, each
(c) in particular. For Hund’s casg), the “good” electronic initiating from different ground statef,J,M), is propor-
quantum number is{) so that, for example, the tional to the experimentally observed LIF signal.
SHOUF120+ initial transition is parallel. We assume that the
transition from the B state to the probe state is also parallel.
Further more, the energy of a quantum state does not depelag Nearly classical (NC) control theory
on magnetic quantum numbéft.

In general, the nuclear density matrix for each quantum  For a simple gas phase system such,ashle procedure

state can be written as, of Boltzmann averaging over initial rovibrational states, al-
though tedious, can be carried out exactly, to any desired
pu.am()=[v,3,M;t)(v,J,M;t|. (1) degree of accuracy. However, in a condensed phase system

onsisting of~ 10?7 degrees of freedom, it is impossible to
erform an exact quantum dynamics calculation. Therefore,
we would like an efficient and sufficiently accurate approxi-
mation to the exact quantum dynamics. Recently Stochastic
u(RY) Bath (SB),>%® Nearly ClassicaNC),1>1"?4?semiclassical
Yim(R.0,6,0)=—2— Y5(6.4). (12 Gaussian Wave PackdéGWP) 2% and Time Dependent
Hartree(TDH)*¢?? methods to calculate the optimal fields in
In Eq. 12, theY)' are the spherical harmonicR, is the in-  the weak response regime for multidimensional systems have
ternuclear distance coordinate, afénd ¢ are coordinates peen formulated and numerically tested. In what follows, we
in a spherical polar coordinate system. Invoking the Rotatingyill review the NC approximation, based on the expansion in
Wave Approximatiof(RWA), assuming a parallel transition, 7 of the exact quantum Green function,. and <. Clas-
and using first order perturbation theory with respect to thesical dynamics has the great advantage of being able to

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

external field, we have, handle large thermal systerfretation and rotation-vibration
i et : coupling are included automatically with no extra wprknd
us_ u(t)=— _f dt’e” ﬁhifl(tftUDegE(tf) it has been applied successfully to problems of this
' ilo type51757-59As we emphasized above, the density matrix
_ 12 formalism allows a smooth transition between quantum me-
(J-M)(J+M) g i . . ;
X| | ut’), (13)  chanics and classical mechanjcshe density matrix evolu-
(2J-1)(29+1) tion on the electronic excited state under perturbation theory
i 69
is,

e N , Jh“l(t—t') /
uJ+1,M(t)=_% Odt e 7i'e DegE(t )

i\2 [ (=
pe(t)= %) fo jo dtdt E* (t—to) E(t—to—ty)

1/2
ulot’), (14

(J-M+1)(J+M+1)
(2J+1)(23+3)

X pd(ty,t))+h.c., (17

where u$°(t) is the ground state wavefunction propagatedwhere we defin@g(tz.tl) as a bare density matrix since it is
under the unperturbed radial Hamiltonia. In the above, ~Physically obtained from the density matrix created by a pair
DegandE(t) are the magnitudes of dipole transition moment©f separated delta puls&s,
and of the pump laser field, respectively. Note that these 0 — (1B @

" tr,t1)=(ilh) S (1) Cod(t)) Y —00),
quantities are treated here as scalars. The supersciripli- Pello t) = (/)" Zedt2) Veeeqeqltt) Zeg goPl (1)8

cates the initial state total angular quantum number, and
With an analogy to the density matrix formalism, we

W ﬁ_z &—2+V (R)+ J(I+1)A? work in the phase space of classical trajectories. The ground
9 2udR? ¢ 2uR? state density matriypy(—) can be chosen many different
y 5 ways and we choose it to be from a classical distribution
hi= L n " JU+1)A (15) with quantum correction by means of an artificial
e 2uoRZ e 2uR? temperaturé®
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ho ho computed, it is straightforward to calculate both the optimal
T _i cot ,
B

m (19 field and the spectroscopic response of the system in the
weak response reginté.
whereT is the real system temperature, andn our case is The NC approximation has the advantage of leading to a
the vibrational frequency of the ground state diatomic. Theractable computational algorithm for systems of large di-
distribution generated from this procedure is the exact quarmensionality. As a confidence check, we apply this NC ap-
tum thermal Wigner distribution for a harmonic system, butproximation to a gas phaseg bystem at room temperature
is only approximate if the system is anharmonic. and show the favorable comparison with both experimental
The main challenge to computing the exact quantum dyand exact quantum results. In the next section, we will apply
namics for a condensed phase system is that we cannot calhis approximation to a condensed phase systgiin, & cold
culate the Green functions involved in the time evolution of Kr matrix, where no check with exact quantum mechanics is
pg(tz,tl). However, the two Green functions in Eqg. 6 can bepossible.
approximately evaluated from an analogy to classical me- When we employ the NC approximation we must take
chanics, and the Franck vertical transition approximationcare to preserve the causality of the system. Many time-
First, let us considelr¢y(t), which is defined in terms of an frequency representations of the field do not satisfy this con-
arbitrary operato© as straint, e.g., the Wigner and Husimi transformations. Yan has
suggested the following causality transformation for the

Teg()O=eHelltQgHg/h, 20 pump field>7
In classical mechanics there is no quantity analogous to 1 - _
Zeg(t), but we can invoke the vertical transition approxima- — 1(w,t)= — R{ E*(t)f drE(t—7)e '*7|. (29
tion which is generally good for ultrafast excitation fields. m 0
Thus, we can approximate this transition Green functionzq 24 jndicates that the field only contributes to the excita-
as, tion for times previous to it, thereby preserving causality. In
gég(t)%e—iuegt, (21 fact, this transformation follows naturally from Eq. 17 if we

invoke the approximation given by Eq. 21. The excited state
where U, is defined adJ4= (He—Hg)/A. This equation  density matrix can be constructed as
can be obtained by expandi@ in a power series it and
keeping only the lowest order term. It is consistent with the _ F e e /
static dephasing limit and is equivalent to the truncation ine(l“,t)—f drofo At Fedt=t)1 (Ueg(T'o).t")pg(T'0).
the quantum commutator. In other words, the quantum cor- (25
rections, which are due to the commutation relation and ap-

pear in higher order terms of the expansion, are neglected inort-arzte nga?r:?coa?l .E{;ﬁ’ﬁgﬁi‘:} r;(fertiginsizrrﬁur:n:jhianr:(:ﬁ:alr?:
the present level of approximation. The same approximatio y cat| : y '

is also used to derive the next equation. The second Gre cﬁ;?.r?u'ie egfﬁg:]g]t%l'Sttcso'l[:];ak_'rnhgeoggmag:i lgr? abr:ac'i[ p(;i-n
function, £ (t), has a simple classical mechanical analog, Icting exper u ' pari W

and we can approximate it &% e_xact quantu_m calculations and the .NC theory has begn car-

ried out previously for a one dimensional system, and it was

Zed (P, Q,t;P0,00) = AL p—Pe(t)JodLd—de(D)]o, (22)  found that they agree welf
After we irradiate the system with the optimal field, we

where Qe(t),de(t))o is the phase space classical trajectoryneed to be able to detect the outcome, in other words, we
on the excited state propagated from the initial multidimen-nyst have an experimentally realizable gauge that measures
sional phase space poimid,do). These two approximations pow well the control field has driven the system dynamics to
can be obtained formally by an expansion of the Green funcine target state. The experimental detection technique we
tions in a power series df, the NC Green functions being employ is Laser Induced FluorescendF). In a previous
the leading term&>*’ The NC approximant to/¢. is inde-  gas phase experimetft!®and in theoretical analysé&?” it
pendent off, (since.7 has a classical mechanical analog has been demonstrated that the LIF signal contains the sig-
and for.4, which has no classical analog, the leading termnatyre of wavepacket focusing, more specifically, at the tar-

is proportional to. get time, the observed LIF signal is localized when using the

Substituting Egs. 21 and 22 into Eq. 6, we obtain theproperly tailored ultrafast pump field. Thus, the sharpness or
material response function in the NC approximation, localization of LIF peaks indicate the focusing of the wave-
packet at the probe window that is opened by a transform

M(thtl):f dI"OA(F(tZ):Fo)efiUeg(qO)tlpg(ro; — ), limited probe pulse. The LIF signals can be calculated quan-

23) tum mechanicall? as well as using the NC approximation.
For a condensed phase system we are not able to obtain
Here I'; denotes the collection of initial conditions, the exact wavefunction or density matrix, therefore it is com-
(po.Yo), for the phase points, antl(T'(t,):T") is the target putationally impractical to predict LIF signals with exact
operatorA written in terms of the phase space coordinatesquantum mechanics. In general the transient probe absorp-
As previously noted, once the material response function ision is recorded as a function of time delay,, between
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pump and probe pulses either as the total integrated signalABLE I. Parameters for the,IMorse potential surfaces in the gas and
S(ty), or as a frequency-resolved transient signal.condensed phasés.

S'(tg,w), in which the transmitted probe field is further dis- T, cm Y D, (cm Y B(pm 1) R.(pm)
persed in the frequency domain. These two signals are de
: 0 X 0 12550 0.019 267
fined by
B 15769 4381 0.018 302
% . o E 41411 12536 0.016 365
S(tg)=-2 |mf thT(t)PT(t;td):f doS' (w,ty) f 43150 12536 0.017 364

(26) aReferences 19, 58, and 87.
and

’ _ =* D

S'(w,tg) =2 IMET (0)Pr(w,tg) ] @7 very tedious averaging of 1510 initial rovibrational states.
Here E1(t) and P(t,ty) are the probe field and third order Further, each of these initial states will branch into two states
polarization functions, respectively, andr(w) and (due to the selection rulgsvhose sum is non-stationary on
P+(w,ty) are their Fourier transforms. The key quantity for the excited electronic state, and these two states will each
the calculation of the transient absorption is the third ordefPawn two states on the final probe potential energy surface.
polarization function. This is the main challenge to doing exact quantum rovibra-

We now apply the same NC approximation to the tran-ional calculations for the pump-probe signal. The second
sition Green function between the) and|f) states, where alternative is to choose the initial rovibrational states using a
le) and|f) are the generic notation for the first and secongMonte Carlo algorithm according to the thermal Boltzmann
excited states, respectively. In our gas phase experimerfiistribution. The energy of a rovibrational state is estimated
these states correspond to the B and E states. af/é then ~ from the following spectroscopic formufé:
obtain the NC transient absorption signafs,

1 1\2
) Egszﬁ we v+§ — weXe u+§ +B,J(J+1)
St~ | at Tl U tputH ], (29 3
o 1
— 2 2 —
wherel1(U¢e,t) is the causality transformation of the probe D, I+ D)™ weyel v+ 2 } (32
pulse defined &8
where
1 o . , 3
I(w,t)=— Re EX(t j dt’el@ 2t E_(t+1") |, 1 1 4B
S ™ e{ T(t) 0 © ( ) B,=Be— g v+§, D,=D¢* Be v+§, De:_ze,
(29 e
(33

where() . is the carrier frequency of the probe field. Within

— ~1 — ~1
the classical approximation, we can wrjig(t) as and - we=214.57 cm’,  wX.=0.6127 cm’,  weYe

=-0.000895 cm?!, B,=0.03735 cm?!, a,=0.000117

1 cm %, B.=0 are the spectroscopic constafft§or a given
Pe(t.R.R)= NZ AR=-Ri(D)], (30 temperature, we sample eaehJ state according to its ther-
i . mal weight,
where 3 runs over all the phase space trajectories of the
ensembleR;(t) is theith trajectory, andN is the total num- W, s=exp(— BEJ ;). (34)

ber of trajectories. Substituting Eq. 30 into Eq. 28, we get th§\,gie that each,J state is 2+ 1 degenerate among different
final formula for calculating the LIF absorption using classi- \y states. Since we explicitly put theJ2 1 in the summa-
cal trajectories within the causality transformation, tion (see Appendi it is absent in EqQ. 34. In our simulation,
% we choose 5@,J states randomly by Monte Carlo sampling
S(tg)= >, f dtlr(Uge[Ri(t+tg)],0). (3D from the distribution defined by Eq. 34. The ranges afnd
b J considered are from 0 to 9 and 0 to 150, respectively. It
Equation 31 is particularly simple and easy to implementurns out that averaging over 50 states obtained from such a
computationally. sampling method gives converged results for the cases we
are considering here. The radial part of each rovibrational
eigenstateu§(R,t) is obtained using the Discrete Variable
RepresentatiofDVR) method®® and we use the split opera-
For the exact quantum simulation of the experimentaltor method to propagate the radial part of the wavefunction
LIF signals, there are two ways to choose the initial rovibra-on a spatial grid* The pump and probe electric fields are
tional eigenstates|v,J,M). The first one is a straight- obtained from the experimental FROG data. In this calcula-
forward, though tedious, direct summation over the initialtion, the transition dipole is assumed to be coordinate inde-
rovibrational statesy andJ (the energy does not depend on pendent, and the orientation is that of a parallel-parallel type
M), in Eg. 10 according to their Boltzmann weighting. For transition. The parameters of the gas phase potential energy
instance, settingg=0—9 and J=0— 150, will involve a  surfaces are listed in Table |. For the probe process, the

D. Numerical simulations for gas phase |
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Franck approximation is usédee Appendix The time step
in the quantum propagation is 0.97 fs.

When the time delayed probe pulse is turned on, the
angular distribution of the excited state molecules has
changed from the initial c89 distribution, due to the orien-
tational effect of molecular rotation. For illustration, we can
formulate this orientational decay as a function of delay time
t for an ensemble of rigid diatomic rotors,

f i [
o sy hy

(Wi Y) W
! ll"'\'l \'\"/“:‘ '\lll

’\I’\ Ap
\V1

\'\‘,, w \\.I vy

LIF Signal

2

- h
P(t)ocgo ex;{ - '32—IJ(J+ 1)

22J1
1—5(+)

Pump-Probe Delay (fs)

L, L w0+
152J+1)  152J+1)

ht
cog2J+1) T

FIG. 5. Gas phase LIF signal as a function of delay between the pump and
(35) probe pulses calculated from quantum dynamics. The pump pulses used are
those shown in Fig. 4 pane(b) and(d), and the probe pulse is as measured
where | is the moment of inertia for the rigid rotor. The and described in the text. The solid lines are experimental results, the dashed
above equat|0n also has a classical Correspondence, lines are theoretical calculations. Paf@l is the LIF signal from the posi-
tively chirped pump pulséthe pulse in panel b in Fig.)4and panelb) is
the LIF signal from the negatively chirped pump puf#ee pulse in panel d
16m%  32mIt a _ 2'_'[2 ‘/Ed e?<2 in Fig. 4). As can be seen, theory without the thermal rotational distribution
ex B 0 pax ) cannot well reproduce the experimental results. Experimental results have

P(t)o —
58 158 B
(36) been normalized to the theory.

To check the accuracy of the NC theory, we apply it to
the gas phase Isystem. Although the quantum dynamics of The momentum is chosen from a Boltzmann distribution
this system can be calculated exactly, as described above,at the artificial temperatuf®of 340 K (corresponding to the
is quite time consuming for a room temperature systemreal experimental temperature of 313.Khe final signal is,
Therefore, the NC theory is also useful even for a simple gas fact, insensitive to this temperature within small varia-
phase thermal system. The simplicity of the NC calculationtions. This insensitivity to small variations in temperature
also makes it possible to directly include in the dynamics thevas found to be true experimentally, as well. In each NC
spatial orientational effects, e.g. the temporal decay of theimulation, 4000 trajectories are used.
orientational distribution induced by the polarized light
pulses, for either gas or condensed phase samples. This is ] .
different from the quantum calculations where the overlapE: Simulation and experimental results: Gas phase
between spherical harmonics have to be evaluated explicitly. We now compare experimental and simulation results
The set of trajectorie$Ri(0),Ri(0)} is sampled from for gas phase control of, lvibrational motion. In Fig. 5, we
the quantum corrected temperature Boltzmann distribution ahow experimental results and simulated signals from quan-
velocities. The initial distribution of the, lvibrational coor- tum dynamics simulations which do not include rotational
dinates is constructed from the causality transformation ofnotion. The dashed line in pane{a is the simulated LIF
the pump field and,l ground state potential. Applying Eq. signal derived from the positively chirped pump pulse shown
24, we obtain a time and coordinate dependent initial enin panel(b) of Fig. 4, and the solid line is the experimental

semble, result. The dashed line in pane(bd is the simulated LIF
VR signal from the negatively chirped pump pulse shown in
p (Rt)=e AYaRI[Uey(R) ], (37)  panel(d) in Fig. 4, and the solid line is the experimental
result.

whereR is the internuclear distance of the iodine molecule, = From the experimental results considered alone, it is
Vg is the |, ground state potential, andi, 4 is proportional to  quite clear that the signal from the negatively chirped pump
the difference between the ground and excited state potentiplise is sharper and the oscillations last much longer than
energy surfaces of;] Ugy(R) = (Ve(R) —V4(R))/%i. Note  with the positively chirped pump pulse. This is because of
that the causality transformation is not positive defiités ~ the anharmonicity of the Morse potential. Higher vibrational
is also true for the Wigner transformatigprand therefore we states have longer vibrational periods, therefore, if the long
have to label each initial phase space point according to itdme period (higher photon frequengycomponents of the
corresponding sign of the causality intenslfyU.q(R),t]. I, vibrational wavepacket are initiated first and then followed
The trajectories which have a negative weight will give aby the excitation of the short periolower photon fre-
negative contribution to the material response function andjuency components of the wavepacket, the components will
to the final LIF signal. This feature is absent in usual MDeventually = coalesce and focus before further
simulations and arises from the quantum mechanical naturgispersion:*?¢2° Therefore, the vibrational wavepacket ini-
of the interference. tiated by a negatively chirped pump pulse can remain fo-
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LIF Signal
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FIG. 6. Gas phase LIF signal as a function of delay between the pump angl|G. 7. Gas phase LIF signals as a function of delay between the pump and

probe pulses calculated from exact quantum dynamics that include rotationgrobe pulses calculated from Nearly ClassiddC) theory (dashed lines

in particular the time evolution of the orientational distribution and the The solid lines are experimental results. Pagls the LIF signal from the

rotational-vibrational coupling due to the angular momentum dependenpositively chirped pump pulséanel b of Fig. 4, panel(b) the LIF signal

centrifugal potential. The pump and probe pulses are the same as those f9pm the transform limited pump pulgpanel ¢ of Fig. 4and panelc) the

Flg 5. The solid lines are eXperimental results and the dashed lines angrE signal from the negative|y Chirped pump pu|amne| d of F|g 4,

theoretical calculations. Panéd) is the LIF signal from the positively  Experiments and theory are normalized to the same area.

chirped pump pulse and pang@) is the LIF signal from the negatively

chirped pump pulse. Experiments and theory are normalized to the same

area. multilevel structure, which can be eliminated by collapsing
the rotational distribution by rotationally cooling the sample

(e.g., in a molecular beam or cold majriar by projecting
cused for a longer time period than the vibrational wave-0ut a narrower distribution(e.g., by illuminating with a
packet initiated by a positively chirped pump pulse. Theprepulsg.

positively chirped pump pulse, on the other hand, creates a The overall rotational orientational decay is handled dif-
wavepacket that disperses directly. ferently for the exact quantum calculations and the NC cal-

However, when we look at Fig. 5, which compares theculations. In the NC calculations, the ground state molecules
theoretically calculated LIF signals with the experimental re-are assumed originally to be isotropically oriented in space
sults, there is a substantial difference between them, becauggd, for a parallel transition, the excited state initially forms
the rotational motion is not included in this calculation. Un-a co$ ¢ distribution of internuclear axes about the polariza-
der the experimental conditions,=B13 K, many rovibra- tion direction of the pump field due to tH2-E=DE cosé
tional states are thermally populated. The observed LIF sigterm in the rovibrational Hamiltonian, where we have chosen
nal decays also due to the decay of orientational localizatiothe electric field polarization to be along the Z-axis in the lab
arising from the dispersion in angular velocities in the ther-frame. When the time delayed probe pulse is turned on, the
mal rotational distribution. It can be seen from Fig. 5 that theangular distribution of the excited state molecules has
calculated signals match the experimental results reasonabthanged from the initial c89 distribution, due to molecular
well for the first ~600 fs, but diverge more and more at rotation. This is an orientational effect, and is handled auto-
longer times. Although the thermal averaging over the initialmatically (with no extra work in the three dimensional NC
population of vibrational states contributes to the delocalizaapproximation. For the exact quantum calculation, for nu-
tion of the LIF signal, the disagreement between simulatiormerical efficiency, the dynamics are one dimensional, and
and experiment remains substantial if rotation is omittedangular parts of the total wavefunctions are calculated ana-
from the calculationg®1%:7%:7 lytically. Both the pure orientational effect and the spreading

In Fig. 6, we show the comparison of gas phaseX- of the vibrational wavepacket due to the centrifugal coupling
perimental measurementsolid line with exact quantum between vibration and rotation contribute. In Fig. 7, we show
simulations(dashed lingwhich now include rotation, for the NC theory simulated and experimental LIF signals for posi-
same positive and negative chirped pair of pump pulses as itive, zero, and negatively chirped pump pulses. The dashed
Fig. 5. In this figure, the theoretical results are in excellentine signal in panel @) is the simulated LIF signal that is
agreement with the experimental measurements, confirminderived from the positively chirped pump pulse shown in
the importance of rotational motion in wavepacketpanel(b) of Fig. 4, and the solid line is the experimental
dynamicst®t17>"®More detailed analysis shows that there result, and similarly for the transform limite@Figs. 7b and
are two important rotational effects. The first is the decay ofdc) and negatively chirpedFigs. 7c and 4dcases. Fig. 7
the anisotropic orientational distribution induced by the po-shows reasonably good agreement between experiment and
larized pump pulse and then sampled by the polarized probgimulation, the NC approximation reproducing the oscilla-
pulse. This effect can be experimentally eliminated by plactions shown in the experimental LIF signals, and also cap-
ing the pump and probe polarizations at the “magicturing the trend of longer lasting localization of the wave
angle.””” The second effect is due to the rotation-vibrationpacket in the LIF signal for the negatively chirped pump
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Experimental Data: 1 in Kr Pump Fields potential energy surface and every time thevibrational
(a) +400 wavepacket crosses this window it will be further excited to

0 the ion-pair state. Comparing Figs. 4 and 8, we find that
M

there are about twice the number of peaks in the gas phase as

a0 in the condensed phase within the same time duration. This

0
E 400 _:E is because the probe windogee Fig. 1 is very near the
& +400 & turning point in the condensed phase, so that only one LIF
<] © _4‘:)0 E peak is seen per vibrational period, and the probe window is
= ) between turning the points in the gas phase, so that two
) & b i peaks per vibrational period are seen. The LIF signal that
N> {400 corresponds to excitation with a positively chirped pump
+400 pulse (panel B clearly shows less structure and shallower
(e). % 4%0 modulation than the LIF signal that corresponds to excitation
I e ) with a negatively chirped pump pulgpanel d. This means
¢ Pﬁﬁ;_l,mbe‘“’n"glay to Time ) that the } vibrational wavepacket initiated by the negatively

chirped pump pulse retains its vibrational localization longer
than the wavepacket initiated with the positively chirped
FIG. 8. Summary of the experimental results from thélsolid Kr matrix

at 15 K experiment. The left hand panel shows the collected LIF signals 1‘0|pump pulsg. The ”ght.han.d panel of Fig. 8 demantrateS that
excitation with pump pulses that have positive chifpanels a and )b a the pump fields that g_'Ve rise to the LIF S|.gnals 'n panjb}s
transform limited pump puls@anel 3, and pump pulses that have negative and(d) are an approximately matched pair of chirped fields,
chirps (panels d and)e The right hand panel shows the FROG-derived glthough we found it considerably more difficult to make and
Wigner transforms of these pump fieldén overall carrier frequency cor- easure the broader bandwidth oum ulses used in the con-
responding to 565 nm and a central time have been removed from the fielorén . . pump p_
in presenting these figur@sThe lowest contour levels of the Wigner repre- enseq phase experiments in comparison to the_ narrower
sentations, which are noisy, are not shown for reasons of clarity. bandwidth gas phase pulses, and thus the matching is less
exact. The LIF signals in pane{s) and(e) are also a result

. . of an approximately matched pair of chirped pump fields.
pu:se over that of the matched positively chirped PUMPAgain the LIF signal that is collected from the negatively
pulse. chirped pump pulsépanel ¢ shows more structure than that

I_:rom th_ese NC. simulations O.f gas phage we gain of the LIF signal due to the positively chirped pump pulse
confidence in applying the approximate NC theory to more( anel a. Thus, these results confirm that the control of vi-

compl_lcated_ condensed phgse systems where the gxact qu?ﬁétional dynamics by pulse tailoring is possible in the con-
tum simulations would be intractable. In the following sec- ensed phase, and that, as in the gas phase, for “reflectron”
tion we describe the condensed phase experiments and apRY as of target’é“'ﬂ'zgne;;atively chirped pumb pulses lead

the NC theory to simulate the condensed phase results ang a greater degree of wavepacket focusing and vibrational

understand their meaning. localization than positively chirped pump pulses. In contrast
to the gas phase where, in the absence of collisions and
population decay, the delocalizati¢end later relocalization

We now present experimental results for th&Kt 15 K occurs with no loss of rovibrational coherence, in the con-
condensed phase system. These experiments clearly dematensed phase there is loss of cohere(lce processesas
strate that the profound effect the tailoring of the pump pulsevell as loss of populatioT, processesinvolved in the
has on the vibrational dynamics of therholecule in the gas dynamics. Thus relocalization due to the conservation of
phase is also seen in the condensed phase. As in the gawibrational phases will occur at later times in the gas
phase, in order to clearly demonstrate this effect, we showhase, but will be damped out by dephasing processes in
that pairs of different pump pulses, each of which has nearlgondensed phase systems.
the same intensity vs. time, and intensity vs. frequency pro- In the next section we present the results of theoretical
files, differing only in the time ordering of their frequencies, simulations of this experiment on thg/Kr system which
will lead to different vibrational dynamics of the Imol-  show good agreement with experiment.
ecules.

In Fig. 8 we summarize the results of thgKr experi-
ments. The left hand panel shows the LIF signals for excitay|. THEORY: CONDENSED PHASE
tion with pump pulses that have positive chifpsnels a and
b), transform limited pump pulsépanel ¢, and negative
chirps(panels d and)e All of these pump pulses are experi-
mentally arranged to have essentially the same frequency As we emphasized in the previous section, the NC
spectrum. The right hand panel of Fig. 8 shows the FROGmethod is particularly useful for large dimensional systems.
derived Wigner transforms of these pump fields. The probén this section, we apply this method to a condensed phase
pulse is a transform limited 50 fs pulse centered at 394 nmsystem, } in a cold Kr matrix. All the theory presented in
This probe pulse opens a window at 360 pm on the B statSecs. IV C and D is applicable, except that now each phase

V. EXPERIMENTAL RESULTS: CONDENSED PHASE

A. Nearly classical control theory for the condensed
phase
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space trajectory evolves on a multidimensional potential en-
ergy surface. The,IKr system Hamiltonian is

H=H_+H+Hin, (38)

where H,, is iodine molecular Hamiltonian and has same

form as Eq. 4Hy, is the multidimensional krypton Hamil-
tonian andH;,; is the interaction Hamiltonian between the
iodine and krypton atoms. Quantum control has been formu-
lated previously in terms of the reduced density matrix, de-
fined as follows?22346

Pr(D) =Trpaul p(1) ], (39

where T, means tracing over all the bath degrees of free-
dom in L/Kr system, the bath being defined here as the kryp-
ton atoms, the iodine molecular librations, and the iodine
center of mass motion. The reduced density matrix describes
the state and dynamics of the subsystem of interest, under the
influence of its surrounding environment. Since the bath de-
grees of freedom have been traced out, the reduced densi'%/ _ _ _ _ _
matrix only contains information pertaining to theihternu- G. 9. Local structure of,lin a§olld Krypton matrix, s_howmg the first two

. . . . . . shells around the,Imolecule, with face centered cubic structure.
clear vibrational motion. It is straightforward to combine the
reduced density matrix approach with the NC approximation.
In the NC picture, the density at each time is a set of Dirac
delta functions, making the trace over the bath particularly
simple. As a result, all the NC approximation equations prefure (T in Eq. 19 is approximately 45 K. The initial distri-
sented for the gas phase in Secs. IVC and D genera"ze T_@Jtion of the b vibrational coordinate is obtained in a similar
the condensed phase, with the one extension that,the | Way as in the gas phase simulation. After we obtain the ini-

brational trajectories now evolve under the influence of theial ensemble ofj internuclear distances, we sort them from
Kr matrix. smallest to largest values. Beginning with the smallgst |

internuclear distance, we sequentially assign a distance to the
iodine molecule in the face centered cubic crystal beginning
with the smallest internuclear distance and equilibrate the Kr

To compute the classical dynamics th&kr system, we atoms at T, holding the } internuclear distance fixed. The
perform simulations in a repeating cubic unit cell of 108 Kr face centered cubic crystal cell constant is 569 pm. The first
atoms. We replace the two adjacent Kr atoms at the center gQuilibration is for 6 ps, and further equilibrations for new
the cell with two | atoms. In Fig. 9, we show the local struc- 1arger b internuclear separations are for an additional pico-
ture with the iodine molecule and its first two Kr solvation second. For each pump field, 2000 trajectories are run up to
shells. The interaction between any two Kr-Kr or I-Kr atoms S Ps, the time step being 1.94 fs. The time-coordinate initial
is modeled with pairwise additive Lennard-Jones potentialsensemble contains all the information about the excitation
and the parameters for the interaction between iodine anBrocess, therefore we can then monitor what happens during
krypton atoms are approximated by Xe-Kr potentia| paramlhe excitation process. Once we have all the trajectories, the
eters. These parameters are tabulated in Table Il. The potefinal LIF signal is obtained using Eq. 31.

tials for the b electronic states are modeled by the following ~ We include the non-adiabatic population decay of popu-
Morse potential, lation on the B state of,ldue to the interaction with the

condensed phase environment. This decrease in population is

B. Numerical simulations for the |  ,/Kr system

— —B(R—Rgp)\2
V(R)=Dg(1—e AR, (40 modeled as an overall exponential decay in the LIF signal as
with the parameters given in Table I. The pump field excites? function of time,
I, to the electronic B state, the time delayed probe pulse then S t,)=S(ty)e ", (41)

further excites the wavepacket to the ionic f state. The LIF
signal from the ionic manifold is then detected as a function
of delay time between the pump and the probe puies.

The initial configuration of the,IKr system is obtained TABLE Il. Parameters for the Lennard-Jones potential condensed phase
by using the artificial temperature meth®dn this case, Tin  Surfaces:
Eq. 19(the real system temperatiiie 15 K, andw is chosen l-Kr Kr-Kr
to be the Debye frequency of solid Kr;,60 cm %, Although
this method is not exact for an anharmonic system, it should
work well for this low temperature solid which is very har-
monic in the ground equilibrium state. The artificial tempera-Reference 58.

€ (cmh) 162.3 138.9
o (pm) 374 358
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r r T T T phase than in the gas phase. The key to understanding this
counter-intuitive result is the role of the initial ground elec-
tronic state distribution of rovibrational states in determining
the observables. In the gas phase we prepare the system from
a rovibrational distribution at 313 K. In the solid std& 15
K), rotational and vibrational degrees of freedom are essen-
tially frozen into their ground states, the cage allowing only
small librations. In what follows we first discuss the gas
phase results, with particular attention to the special role of
rotations, and then discuss the condensed phase results, fi-
nally comparing and contrasting them.

The two main results to discuss concerning gas phase
! : control of |, vibrational motion are the effect of the tailoring
0 1000 2000 3000 4000 of the laser pulse on the vibrational dynamics, and the detri-

Pump-Probe Delay (fs) mental effects of the distribution of, Irotation as well as
vibration on the vibrational localization of the wavepacket.

FIG. 10. Comparison of the simulation results for théKt system with the . The effect OT th,e linear chirp of T[he pump pulse on the
experimental data. Pandl® and(b), which correspond to panels) and(d) vibrational localization has been discussed elsewHere,
respectively of Fig. 8, show the comparison of the simulation re¢ddished  and we summarize those conclusions here. On the anhar-
Iing) to the experimental resu_lt(solid Iine),_for a positive and negativ_ely monic B state potential, the higher energy components are
chirped pump pulse, respectively. Experimental results are normalized tg . . R
theory. more anharmonic, and have a longer period of oscillation
than the lower energy components which are more harmonic
and have a shorter oscillation period. To make these compo-
nents of the wavepacket coalesce for times after the wave-
packet reaches the outer turning point, the higher energy
components must be excited before the lower energy com-
ponents. A negatively chirped pump field will do just this.
From this argument, it is easy to see why a negatively
C. Simulation results: Condensed phase chirped pump pulse will create a wavepacket that evolves

In Fig. 10 we compare the results of the NC simulationswith @ minimum of immediate delocalization, and a posi-
to the experimental measurements obtained for ifisr| tively chirped pump pulse will create a vibrational wave-
condensed phase system. Parfa)sand (b) show the com- packet that delocalizes more directly. These qualitative argu-
parison of the simulation resultsiashed lingto the experi- ments, which apply to both the gas phase and condensed
mental results(solid line) for positively and negatively Phase examples, are developed more rigorously elsevthere.
Chirped pump pu|5e5, respective|y_ The pump and probélthough the eXperimental data shows Clearly that a nega-
pulses used in the simulation are the experimentally medively chirped pulse is much better than a positively chirped
sured pulses used in panély and (d) respectively, of Fig. Pulse at preserving the localization of the wavepacket, the
8. As can be seen in Fig. 10, the simulation results agreEomparison between a negatively chirped pulse and a trans-
reasonably well with the experimental data. The experimentorm limited pulse is less dramatic. The reason for this is that
tal trend of more vibrational localization in the LIF signal there are two factors at work when one chirps the pulse. By
obtained from the negatively chirped pump pulse compareghanging the frequency ordering, we can enhance or sup-
to the positively chirped pump pulse is captured by the simupress the wavepacket spreading, but we also lengthen the

lation. In the following section we will discuss the ramifica- Pulse in time, which will result in a broader wavepacket,
tions of these results. especially at early times. For negative chirps, these effects

Another interesting experimental result is confirmed bycancel each other, and whether we see dramatically sharper

the simulations. By comparing Figs. @ondensed phage oOscillations as we chirp the pulse depends on the interplay of
and 4(gas phasg it is evident from experiment and theory Pulse and molecular parameters. For positive chirps, these
that the observable vibrational localization persists longer ifwo effects work in concert, and the wavepacket delocalizes

the condensed phase at 15 K than in the gas phase at 313 ¥ery quickly with chirp. Nevertheless, we emphasize that
This result will also be discussed in the next section. there is an absolute enhancement of the peak height in the

gas phase with the negatively chirped pulse as opposed to the
transform limited pulse. Thus chirping does result in a more
focused wavepacket than does a transform limited pulse, al-
We have shown, both theoretically and experimentally beit slightly, and in that sense it is an optimized light field.
that a properly tailored light pulse can create a vibrational The large effect of J rotational dynamics on the ob-
wavepacket that exhibits a long time persistence in its vibraserved LIF signals, particularly for longer times, is seen in
tional localization in both the gas and condensed phase. Thbe comparison of the theoretical simulations to thegas
observable localization persistenger in the condensed phase experimental data. Previous theoretical treatments of

LIF Signal

whereS(ty) is the final LIF signal defined in Eq. 31, ands
the overall decay constant which is chosen0.13 ps?, in
order to fit the condensed phase experimental data.

VIl. DISCUSSION AND CONCLUSIONS
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wave packet interferometry experiments in gas pha&se |lished experimentally by noting that the fluorescence is fuIIy
(Refs. 75 and 76have analyzed the effect of rotations in polarized, and has been verified in the simulations.

detail. The present 2 photon experiment is of a different na-  The fact that the effect of the chirp on the vibrational
ture than those experiments, however, and thus the role d@calization is similar in both the gas and condensed phases
rotations is different. The “inhomogeneous dephasing” of Simply indicates that the dynamics in this case is dominated
the oscillations seen in those experiments, which is analddy the ,, (B) molecular potential, and only slightly perturbed
gous to a free induction decay of an electronic polarizationby the lattice forces, which is also seen by examining the
does not play a role in the present work, since the first pu|sé)fC€S in the simulations. The observed decay of overall am-
completes the one photon absorption and leaves the systeplitude in the pump-probe signal is due to the decrease in
in a population on the first excited state. The evolution ofvibrational population due to dissipation to the bath and to
this population depends only on the excited state PES pararhost induced electronic predissociation. With respect to the
eters, unlike the polarization in the interferometry experi-vibrational dynamics on the molecular B electronic state,
ments, which depends on the energy difference between tHBese represent relatively small perturbations. Another sig-
ground and excited state surfaces. Simple calculations alggficant difference between the gas and condensed phase en-
show that purely quantum effects, like the=J"+1 selec- Vvironments is the fact that the decay of the absorption corre-
tion rule or nuclear spin degeneracy of thiestates, do not lation function is much faster in the condensed phase than in
play a role on the picosecond timescale that we observe tH@e gas phase. Fop lin Kr at 15 K, this time has been
decay of the vibrational oscillations. The good agreement ogstimated to be on the order of 150*fswhich is longer than

the nearly classical and fully quantum calculations of thethe pulse durations used here. If the pulses were significantly
experimental LIF signal also provides evidence for the ablonger than this time, we would expect to see some lessening
sence of purely quantum rotational effects. The orientationa®f the control effect due to a broader initial wavepacket,
decay(which can be eliminated by magic angle pump-probealthough the present experiment is not nearly as sensitive as
polarizatior”), also plays a role but cannot explain the com-the above-mentioned interferometry experiméfit§or a
plete disappearance of the oscillations. By considering théurther discussion of the dissipative dynamics ol Kr, see

excited state Hamiltonian, the recent paper by Ovchinnikat al*®
Particularly at low temperature, it is clear that control-
, R J(JI+1)h? lable localized vibrational evolution can persist in a con-
he=— 2u JR? +Ve(R)+ T 2uR%T (420 densed phase sample for many vibrational periods. By added

a subsequent “locking” pulse, this localized distribution can
we can think of each initial angular momentum of gn | be excited to another electronic surface leading to desired
molecule as contributing an effective potential energy ternroducts and thus used to control the products of a chemical
to the Hamiltonian. When added to the vibrational potentialreaction by tailoring the pumflocalization puls€® as well
energy, this rotational term distorts the effective PES. Thu@s by varying the timing between pump and “locking”
every angular momentum in the thermal distribution resultgPulses>*® Thus the control of vibrational localization dem-
in a different excited state PES on which the wavepacke@nstrated here can be the basis of quantum control of chemi-
propagates, and thus a different effective vibrational period¢al reactions in the condensed phase.

This distribution of effective vibrational frequencies, due to
the initial distribution of angular momenta, results in a rapidACKNOWLEDGMENT
decay of the observed oscilla_tion du_e to destructive interfer- We thank Dr. Jianshu Cao for helpful discussions on
ence. For a heavy molecule likg &t high temperatures, this riid rotor LIE sianal
) ) > gid rotor signals.
classical picture should be sufficient to understand the role otJ

the rotations in cpntrlbutlng tq _the decay of the OSCIIIatlonSAPPENDIX: FRANCK APPROXIMATION TO PROBE
and the degradation of our ability to control the system. ThqDROCESS IN QUANTUM CALCULATION

negative effect of an initial distribution of rovibrational
states on quantum control can be reduced either through Treating the pump field as a first order time-dependent
cooling the sample by molecular beam expansion or by usgerturbation, the total wavefunction on the excited electronic
of a cold matrix as we have done here, or through projectingtate that is initiated from a groundl,M state,

out a narrower rovibrational distribution by excitation with a ¥°(R,6,¢,t;J,M), can be written as

previous pulse or pulses. Such cooling by a cryogenic matrix

e
is @ major cause of the increased duration of vibrational lo- R, 0, ¢,t;J,M)= M Yg"_l(ﬁ,q’))
calization in the condensed phase observed here. R
Perhaps the most significant result of the present work is uS., (R
the clear demonstration of quantum control in the condensed ,R Yg’L 1(0,¢), (A1)

phase. As in the gas phase, negatively chirped pump pulses
produce a longer-lived vibrational localization. In contrast towhereu5. ;, are defined in Egs. 13 and 14. Note that if
the gas phase, the cold/iKr matrix sample has little rovi- J=0,M =0, we will only have one term in above equation,
brational excitation, and the imolecule does not rotate but theJ—1 term being absent. Therefore, the total density ma-
only librates in the Kr cage. The latter fact has been estahtrix on the electronic excited state is
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- ’ it i R

pi= 2 X e PRt IM))UEEIM)]. wfa;J,M):—gf dtye FH W,
vJ=0 M=-J e

(A2)

For simplicity, we do not write down the spherical coordi-

nate representation explicitly in the above equation, but from . .

now on, all the spatial variables will be in spherical coordi-Where E,(t) is the probe light fieldD¢, is the transition
nates unless otherwise specified. When we substitute Eq. Adipole from the excited state to the final state, tidis the
into Eq. A2, we get the density matrix in the coordinatefinal state Hamiltonian. We choose the electric field polar-
representation. To calculate the asymptotic population on thigation direction to be along the Z-axis in the space fixed
final state after the probe pulse is over, we also apply firsirame. Therefore, for this parallel transitiorﬁfe- EZ
order perturbation theory to the probe process. We can ther D;.E,cos), and we have the wavefunction on the final
write down the wavefunction created from the grouhil state, ¢'(t;J,M), which is initiated from the ground,M
state on the final energy surface, state as

-Ea(t) ¢8(ty;3,M), (A3)

J-M+1)(J+M+1)(I-M+2)(IJ+M+2)
(23+3)%(2J+1)(2J+5)

J-M)(J+M i
( )( ) Yg"e‘ﬁh?“_tl)uﬁ_l(R,tl)

1/2 ;
FJ+2
Y e 7 g, (Rity)

1 [t
P (3, M) ﬁfwdtlDfeEZ(tl)(

J-M+1)(J+M+1)

i
yYe AN tWus, (Rt +

(23+3)(23+1) (23-1)(23+1)
1/2 ;
R
whereh] is the radial Hamiltonian for the nuclear motion on the electronic final state,
h'f=—ﬁ—2(9—22+vf(R)+—J(J+1)zh2 (A5)
2u R 2uR

Due to the orthogonality of the spherical harmonic functions, the asymptotic population on the final electronic state can be
calculated without involving these spherical harmonics explicitly in the computation. For simplicity, we denote the coefficients
in the bracket in Eq. A4 a€,(J,M),C»(J,M),C3(J,M),C4(J,M), respectively. Continuing the algebra, we then get the
expression for the population on the final probe surface which is excited from the grounil) state,

t t i i
P(t;J,M)e f dt, f ta] D el 2E(t) ES (t,)[ C2(I, MR U5, 4 (Rity), €™, y(R,ty)) +CE(I,M)

i i i i

X(ET " t2uS, 4 (Rtp), € MU, (R ty)) + C3(J,M)(€F"2uS_ 1 (R.t,), &7 "TuS_y(Rity))+C2(J,M)
i _ g i i

X<eﬁh? thu‘j_ 1(R,ty),exr hy Ztllﬁ- 1(Rit1)) +C(J3,M)C3(J,M)(er h€t2U§+ 1(R,t2)aeﬁh?tluﬁ— 1(R;ty))

i i
T C(J,M)Co(3,M)(eFM2us_ (R ,t,),eF MHuS, (R, 1))]. (A6)

In the above equatiofA(R,t1),B(R,t,))=[dRA* (R,t)B(R,t). Note that the time in the final state propagator has been
canceled out due to the inner product. Physically, this is because we only calculate the final population, and the propagation
on the final surface has no effect on this quantity. Since we only observe the total population after the probe pulse is over, we
can replace the upper limit of the integral in Eq. A6 By and thereforeP(t;J,M) is proportional to the experimental
observable. The quantities in the inner products only depend onttirmed the time difference,—t;, so we can change the
integration variable’=t,—t;, and the population as a function of delay, between the pump and probe pulses can be
written as the following,

* * ' * ' 2 e ’ - i hJJrzt’ e 2
S,am(tg)=2Re| dt]| dt'Ex(t)E5(t+t")[CL(I,M)(uj,(t+t" +tg),e” 7" tuj (t+1tg))+C5(I,M)
% 0

i ’ I ’

XU, 4 (t+t +tg), e T U, | (t+1g))+ C2(I,M)NUE_L(t+t +tg),e TN U (t+1g))+CE(I,M)
i 32, i3,

X(US_ 4 (t+t +1g), e FM TUS (t+tg))+Co(d,M)Ca(d, MU 4 (t+t' +1g), e A UE, | (t+1ty))

+Cg(J,M)Cz(J,M><u§+1(t+t'+td),e*'ﬁ“?t’uﬁflmtd»]- (A7)
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Since S, ;m(tg) is only the contribution from a single

ground|v,J,M) state, we need to sum over all the thermally |
populated ground states. It is not hard to see from the above
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