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INVESTIGATION AND CONTROL OF PHOTODISSOCIATION
DYNAMICS: AN OVERVIEW
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This review summarizes recent progress in development of theoretical and experimental approaches
towards the use of lasers for selective and controlled dissociation of bonds. The Field Optimized Initial
State (FOIST) based approach developed recently provides a syncretistic advance allowing for an
optimal interplay between the field parameters and molecular initial state and serves as the principal
source of illustrative examples in this review. Application of FOIST to IBr and HI photodissociation
reveals that the dream of harnessing lasers for selective control of photodissociation may be pursued in a
new and promising manner, permitting selective control without recourse to high intensity ultrafast
lasers. The Raman Excitation Profiles (REP) are shown to offer a very detailed description of

photodissociation dynamics.
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1 Introduction

Photodissociation involves breaking of a bound
molecule by the absorption of photons. The energy
absorbed is converted into internal energy of the
molecule and if the energy exceeds the binding
energy of the weakest bond, then the bond breaks
irreversibly. Photodissociation being at the core of
photochemistry, is a vehicle for some of the most
critical chain reactions, and new technologies like
the ozone cycle and chemical lasers respectively.
Detailed discussion of these established aspects
appear in many text books'. Apart from these
crucial roles, photodissociation of small polyatomic
molecules provides information on state to state
molecular dynamics involving energy transfer
between various molecular modes, breaking and
creation of chemical bonds and transition between
different electronic states. A comprehensive
description of these features has been presented in
an excellent textbook by Schinke’. Analysis of
photodissociation dynamics has also led to an
attempt to use g)hotons to alter the underlying
quantum effects”” to selectively control the
product formation in photodissociation reactions
and a review of the recent trends in this exciting
new area is the basic purpose of this review.
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Initial attempts to steer the reaction path towards
the desired product were based on manipulation of
macroscopic thermodynamic parameters such as
temperature, pressure and concentration or use of
appropriate catalysts. However, in most cases, this
has not afforded the desired selectivity. It has been
realized that in almost all reactions except those
involving some small molecules, the locally
deposited energy rapidly redistributes itself
throughout the molecule, destroying the selectivity
of bond cleavage. The rate of intramolecular
vibrational redistribution is often greater than the
reaction rates and the energy reshuffles statistically
within the molecular bonds®'. In molecules such as
CF;Br for example, dissociation of the C-Br bond
using laser tuned to this frequency is possible but
the cleavage of the C-F bond by a laser in tune with
the frequency is not possible due to the coupling of
C-F stretch with other vibrational modes;
dissociation occurs in a statistical manner and the
weaker C-Br bond is cleaved first*.

Recent advances in laser chemistry have
initiated the dream of using ultrashort high
intensity laser pulses as molecular scissors for

cleaving bonds selectively and has received
considerable attention as a potent route for
achieving  product selectivity in  chemical
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reactions’>*. Recognition of the fact that the short
and intense laser pulses could be used for product
selectivity in chemical reactions has contributed

quite substantially to the development of lasers and
vice-versa. The possibility that the unique
characteristics of the laser radiation can be
exploited to improve the selectivity of product
formation in a chemical reaction has stimulated the
implementation and testing of many schemes*?.
Theoretical and experimental work in this area has
burgeoned in many different directions and offers
the possibility of selective product formation by
controlling the underlying quantum dynamics
through the use of appropriately designed lasers.
Experimental success using these approaches have
also begun to appear recently” 2%

In keeping with the experimental advances,
theoretical treatments have kept pace by advocating
novel approaches which explicitly incorporate
optimization of various filed parameters and the
initial states involved. The pump and dump®’,
coherent control*'***® and optimal control"
methods emphasize field design to achieve the
desired control objectives and have been reviewed
extensively*’*"'2. The product yield has also been
shown to depend critically on the molecular initial
state'’ and a new scheme based on shaping a Field
Optimized Initial State (FOIST)'*® for the chosen
field and desired photodissociation objective has
been pursued in our group. Examples from our use
of FOIST will anchor discussions illustrating
salient features of investigation and control of
photodissociation dynamics and shall be the
principal focus of this review.

Rest of this review is organized as follows.
Selective control as flux maximization in the
desired channel is considered in Section 2. It will
be seen that the selective control of
photodissociation may be achieved by altering the
field parameters or by optimizing the initial state.
The control schemes utilizing field design are
discussed first and since these have been reviewed
extensively only recently’ our presentation of these
schemes will be skeletal and we follow the
chronology of developments in this area with Pump
and Dump, Coherent Control and Optimal Control
being reviewed in this order in section 3. In Section
4, we shall present our FOIST based control
scheme and a detailed analysis of its results.
Raman Excitation Profiles (REP) provide a very
detailed and sensitive probe of photodissociation
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dynamics and their use to probe IBr
photodissociation and validation of the three state
IBr model will be taken up in Section 5. Finally, a
summary of main results in Section 6 concludes
this review.

2 Product Yield as Time Integrated Flux

At its simplest, selective control of photodissoci-
ation involving a single bond may be presented
schematically as

——— A+B*

L A+B

and the underlying photodynamics is portrayed in
Fig. 1.

Provided the transition dipole moment
between the ground (0) and the first excited (1)
electronic states is nonzero, using a laser of
sufficient power and appropriate frequency, the
molecule AB in the ground vibrational level of the
ground electronic state can be excited to the
electronic state 1, whereby, the probability density
begins to flow down the repulsive potential energy
curve 1 and on encountering the crossing point
between curves 1 and 2 will flow into both the
A+B and the A+B* channels. This flow of
probability density p is governed by the continuity

equation.
%, Vji=0
ot

A-B

Fig. 1 Multiproduct photodissociation in

crossing reactions. ¢, represents

simple curve
the ground

vibrational level and &, , the corresponding energy.
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and is monitored by measuring the flux ; in these

channels at a suitable asymptotic point in the
dissociative limit of the potential energy curves 1
and 2. Selective control of products A+B or
A+B* may therefore be achieved by designing
techniques to selectively maximize time integrated
flux in these competing channels.

Defining the time integrated flux operator F as
,
F=[au'jowo, j=—1p5¢-r,)
5 2m

+0(r—r,) Pl - (D)
with m as the reduced mass, pthe momentum
operator along the reaction coordinate and r, the

grid point in the asymptotic region where the flux
is evaluated, the time-integrated flux,

[[a<is=[ a<vlilve

= [[ @<y 10,0 jU @01y (©0)> ... @)

[ar<j>=<v@IFly@> .. @

represents the product yield and as seen in eq. (3)
may be controlled by altering the field dependent

part U(1,0) of F where U(t,0)~e™™/".H=H,
+,&.E(t) with E(t) representing the oscillatory

electromagnetic field or by altering the field free
initial state y(0). In the case of more than one

possible dissociation channel, the operator j is
channel specific and in a discrete representation of
the electronic curves on a spatial grid, », denotes

the grid point appropriate to the desired channel.
The more established control schemes like the
Pump and Dump, Coherent Control and the
Optimal Control are based on altering F i.e field
design and are presented briefly in the following
section.

3 Selective Control Using Field Design

As can be seen from eq. (2) the product yield in
different channels may be controlled by
manipulating the initial state evolution through
alteration in field attributes which affect F or by
altering the initial state w(0). The earlier schemes

for selective control were based on optimizing field
attributes to achieve the desired photodissociation
objective and are discussed below.
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3.1 Pump and Dump Scheme

Tannor and Rice® showed that the selectivity of
product formation can be induced by shaping and
spacing pump and dump laser pulses. A first laser
pulse transfers amplitude from the ground state to
the excited potential energy surface. The
wavepacket formed on the excited potential energy
surface is a linear combination of vibrational states
and evolves spatially and temporally. The wave
packet on the repulsive excited state being non-
stationary, a part of it will evolve on the surface
and the rest of it may be dumped back to the
ground state in such a way that amplitude
preferentially emerges, eventually in the particular
desired channel.

This scheme utilizes the excited electronic state
to mediate the reaction on the ground electronic
state potential energy surface. The stereoscopic
view of the ground and excited state potential
energy surfaces are shown in Fig. 2 where the
arrows show, the amplitude transfers associated
with the pump and the dump pulses. As an
illustration of this scheme, we may consider a
molecule ABC which undergoes fragmentation to
produce ABC—»BC + A and ABC—>AB+C on
the ground state potential energy surface. At 1=0,
the system is assumed to be in the ground state.
The solution of the Schrodinger equation can be
represented by two coupled integral equations for
the amplitudes in the ground and the excited state
potential energy surfaces and to second order in
perturbation®.

A“’:'t"“ df‘, 'ﬂ[ﬁ"mu" HP""I
‘ﬂﬂ{j\nmn .nl,;

5 H
i
9

-~ (ll

ll“' ':'nl" il
1 !’ i

Fig. 2 A schematic representation of Pump and Dump

scheme.
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where labels g and e represent the ground and the
excited potential energy surfaces respectively. The
amplitude y,(0) evolving on the ground state

potential energy surface from =0 to ¢t=¢ is
transferred to excited potential energy surface
through vertical transition at time #,. It is then
allowed to propagate till time ¢, and is then dumped
back to the ground state surface on which it
evolves till time ¢.

The sequence of the light pulses that optimizes
the desired product selectivity has to be
determined. The variationally optimized temporal
profile of the dump pulse is given by

b (1) e ]<¢c e g Na(e, )ty

where a(t,) and b(t,) are the first and the second
electromagnetic field pulse form, H is the
Hamiltonian for propagation of the molecule
coupled with radiation field. Although, the
wavepacket shape and the width changes as it
evolves on the potential energy surfaces, only the
time interval between the pump and the dump
pulses is used to modify the product selectivity.
The evolving wavepacket on the excited potential
energy surface effectuates a very complicated
amplitude distribution b(7) and an efficient transfer

. (6)

of amplitude to the exit channel by a simple dump
pulse is unattainable”.

For a system with multiple electronic surfaces in
which the various product channels are not well
separated, the extent of selectivity cannot be
controlled at all. The difficulty associated with
generating laser pulses of few femtoseconds
duration in the lab is another major disadvantage of
the method’. An interesting application of this
scheme is seen in the work of Chakrabarti et al.*
where the pump and dump scheme has been
utilized to control photo-induced desorption of NO
from Pt(111) surface.
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Fig. 3 Coherent control through interface between the 1
photon and 3 photon pathways.

3.2 Coherent Control

In this approach developed by Brumer and
Shapiro'®, the control of the product selectivity is
achieved by making two degenerate exit channel
wavefunctions  interfere  constructively  or
destructively by simultaneous generation of two or
more coherent excitation routes to the final state as
shown in Fig. 3.

Various scenarios exploiting the consequences
of interference between excitation pathways have

_ been studied by Brumer and Shapiro’. Here we

have focussed on interference involving one and
three photon pathways between the bound initial
state of the molecule and specific product state in
the continuum as it is the case that has been
subjected to experimental verification.

Let ﬁg and ﬁe be the Born-Oppenheimer

Hamiltonians representing ground and the excited
states respectively. The molecule is assumed to be
initially in an eigenstate of H, with energy E,
and the final state is in the continuum with energy
E. The continuum state of energy E is represented
by | E,n,q” > where n denotes all the quantum

numbers of the system excluding energy, and g~

denotes particular product channel with the
superscript representing the incoming boundary
conditions. Suppose the molecule, in its initial state
is irradiated with an electromagnetic field
consisting of two colour lasers.

E(t) = E, cos(w,t +k,.R+6,)

+ E; cos(w3t+E3.R+03)
with @, =3w,, E, =|E,|é, witha=13, |E,| the
magnitude and £, its polarization plane. Let
k; =3k,, corresponding to parallel incident fields.

The probability of forming a Eroduct molecule in
exit channel g with energy E is’.

W(E,q;E)=Wi(E,q; E)+ W3 (E,q; E,)
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where W,(E,q;E,),a =3,1, are the probabilities
of fragmentation arising from absorption of one
and three photons respectively and W,;(E,q;E,)

represents the interference between the two
fragmentation pathways. In the weak field, the
branching ratio for the products in channel 4 and g’
is given by’.

|Es|” F® - 2E,|IE, | cos(8, -36, + %)

[F9|+|E|° R
B[P P — 2|, |E, [ cos(6, —36, +59)
lFlgql)l*'lEllel(q')

where,

2
h
F9 = W,(E,q;E,),
} [n|E3|] (54 E)

2

qq

F9 = W,(E.q;E,),

3
n|E,

and similarly for ¢". It can be seen that both
numerator and denominator contain sum of the
contributions from one and three photon pathways
and an interference term. Since the interference
term could be altered by changing the relative
phases of one and three photon pathways (6, —6,)

and their relative amplitudes, control of the product
ratios can be attained very often over a wide range
of field attributes. In principle, the ratio of the
products in different channels could be controlled
over a considerable range by varying the intensities
and relative polarization of the one and three
photofragmentation pathways.

o
N
[+ )

Jon Yield (arb.units)
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Fig. 4 The Br* inI-Br — I + Br/l + Br* dissociation using
1 photon — 3 photon coherent control.

An example of the effectiveness of this approach
is shown in Fig. 4 where the yield of Br'(°P,,,) is
seen to range from 25-95% as a function of phase
difference (@, - 6,) and field intensity between the

one photon and the three photon lasers.

To the degree that simple systems with a small
number of isolated intermediate and final states can
be found, this approach is quite attractive for
practical implementation. It has the advantage of
intuitive simplicity and ease of experimental
actuation. This is the only scheme which has been
tested  experimentally and  control  of

photodissociation of DI’ using the 1 photon - 3
photon scenario outlined earlier is clearly seen in
Fig. §.

5 6 7 8 9

Ho Pressure (Torr) (A=353.69nm)

Fig. 5 Control of DI dissociation and autoionization by changing the H, pressure in cells through which the
lasers pass to change the phase between 1 photon-3 photon pathways to effect interference based

coherent control.
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There are many variations of the Brumer
Shapiro control scheme. We have dealt with only
one of these schemes and we refer the reader to the
original publications for further details'.

3.3 The general Field Design using Optimal

Control
Optimal Control theory is a non-linear theory

applicable to fields of arbitrary strength. It attempts
to find the best solution to a given control problem
under the stated curcumstances and constraints. In
this most general approach, a mathematical cost
functional is constructed whose minimization
produces the desired field &(¢). The optimizing

functional J(g) comprises of two components.
J@E)=Jy+J, )
where J, is the physical objective and J,
represents the penalty terms.

The physical objective involved in a molecular
control problem may include localization of

energy, dissociation of a particular bond etc. If an
objective must be satisfied in time 7, the goal is

that the expectation values (w(T)'éi w(T)) must
be a particular value O where ly/(T)) is the state
of the quantum mechanical system at time T and

O, operator corresponding to the observable, i.e.
the appropriate objective functional is

Jo = (w(D]0|y(T))-0)

and attainment of the expectation value equal to
O, is the desired target to be reached by
minimizing J, The state of the system at a target
time T will depend functionally on the field £(r)
for all 0<r <T and this dependence is assumed to
be tacitly included in w(¢) . Often it is also the case
that, while trying to evaluate the physical objective,
there could be some parameters that should be
avoided. For example, in attempting to dissociate a
particular bond, it may be desired that the
remaining part of the molecule remain intact or
suffer minimal disturbances. Such terms are called
penalty terms and define J,. All the terms

involved are explicitly or implicitly dependent on

£, and extremization of J(¢) setting,

a(e) _
oc

coupled with canonical requirement of fulfillment
of time dependent Schrodinger equation at all times

0 .. (8)
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implemented  using  Lagrangian  constraint
functional” determines the optimal &£(¢) required to

attain the desired objective. This technique has
been applied to various problems'* and to assist in
a comparative assessment of optimal and coherent
control schemes control of IBr—1+Br/I+Br*
dissociation using this method" will be used to
illustrate its strengths and weaknesses. In this case,
the cost functional to be minimized is

7 2 7 2
Jz[l- jdz'm(z,xd)J +Udgn(t,xd)] .. (9)
0 0

r

where; j dtj,(t,x;),i =m,n, is the time-integrated
0

flux of probability across appropriately chosen

asymptotic point x, on the potential curves for

channels m/m. The product selectivity and
maximization for m,, channel and the minimization
of the product in the n, channel is achieved by
minimizing the objective functional of eq. (9). The
optimal field obtained by minimizing eq. (9) for the
Br” channel is shown in Fig. 6.

While the field form in Fig. 6 does achieve 99%
selectivity with 80% dissociation, the field
intensity and form cannot be effected easily in
realistic laboratory conditions and additional
simplifications ~ become  necessary’”.  The
mechanism by which the field induces selective
photodissociation can be in part determined from
the plots of the power spectrum and the position
expectation value on the ground electronic state is
plotted in Figs. 8 and 7 respectively.

The solid line in Fig. 7 which shows the position
expectation value on the ground electronic state
indicates that a non-stationary state is formed since
the wavepacket continues to oscillate after the field
is turned off. The position expectation value span
corresponds to bond stretch in highly excited
vibrational states and represents a mixing of many
vibrational levels under the influence of £(¢). This

is also indicated in the power spectrum (Fig. 8)
where spacing between the peaks is roughly the
spacing between vibrational energy levels of the
ground electronic state. Apparently, the optimal
pulse £(¢) of Fig. 6 forms a coherent superposition

of vibrational states on the ground electronic
surface through optical pumping and subsequently
uses this to produce the desired wavepacket which
then exits out of the desired channel. The principal
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role of the optimal field at its maximum intensity
seems to be to produce a suitably altered initial
state.

The optimal pulse shape and the requisite field
intensity is difficult to reproduce in normal
laboratory conditions, it is desirable to formulate
methods which can deliver substantive yield and
requisite selectivity for photolysis pulses with
inbuilt ease of laboratory reproducibility and a new
method pursuing these objectives is discussed in
~the following section.

4 Field Optimized Initial State (FOIST)

The focus of the theoretical approaches discussed
so far has been on field design, whereas, we have
shown earlier (eq. 3) that the photodissociation
yield depends also on the initial vibrational state
from which photolysis is induced. This dependence
has been found to be fairly acute and examples

include the photodissociation of H3}*', D3%,

HI¥*, HOD*** and HCI”? in each of which the
product yield has been found to be quite sensitive
to the initial vibrational state of the molecule. Since
the initial vibrational state which is subjected to
photolysis is critical in determining the photodis-
sociation products, it is reasonable to expect an
appropriately optimized linear superposition of
these vibrational eigenstates to serve as a better
initial condition for selective maximiziation of the
desired product.

Towards this end, a scheme to establish the
optimal linear mix of the field free vibrational
eigenstates for the given photolysis pulse and
chosen photodissociation objective has been
pursued in our group'®'” whereby, the emphasis is
shifted from .ontrol through design of an
appropriate ficld, to control through the design of
an appropriate field, to control through the design
of an optimal linear combination of the field free
vibrational eigenstates for the chosen photolysis
pulse. Applications of Field Optimized Initial State
(FOIST) based selective control to HI'® and IBr'’
have successfully identified the optimal linear
combinations for multicolour cw and Gaussian
fields of different intensities, frequencies and phase

differences and considerable enhancement in
selectivity and product yield using these field
optimized initial states has been demonstrated'®!”.
The optimal combinations depend on the choice of
the photdissociation objective, i.e., the linear
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combination which will maximize flux out of the
1+Br(*P;,,) in the IBr differs markedly from that
which will maximize flux out of the excited

1+Br*(*P,1,) channel'’. Similar considerations hold
in the photodissociation of HI as well'®.

The FOIST scheme achieves selective flux
maximization by altering the spatial profile of the
initial state to be subjected to the photolysis pulse
and since changes in flux are due to the flow of
probability density, the probability density profiles
of the optimal superpositions have been examined
to try and isolate the mechanistic features which
may be responsible for selective control. These
optimal linear combinations being field specific, a
comprehensive  analysis  will  require  the
optimizations to be carried out and the structural
features of the optimal initial state to be analysed
for sufficiently large number of field parameters.
Instead, the Time Dependent Wave Packet
(TDWP) method pioneered by Heller’®** permits
the evaluation of branching ratios for a large
number of frequencies from a single calculation®',
where, in this analysis, the initial wavepacket to be
promoted to the excited electronic states is the
optimal superposition of the field free eigenstates
for the given photolysis pulse and chosen
photodissociation objective.

Such an identification of structural components
of these superpositions responsible for selective
flux maximization can provide critical insight into
the mechanistic basis for photodynamic control of
reactions and is the subject of following
subsections. The basic thurst of the detailed
discussion to follow is an attempt to search for
simplifying features so that the onus for selective
control of chemical reactions does not lie entirely
on the laser fields which thereby may come out to
be complicated'® but the task of selective control is

split into different parts'®'” which could be
comparatively easier to realize in ordinary
laboratory conditions.

The methodology of the Rayleigh-Ritz

variational maximization of flux and the TDWP
analysis is already available in detail
elsewhere'*”**' and only a skeletal outline is
offered in the following subsections.

4.1 Method
For molecules possessing a dipole moment

the effect of the radiation field £(r) may be
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obtained by solving the time dependent
Schrédinger equation,
Kl n
ih—y=H(@)y, ... (10
Fvd v (10)

where

H@)=H, - pn&(t)

with H, being the field free Hamiltonian. The
solution y at some time 7 can be expressed as

w(T) = U(T 0 (0), (1)
where U(T,O) is the (not necessarily unitary)

the wavefunction for the
initial state of the molecule to which the
photodissociation pulse £(¢) is applied. As defined
in eq. (3), the photolysis yield in a given channel
under the influence of the chosen field form £(z) is

propagator and y is

given by

de’<}>, = (w(0)|F|w (0)), . (12)

0

where,

F= Tjdﬂ? "0.0)j00), . (13)
0

is the time integrated flux operator defined earlier
and it is seen from this equation that the product
yield may be controlled by both altering the field

dependent part F or the field free initial state
w(0). Earlier control schemes®' "> have

attempted control over photodissociation entirely
through field manipulation for a fixed y/(0) . In the

FOIST scheme, control over product yield is
sought through preparation of them initial
wavefunction w(0) as a coherent superposition of

vibrational eigenstates of the ground electronic
state for the chosen photolysis pulse'®'” (for the
short femtosecond pulses to be considered here,
rotational motion is ignored). Of course, the field

itself may also be altered which will change the

nature of the optimal y(0) .
By expanding w(0) in a basis of (M + 1) field
free vibrational eigenfunctions,

M
W)= coby, .. (14)
m=0

flux maximization is reduced to the familiar
Rayleigh-Ritz variational optimization'® of {c, }
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through diagonalization of a (M+/ x M+ 1) matrix
F whose elements are

N, ~
Fy ={gu[Flr) =AY (v (ndn)|jly, (i),
n=0

... (15)
with Ar as the step size for the numerical time
propagationand N At =T .

The largest eigenvalue f,,, of F is the maximum
product yield (flux) and the corresponding
eigenvector {c:‘ } is the set of coefficients which
define the optimal initial wavefunction

M
y™(0)= Y 4, .. (16)
m=0
constituting the superposition that will provide the
maximum achievable product yield f,,, out of the
particular channel specified by F for the chosen
field £(¢). As in other variational calculations, the
larger the basis set size, “better" the results.
However, due to the difficulties in the simultaneous
overtone excitation of many vibrational levels, the
basis set expansion in eq. (14) is restricted to only
the first few vibrational eigenstates (only the
ground plus the first two excited vibrational levels
in our case) and so the size of the F matrix is small
(3x3) and therefore computationally trivial to
diagonalize. The solution proceeds by propagating
the full TDSE including all electronic states M+1
times from r=0 to ¢=T for each initial condition
w(0)=¢, m=0]l...,M in the basis set
expansion (eq. (14)). During the propagation, the
matrix elements F, are accumulated according to
eq. (15) to construct the time integrated flux matrix
F which is diagonalized to obtain f, and

max

¥ max (0) . The total time 7 is chosen to ensure near

total dissociation of the molecule.
In the Time Dependent Wave Packet analysis
(TDWP)* the Schrodinger equation

., 0%, (1)
H, t) =ih—=——
xxll() i a[

is solved with y, = u,,4(0) as

.. (D
the initial
wavefunction on the ¢ —rh excited state and y,, is

the transition dipole moment between the ground
(0) and the ¢-th excited state. The field free

vibrational ground state @#(0) in our case is the

optimal linear combination ™ (0). The time-
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evolution of the promoted wavefunction y,(0) is
governed by,

21(t) = exp(~iH .t/ i), (0) . (18)
and the overlap (z,(0)|x,(r) of the time evolving
wavefunction y,(¢t) with the initial »,(0) is
called the autocorrelation function.

To ensure correct branching ratio*, the
autocorrelation function is evaluated after a
sufficiently large time interval r such that the
norm of the wavefunction on different curves has
stabilized and the system population is completely
out of ‘the curve crossing region. The Fourier
transform of the autocorrelation function yields

frequency dependent partial absorption cross-
section

o(w)=Caw .[e_'("'+5"” (2@ | 2, (x+0)dr ... (19)

where C is a constant®, @ is the frequency of the
incident radiation and E, is the energy
corresponding to the initial state. The branching
ratio is given by the ratio of the sum of partial
photoabsorption  cross-sections for the two
channels.

We should however mention that the fields

employed to obtain w™ and y,** for both IBr

and HI are quite intense and since the TDWP
formulation is perturbative, the branching ratios
obtained using TDWP, in general, may not match
those using full solutions from the TDSE. It has
however been shown'® that for HI, the branching
ratios obtained as a function of field frequency
using TDSE, with v=0, v=1 and v=2 as initial states
and the same field amplitude (0.01 a.u.) are very
similar to that obtained by Kalyanaraman and
Sathyamurthy** using Heller's TDWP technique.
These branching ratios peak at different
frequencies'® for v=0, v=1 and v=2 and in keeping
with the reflection principle, v=1 and v=2
branching ratios have multiple maxima. An
effective map of branching ratios as a function of
field amplitude and frequency using TDSE can
therefore be very demanding. Also, since the

optimal linear combinations ;" and ;"

combining v=0, v=1 and v=2 are field specific,
such an exercise is not meaningful in the present
context specifically since branching ratio is only
one of the ingredients in the unfolding of the
mechanistic picture to be probed here. The TDWP
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can provide the branching ratios for a broad
frequency range from a single calculation and is
our method of choice for investigating the role of
FOIST in selective control of photodissociation.
The split-operator fast Fourier transform with
Pauli matrix propagation*** algorithm was utilized
to integrate the time dependent Schrodinger
equation in both the FOIST and the TDWP
schemes. The FOIST scheme requires a full
solution of the time dependent Schrodinger
equation including all the electronic states. In the
TDWP calculation, the optimal wavepacket

w™ (0) resulting from the FOIST scheme is

propagated only on the excited electronic states to
obtain the absorption spectrum and branching ratio

resulting from the use of ™ (0) as the initial

condition.

The results to be presented here are from
modelling of the molecules as rotationless
oscillators. For the ultrashort , pulses employed in
these calculations, the neglect of rotational effects
may be taken to be permissible, since a recent ab-
intio investigation of the photofragmentation of
HCI*® has shown negligible influence of molecular
rotation on the branching ratio. In any case,
treatment of rotational effects will increase the
computational complexities by at least an order of
magnitude’” and we have therefore found it
judicious to neglect rotational motion in this initial
application. Photodissociation of IBr'>'""*** and
HJ'6:2631-345638 have been studied extensively and
are our representative systems of choice. In the
following section we analyze some representative

w™(0) for IBr and HI to investigate the
mechanistic underpinning of photodynamic control
of product selectivity and yield.

4.2 Applications of FOIST

The Rayleigh-Ritz  variational procedure
outlined in the previous section provides the
optimal linear combination of initial vibrational
eigenstates (within the chosen manifold of M+ 1
vibrational eigenstates) that selectively maximizes
flux out of the desired channel for the photolysis
pulse of choice. Such a linear combination leads to
an altered spatial profile for the initial
wavefunction vis-ag-vis those offered by the
eigenfunctions for the individual vibrational
eigenstates. This alteration in the spatial profile has
to be at the core of the mechanism for FOIST based
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flux maximization and since changes in flux are
due to the flow of probability density, one can
understand the structural features responsible for
selective flux maximization by comparing the
probability density plots of the optimal
superpositions with those from individual pure
vibrational eigenstates and by using these field
optimized linear combinations as initial states in
the TDWP calculation of the absorption cross-
sections and branching ratios. 7
The analysis to be presented here is for
the photolysis of both IBr and HI molecules
employing a multicolour cw field of the form

2
£(t)=Az cos(w-w,,)t where A4 is the
p=0
amplitude, @ the photodissociation frequency and
w,o=(E,—Ey)/h is the Bohr frequency for
transition between the p, and the ground (0,)
vibrational energy levels. The vibrational
eigenvalues E, and corresponding eigenfunctions
¢, of the electronic ground state for both these
systems are computed using the Fourier grid
Hamiltonian (FGH) method”. A total of three
(M=2 in eqgs. (14) and (16)) initial vibrational
eigenstates @, (v=0), ¢, (v=1) and ¢, (v=2) are
considered for the superposition® to derive the
optimal  initial state for the desired
photodissociation objective. The optimal linear

combination maximizing flux out of the ]owef
channel (I+Br for IBr and H+1 for HI to be

max

labelled as 1) is denoted by w™ and y,
represents the combination which maximizes flux
out of the upper channel (labelled 2) with I+Br*/
H+1I* as the dissociation products.

The mechanistic underpinnings of the FOIST
based selective control of IBr and HI
photodissociation are further probed by the use of
w™ and wy™ in the TDWP calculation of
branching ratios ['(Br*/Br) and ['(I*/1). For the
sake of brevity, in further discussions, instead of

writing x, = o™ and g, = poyy" repeatedly

to signify the transport of the optimal wavepackets
y™ and y,™ to the excited curves in the TDWP
analysis, we will assume this to be the case when
wi™ and wy™ are mentioned as the initial
conditions. The figures labelled with w™* and

wy® will therefore have this same connotation
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that TDWP calculations have been done with
X =Howi o and  y, =, wy™as the initial
condition.

In the following subsections, we first analyse the
simpler IBr photodissociation modeled by only
three potential energy curves, two optical and one
non-adiabatic coupling is analysed first. Results
from the controlled photodissociation of the HI
molecule modeled by five potential energy curves
with three nonadiabatic and four optical couplings
is taken up in the next subsection.

4.2.1 IBr

The potential energy curves as seen in Fig. 9a,
the non-adiabatic coupling, transition dipole
moments and other systemic parameters are same
as those used in our previous work'>'?*", The

excited states B(CII}) and Y(O') are non-
adiabatically coupled and their potential energy
curves cross at R=6.08 a.u. The ground X(' Zg)

state (0) is optically coupled to both the Y(O") (1)

and the BC’II}) (2) states with the transition
dipole moment 1, =0.254,, . Our FOIST scheme
for selective flux maximization out of the
I+Br/lI+Br* channels has been studied for a range
of field amplitudes (0.01-0.1 a.u.) and frequency
(&) values (0.081-0.093 a.u. or 17770-20410 cm’
'1563-490 nm)'’. All these frequencies lie well
above the crossing point and permit dissociation
out of both the channels.

The probability density plots for the first three
vibrational states ¢,, ¢, of the IBr molecule are

plotted in Fig. 9b and the probability density
profile from the optimal superpositions " and

max

¥,
I+ Br* channels respectively for a field frequency
@ =0.087 a.u. (19094 cm™'/524 nm) and amplitude
A=0.03 au. are displayed in Fig. 9c. This
amplitude is the lowest for which almost 100%
dissociation'” occurs using a pulse length of 480 fs

which maximize flux out of I+Br and

(20,000 a.u.), followed by further propagation
without the field for another 387 fs (16,000 a.u.).
The probability density for the ground vibrational

level ¢, peaks at 4.66 a.u., that for ™™ at 4.8 a.u.
4.58 The

max

Vs at

max

wavefunction y,

and for a.u. cptimal

seems 1o maximize {iux out of
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Fig. 9 (a) Potential of

IBr.
Probabilitydensity plots for the /Br vibrational
eigenstates y,, ¢, and ¢, of ground electronic

energy  curves

(b)

curve, (¢) Probability density plots for ™ and

;" for flux maximization through I+Br and
I+ Br* channels respectively.

channel 2 (I1+Br*) by localizing the probability
density to the left of ¢, that given by the

wavefunction and ;" maximizes flux out of
channel 1 (I1+Br) by localizing probability density
to the right of the @, probability density peak.
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Though the results presented here are for a single
representative frequency, this trend of ;™

peaking to the left of ¢, and y™ to its right
persists throughout the frequency range specified
earlier. The probability density profiles for "™

and y;™ are mutually exclusive and much more
compact as compared to those from ¢,,¢, or §,.

Furthermore, the probability density profiles from
pure eigenstates @,,4, and ¢, subsume the spatial

attributes of both ™ and w;™ which explains

why selective photodissociation cannot ensue from
the use of only one of these molecular eigenstates
as the initial state.

This need for a suitable mixing of vibrational
states for selective control of photodissociation is
also seen in the optimal control theory based
calculations on IBr'> where the additional
frequency components of the optimal field
separated from each other by IBr ground state
vibrational spacings (Fig. 8), large expectation
value for the internuclear distance on the electronic
ground state corresponding to vibrational stretch
for highly excited vibrational levels of IBr (Fig. 7)
and extremely intense fields required to achieve
this (Fig. 4) in the very beginning of the control
procedure point to the same central role of initial
mixing of vibrational states in achieving selective

max

control. In our FOIST scheme, ™ and y;

represent the premixing of vibrational states
required for selective control with an additional
advantage that the photolysis pulse may be chosen
beforehand for practical convenience.

In the FOIST based selective control, it is the

w™ or the w7 which are transported to the
excited electronic states. In the case of IBr the
B('II}) state (2) is coupled four times more
strongly with the ground state g, =025z, as

compared to the Y(O") state (1). Also, the Y(O*)
state is far off resonance within the frequency band
considered by us and the amplitude transferred to
the BCII;) level will therefore be much larger

and dominate the photodissociation outcome. The
broad mechanistic details may therefore be inferred
from arguments employing the dynamics ensuing
from the evolution of the wavepacket on the

B(C’TI}) curve alone. We may therefore infer from
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the structural features of | )™ |* portrayed in Fig.
Ic that for any given frequency, transitions from
max

the initial state represented by y;
the energetically higher or steeper, more repulsive

will occur to

region of the excited B(’II}) potential energy
curve. The excited molecule described by yi™
the BCII})-Y(0O")
crossing with greater velocity and exit out of the
excited I+Br* channel compared to where the

will therefore traverse

molecule is represented by ;"™ which transfers it
to a relatively smoother region of the B(*TI;) state

potential energy curve thereby facilitating a slower
adiabatic exit out of the lower I+ Br channel.
This interpretation of the control mechanism

max

utilizing /|

max

and ;" as the initial states is

consistent with the analysis of the frequency
dependence of IBr photodissociation as a function
of the molecular radial velocity using the Landau -
Zener theory presented by De Vries et al. where
increase in photodissociation yield out of the 7 +
Br* channel with increase in frequency is well
correlated with an increase in radial velocity at the
crossing point6°. From Fig. lc, it is obvious that
|W£nax |2 and 'Wlmax |2
exclusive manner and that the optimization leads to
a significant altering of the spatial profiles to excite
the molecule to the region most suited for directing
flux out of the desired channel.

These optimal linear combinations being field
specific, a comprehensive analysis will require that
the optimizations be carried out and the structural
features of the optimal initial state be analysed for
sufficiently large number of field parameters. Such

an attempt will be extremely demanding (specially
for IBr) and the proposed central role of the FOIST
generated altered spatial profile of the initial state
to be subjected to the photolysis pulse is best
checked by the application of the TDWP method*®
which permits the calculation of absorption cross-
section and branching ratios at all frequencies from
a single calculation. The TDWP calculations for
the curve crossing problems however require that
the branching ratios be calculated from Fourier
transform of autocorrelation function
(2.1 x.(x+1)) after a time 7 such that the norm

are localized in a mutually

of the wavefunctions have stabilized for all excited
states and are completely out of the curve crossing
region®'.
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To ensure that this indeed is the case, in Figs 10a
and 10b we have plotted the norm (1[ 0] x,,(t)>

from TDWP analysis using both y,™ and y;™>

as the initial conditions. Figs. 2a and 2b present the
evolution of these norms on both the excited states

1 (Y(0*)) and 2 (B(CIT;) Jrespectively and it is
seen that the norms have indeed stabilized at the
end of 170 fs by which time the position expecta-

tion values <Zﬁ(rat)|r|Z/(rst))/<ll(t) | Zr(t)> s
with both " (Fig. 10c) and w™ (Fig. 10d) as

initial condition are well past the crossing point.
Further examination of Fig. 10c and 10d reveals
that the position expectation value on curve 1
increases gradually till the amplitude on curve 2
reaches the crossing point with a portion crossing
over to the lower r values of curve 1. This crossed
over amplitude at lower r value decreases the
average position expectation value on curve 1. A

comparison of (r){ from Figs. 10c and 10d shows

that as surmised earlier, approach to the crossing
point is indeed much faster when the molecule is

max

represented by ;5

The norm on the excited curves are well past the
crossing point and have completely stabilized by
170 fs. The wavefunction on each curve at the end
of 170 fs were therefore stored and used to
calculate the total auto-correlation functions

Z[(x,(r)lz,(r+t)) which are plotted in Figs.

11a and 11b with ™ and w3 as the initial
states respectively.

max

As can be seen from Fig. 11a, with y™ as the

initial condition, the auto-correlation function

max

decreases to zero at around 18 fs and with ¢, as
the initial condition, the fall to =zero is
approximately twice as rapid (10 fs). This is as we
would expect from the time evolution of <’>1 in
Figs. 10c and 10d discussed earlier where the
molecule when described by y;™ is placed on the
steeper part of the excited curve and rolls down
more rapidly and therefore should lose the
correlation with y;(0) much faster in comparison

with when it is represented by " . This loss of

max

correlation in case of 3 is much more complete

X

as compared to that for ™™ since the longer time
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initial condition.

autocorrelation function with y,™ as the initial
state is approximately two orders of magnitude
smaller compared to that with y|"™ as the initial

condition.
The absorption cross-section obtained using
w, " as the initial condition is smooth with only a

negligible interference pattern around 600 nm. The
absorption spectrum from "> as the initial

condition contains a series of sharp peaks
characteristic of predissociation dynamics® in the
higher wavelength region due to a slower approach

to the B(II})-Y(O') crossing. The longer

wavelength region is dominated by pre-dissociation
in the vicinity of the energy values around the

BCII})-Y(O%) crossing leading the
complicated interference pattern seen in the y,"™™

absorption profile.
In contrast, the smoothness of the absorption

to

spectrum from 3™ as the initial condition stems

from the initial placement of the )™

on the steeper part of the excited curve which
facilitates faster diabatic exit with little time for
interference. The absorption spectrum from ¢, as

wavepacket

the initial condition has also been plotted and
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with other calculated®’*?> and

experimental®**® absorption spectra for IBr. The
absorption spectra peak at the wavelengths
corresponding to, the vertical Franck-Condon

compares well

transition energies with y™, w3 and @, as the

initial states.
The branching ratios I'(Br*/Br) with ¢,

v and w3 as the initial conditions are plotted
in Fig. 13. At all energy values, I'(Br*/Br) is

much larger in magnitude with w3 as the initial
condition compared to that with @, or y"™ as the
initial condition and I'(Br*/Br) is uniformly
smaller with ™ as the initial condition as
compared to ;" or ¢, as the initial condition.

4000
Time (fs)

Total autocorrelation functions for IBr with (a) ™ and (b) w,™ as the initial

This does seem to suggest that preparation of the
initial state for a suitable photolysis pulse using the
FOIST scheme can provide selective control
through constructing appropriate linear
combination of vibrational states. The field
optimized superposition modifies the probability
density profile to enable Franck-Condon transitions
to appropriate region of the excited electronic state
potential energy curves to enable a faster diabatic

max

(y;") or slower adiabatic (") exit to

maximize flux out of the I+Br*/I+Br channel
respectively.

HI

The potential energy curves (Fig. 14a) and
nonadiabatic/optical coupling elements used for



VANDANA K AND MANOIJ K MISHRA

‘uoHIpuod

[eniur oyy se A pue LA 9 gim yim (0g) . 18) ] ones Sulouesg €1 81

(wu) Y

(ig/ 0g) I

€
000

t0°0

c00

€00

00

wnuoadg uondiosqy

‘uonIpuod
[eniur oyy se A (q) pue /A () yum 1g] 10 wnnoads uondiosqe ol gl 314
(wu) ¢
00L 0S89 009 0SS 009 Osvyr OOy O0OS
MEVELYY SHIEVWE TR DA I DL
[ T
g |
[
f
0
! ¢
3 xeuw ]
§ ]
[ M ;
- xew ]
E1g|
S | : | ! o N

GO0



INVESTIGATION AND CONTROL OF PHOTODISSOCIATION DYNAMICS

T v
035 (2 HI
; o e
o 025 -
5 o
o 0.15 |-
w L
£ 005}
c
‘d_)‘ 3
€ 005 |
L
-0.15 N ] A 0 | i 1
0 2 4 6 8
T T T 1 M
b HI
3.000 2 .
max
>
‘B
=
()
© R
>
= max 2
5 01
o]
2 A 1
\'\\l\\\l 4
4.0 45
0.25 C T T T u Hi
— 2 NTaxF © =02au. ] 3-0
3 3> g max2 A=001au. >
s 01 R \ v, | 1 @
> 4 1 5
< - 2.0©
2 o505 | z
u : =
< - s
€ 1.08
2 -0.05 |- a
a o
- 0.0
0'152.5 3.0 35 40 45
R(a.u)
Fig. 14 (a) Potential energy curves of HI. (b) Probability

density plots for the HI vibrational eigenstates v, ,
Prob-
and ;" for flux

maximization through H+1 and H+I* channels
respectively.

¢, and @, of ground electronic curve, (c)

X

ability density plots for ™

our investigation of the HI photodissociation here
are same as those utilized earlier'®***. Probability

density profiles from ¢, ¢, and ¢, eigenfunctions
included in the optimization manifold are plotted in
Fig. 14b. The 'T, ground state (labelled 0) is
optically coupled to all the four excited states °IT,,
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'M,, *Myand T, (labelled 1,2,3, and 4 respec-
tively). Furthermore, the states 3H,(l)-'Hl(Z)
T, (1)-'Z,(4) and 'I1,(2)-'%,(4) are non-
adiabatically coupled with each other, while the
*I1; state (3) has no nonadiabatic coupling with
any other state. The outermost crossing between
states 2 and 4 which will control the final flux
redistribution occurs at R=3.83 a.u. The altered
spatial profiles for y;™ and w;* from our
investigations spanning the frequency range of
0.16-0.26 a.u. (or 36000-56000 cm™'/ 285-175 nm)
are similar and we offer a representative

probability density plot of | "> |*and |y |* for
@ =0.20 a.u. (44000 cm™'/228 nm) and 4=0.01
a.u. in Fig. 14c where y;™ and y;™ once again
represent the field optimized initial states which
maximize flux out of the lower H +1 and the higher
H+I* channels respectively. The probability
density of the ground vibrational level peaks at
3.08 a.u., that for the | ™ |* maximizing flux out
of channel 1 (H+I/states 0, 1 and 2) peaks at

3.29a.u. and that for |y ™ |* maximizing flux out
of channel 2 (H+I/states 3 and 4) at 3.01 a.u, i.e,

just like in the case of IBr discussed earlier y,™* is

peaked once again to the left and ™ to the right
of the @, peak.

In Figs. 15a and 15b, we present a plot of the
variation in the individual norm ( yAGIN2 (t)) on

each excited state and also the total norm in the
H+I/H+1* channels resulting from the use of

y, and w;™* as initial states in the TDWP

calculation. As seen in Fig. 15a, with "™ as the

initial state, there is a net transfer of amplitude
from H+I* channels (states 1 and 2) to H+I

channel (state 4). The *IT? (3) has no nonadiabatic

coupling to any other state and therefore
experiences no change in the norm transferred to it.
There is a steady depletion from both states 1 and 4
into 2 initially, but within 5 fs the norm on all these
repulsive curves for this extremely light ux~m,

system is well past the outermost crossing point
(Fig. 15¢) and unlike in the case of the heavy and
slow moving IBr, the norms stabilize much more
quickly and the system covers an average distance
of 12.5 a.u. within 25 fs.
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max max

condition; position expectation values (r), on different curves of HI with (¢) ¢ and (d) y™ as

the initial condition.

Results from the TDWP analysis with w3 as
the initial condition are plotted in Fig. 15b where a
fast depletion from state 2 into both state 4 (H +1¥)
and state 1 (H +1) is clearly seen. The build up in
H + I* channel is therefore entirely due to depletion
from the more repulsive 'II,state and selectivity
will be assisted by tuning the laser to the frequency
corresponding to Franck - Condon transitions to
'T1, state. The molecule when described by y ™
has to travel greater distance but still does traverse
the outermost crossing between the states 2 and 4

faster than when described by y™ , however, due
to the low reduced mass of HI and consequently
very fast motion as also considerable overlap
between the spatial profiles of "™ and 7™ for
HI, the net change in the (r)l at 25 fs is only
marginally higher with y;* as the initial state.

At around 25 fs, the norms are well stabilized
and as seen from the position expectation value
plots of Figs. 15¢c and 15d the wavefunction is
indeed well past the outermost crossing. The total

auto-correlation functions Z’ (:(@| x,(x+1))
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with both "™ and y;™ as the initial condition

have therefore been calculated with z =25 fs and
are displayed in Fig. 16.

In the case of HI, since all the four excited
curves are repulsive, the possibility for recurrences
is negligibly small and, the autocorrelation plots in
Fig. 16 fall to zero much faster due to a quick
dephasing of the wavepacket in the co-ordinate
space. Fig. 17 contains the total absorption cross-
sections obtained from the full Fourier transform of
the autocorrelation function where the absorption
spectrum with ¢, as the initial states is once again

in excellent agreement with experimental
absorption profile for HI’, and Fig. 18 portrays the

branching ratio T(I*/1) with ¢,, v and y)™
as the initial conditions. The magnitude of I'(1*/1)
over a large frequency range is indeed much less
as the initial condition compared to that

max

with y,
from @, or y;™ as the initial conditions and the
ratio T(I*/1) with w)™ as the initial condition is
much larger than that obtained with ¢,or y™ as

the initial conditions. Hence the linear combination

Time (fs)

HI with (a) ;™ and (b) ;= as the initial

max

of vibrational eigenfunctions leading to y,
favours the formation of H + I products whereas the
linear combination w3 favours H + 1* formation

as expected from the analysis presented earlier for
IBr.

The use of FOIST, even for this much more
complicated system leads to requisite alterations in
the spatial profiles so that they peak at the
internuclear distances required to facilitate Franck-
Condon transitions to appropriate portion of the
excited state potential curves enhancing
photodissociation out of the desired channel.

Our investigation of the selective control of IBr
and HI photodissociation using the optimal
superpositions selected by the Rayleigh-Ritz
variational procedure for maximization of flux out
“of the desired channel for the chosen field reveals
that the selective maximization is effected through
localization of the probability density at
internuclear distances which enable Franck-
Condon transitions to appropriate region of the
excited states. Transfer of the wavefunction to the
more steep, repulsive part of the excited potential
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energy curves favours high velocity diabatic exit
into the higher channel. Localization away from the
repulsive wall favours slow adiabatic exit into the
lower channel. Uniformity in the results obtained
for the two fairly disparate systems investigated
here seems to confirm the utility of the FOIST
approach advocated here. The nascent mechanistic
notions  linking selectivity to  appropriate
modification of the initial state have been further
examined by an analysis of the evolution of norm
and position expectation values, autocorrelation
functions, resulting absorption spectrum and
branching ratios and this central role for modified
spatial profile in selective control provides a new
possibility for experimental exploration.

The experimental realization of the optimal
initial states is however a completely uncharted
area at this time. In an earlier paper'® we have
presented the formulae to obtain field parameters
required to achieve these field optimized initial
states and the optimal control®' approach may also
be easily and profitably employed to attain this
FOIST comprising of only three vibrational levels.

We however believe that while the theoretical
tools are useful, the central result from our
investigation is that instead of putting the entire onus
of selective control on a theoretically designed laser
pulse which may not be easy to realize in practise,
the approach where different vibrational population
mixes are experimentally obtained and subjected to
readily attainable photolysis pulses leading to an
empirical experimental correlation between
selectivity attained for diverse photolysis pulses
and initial vibrational population mix used,
represents a more promising and desirable
alternative. Our results, we hope will spur such
experimental tests and a concerted partnership
between field and initial state shaping is required to
better realize the chemical dream™'? of using lasers
as molecular scissors and tweezers to control
chemical reactions. It is our hope that the approach
advocated here will merit experimental attention
where instead of attempting selective control by

using an active field manipulating a passive
molecule in the ground vibrational state,
experiments will be planned to use a variety of
population mixes as the initial state.

The mechanistic notions rooted in our intense
field optimal control and FOIST results are
corroborated by the perturbative TDWP analysis
and thereby become accessible to easy
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experimental checks without requiring ultrashort
high intensity lasers. Should a pattern of the kind
where altered spatial probability density profiles of
the type studied here are experimentally confirmed
to lead to selective control, generation of these
profiles can be reduced to finding a suitable linear
combination of known vibrational eigenfunctions
without requiring any time dependent quantum
mechanical calculations whatsoever. In an
extremely optimistic scenario, since the profile of
the standard simple harmonic  oscillator
eigenfunctions is well known, a lot can be done by
mere inspection as well. Also, we have utilized
three vibrational states, but there could be
frequency ranges where only two vibrational states
play a dominant role and further simplification may
be obtained by examining flux as a function of
initial vibrational states for an even easier shaping
of the optimal linear combination.

In conclusion, the Rayleigh-Ritz variational
maximization of flux by generating an optimal
spatial profile for the initial wavefunction offers a
new and flexible alternative for laser assisted
selective control of chemical reactions. It is our
hope that the FOIST based approach analyzed here
will attract requisite experimentation and will assist
in keeping the dream of controlling chemical
reactions by modifying the underlying quantal
dynamics, alive, and attractive for further pursuit.

Furthermore, in the results presented from the
application of FOIST to IBr photodissociation, the
IBr dynamics has been investigated using a three
state model. There is a more comprehensive six
state model® utilized by Levy et al. for more
accurate reproduction of Raman Excitation Profiles
(REPs). It is therefore useful to ensure that the
three state IBr model utilized in our work is
adequate and dependable. Authentication of the
three state model used herein through a detailed
analysis of IBr photodissociation using Raman
Excitation Profiles (REP) is presented in the
following section.

5 Detailed Investigation of Photodissociation using
Raman Excitation Profiles: An Application to IBr

Resonance Raman spectroscopy has emerged as a
powerful and sensitive probe for deciphering the
detailed dynamics of chemical reactions®.
Resonance Raman intensities observed at different
excitation wavelengths, termed as Raman
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excitation profiles (REPs) have been shown to be
particularly sensitive to minor variations in the
underlying potential energy curves and coupling
elements controlling the photodynamics of a
syste m’ 1526465

IBr has served as a prototype for detailed
theoretical investigation and possible selective
control of photodissociation processes'2***°_ The
investigations however have employed different
sets of potential energy curves and non-
adiabatic/optical coupling matrix elements, with
the six state model of Levy et al.*’ being the most
comprehensive. The three state model employed
for optimal control'® and for FOIST based selective
contro"®'®2° of IBr photodissociation products has
however captured the essential photodynamical
features quite adequately. An even simpler three
state model with only one optically coupled excited
state and a constant nonadiabatic coupling matrix
element between the two excited states has been
employed by Guo”, who calculated both
photoabsorption spectrum and REP for IBr
utilizing a spatial grid consisting of only 512 grid
points.

Due to the large reduced mass of IBr and
importance of much slower predissociation in its
photodynamics, the wavepacket on the excited
state can be highly delocalized and most
calculations routinely employ 1024 spatial grid
points. The use of six state model for treating IBr
photodissociation, therefore, is computationally
demanding and it is desirable to investigate if the
more economic three state model is adequate to
reproduce the essential features of IBr photodyna-
mics. Since REPs are sensitive to even minor
systemic details, their calculation using both the
three and the six state models and a comparative
analysis of the results can provide a very sensitive
probe of the IBr photodissociation and may be
utilized for investigating the adequacy of the three /
six state IBr models”'.

The Time-Dependent Wave Packet (TDWP)
calculation of the IBr REPs have been carried out
earlier by Guo®’. His calculations, however,
utilized many approximations mentioned earlier.
Furthermore, the three state model of Guo gives
REPs that are structureless in the direct
dissociation (A <548 nm, the Br* +1 dissociation
limit) region, while the first order perturbation
theoretic calculations of Levy et al% yield
structures that have been utilized to deduce that the
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REPs retain the memory of the final vibrational
state.

It is therefore useful to calculate the IBr REPs
accurately using both the three and the six state
models to investigate the competing dynamic
effects from different states and to ascertain if the
more accurate TDWP calculations undertaken here
using the same states and couplings as those
employed by Levy et al® can reproduce the
structure seen in the REP in the direct dissociation
regime (A <548 nm). These calculations should
also provide a rigorous assessment of the
comparative adequacy of the more economic three
state model for IBr photodissociation, so that, if the
three state model is found to be sufficiently
accurate, it may be employed routinely to provide
substantial computational economy  without
sacrificing the essential features of the
photodynamics. In view of the strong interference
effects seen in the continuum Raman REPs®2¢366-68
and close proximity of the additional curves in the
six state model such an investigation for IBr
assumes added significance.

5.1 The TDWP method for Raman Excitation Profile

In the time-dependent wave packet method, the
Schrodinger  equation is  solved  with
|¢’(O)>= ,uo,lt/lo), where y, is the initial ground
state wavefunction and u,, the transition dipole

moment between the ground and the ¢ -4 excited
state. The time evolution of the promoted state
wavefunction is described by

| ¢I (t) >=eXp (_iHext /h l ¢I (0) >

where H, is the excited state Hamiltonian
The overlap of the time evolving wavefunction
#,(¢) with the initial promoted state wave function
#$,(0) is the
Céo(t) = (4, (0)| 4,(t)) and is a measure of how

fast the promoted state leaves the Franck-Condon
region®”**’® . The total autocorrelation function is
the sum of the individual autocorrelation functions

for different channels and is given by,

Coo() = Coo1)

Fourier transform of the individual autocorrelation
functions yields the partial absorption cross
sections™.

.. (20

38,6768

autocorrelation function

.. (2D
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o' (@) < @ jcgo (£)e" @ gy .. (22)

where @ is the frequency of the incident laser and
hw, is the energy of the initial ground state .

Total absorption cross section is a sum of the
partial absorption cross sections:

o (@)=Y o))

The overlap of the final vibrational wavefunction
(on the ground electronic state) with the time
evolving promoted state wavefunction (on the

excited state) c;o(z)=(¢_,.(0)|¢"(t)) is termed

the cross-correlation or Raman correlation
function®®*’* and for Raman intensity analysis, the
Raman amplitude a,\(w) for each channel is

obtained from the
correlation function:

. (23)

corresponding Raman

oo (@) o (il h) jc_;o(t)e“‘"*%)'dz .. %)
0

and the Raman excitation profile from the Raman
amplitude:

aly(@) . .. (@25)

with @, being the frequency of the scattered

radiation. The total observable Raman intensity
I, (@) is computed from the total Raman

amplitude, which is a sum of the partial Raman
amplitudes:

¢ 3 2 3| ¢ 2
I}4(@) = woaq (a))* = 0w |av,v0 @[ ... (26)
the
a_;o (w)corresponding to different channels resuits

I_;'o (w) = wwf

Interference among Raman amplitudes

in structures in the total Raman intensity profile.
Vibrational eigenfunctions y, and the

corresponding eigenvalues for IBr in its ground
electronic state have been calculated using the
Fourier grid Hamiltonian method*. The split-
operator fast Fourier transform (SOFFT)
algorithm*™*’ was utilized to integrate the time-
dependent Schrodinger Equation. A total spatial

grid of 14 a, (2-16 a,) was used in IBr bond length
and it was divided into 1024 equally spaced grid
points. A linear ramp (optical potential) with a
maximum height of 0.01 Hartree was set up near
the edge of the grid ranging from 14.85 a, to 16.0
a,. The wavefunction was propagated on the

excited states for a total of 8192 fs (T) in time steps
of 0.5 fs each providing a resolution (~27/T)of

5.1x10%eV.
5.2 Results from Application to IBr

Potential energy curves used for IBr [0: X 'Zw ,
1:4C1), 2: BCII ), 3: Y (O%), 4: Y (0" )and
5: B(I.)] are plotted in Fig. 19a and the

systemic parameters are those tabulated in ref. [62].
The three state model is a truncation, where only

the ground state X ‘Zm and the second and the
third excited states B(3H0+) and Y(O")

respectively are retained. To ensure a proper
comparison between the three and the six state
models, same systemic parameters for both the sets
have been used, i.e. the three state model is a
subset of the six state model. The nonadiabatic and
dipole coupling matrix elements used by Guo are
different, yet the IBr REPs reported in his work>?
are comparable to the three state results presented
here.

The autocorrelation function and cross
correlation function for the fundamental Stokes line
from the three and six state models and the
corresponding absorption spectra are plotted in
Figs. 19b, 19c and 19d, respectively. The value of

Coo(?) at =0 from the two models represents the
2

5
sum |y02]2+|y03|2 and Zl,uo,l , respectively.
=1

The Cof)(t) from both the models have essentially

the same form and decay time. This similarity
between results from the two models persists in the
case of the cross-correlation function (Fig. 19¢) and
also the computed absorption spectra (Fig. 19d).
The latter follow closely the experimental
absorption spectrum®. The absorption spectra from
the two models differ in the predissociative regime,
where, as expected, the presence of the lower lying

excited state A(’ IT,) in the six state model leads
to the longer wavelength structure missing in the
three state model.

The REPs obtained from both the models are
structureless in the direct dissociation region
(A =400-540 nm) and are reproduced only for the
fundamental in the insets of Fig. 20a. These are
however similar to each other, decrease
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progressively for higher overtones and do not
mirror the topology of the final vibrational state
wavefunctions. The REPs in the range A =540-590
nm for the overtones are shown in Figs 20b-20d.
Results from the two models differ from each
other. Those from the six state model with a larger
number of channels for the leakage of the initial
amplitude are smaller in magnitude in comparison
to that from the three state model. This assertion is
buttressed by Figs. 21a and 21b, wherein we have
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plotted the evolution of probability density for each
excited state as a function of time. It is clear from
Figs. 21a and 21b that the depletion of norm is
larger in the six state model due to the availability
of extra pathways offered by the additional states.
The six state model yields some additional long
wavelength peaks due to the presence of the lower

lying ACII,) state. The decrease in intensity of

the REP peaks from the six state model is similar to
that seen for REPs calculated by including
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Fig. 22 Partial contributions from individual excited states to the fundamental REP.

nonadiabatic coupling between the B(3HO,) and

Y(O*) states in Guo's work® in which the

presence of nonadiabatic coupling diminished the
intensity pattern when compared to the REPs
calculated without including the nonadiabatic
coupling. '
The partial REPs from each excited state in both
the models are plotted in Fig 21 and 22. They are
completely determined by the optically brightest

B(CI1,.) state in both the models. The other states

seem only to be additional outlets for funnelling
amplitude away from the brightest state thereby
decreasing the intensity of the REP peaks common

to both models. The dominant role of the B(’II o)

state is further confirmed by the partial absorption
crossection profiles plotted in Fig. 23.

The results presented here suggest that the more
economic three state model is quite adequate for
eliciting the essential features of the IBr
photodynamics. The. effect of introducing
additional states is minimal and easily understood.
The unraveling of contributions from individual

states to the fundamental Stokes REP 7/, (w) in
this work and also in that of Guo's calculations,
wherein only the B(3Hn‘) state was taken to be

optically bright indicate that the photodynamics is
largely determined by the attributes of the brightest
state and that simpler models involving the correct
electronic states could be  employed
advantageously in all photodynamic investigations.

Finally, the basic premise that Raman excitation
profiles may be used for model authentication and
for obtaining detailed insight into the dynamics of
photodissociation seems to be a valid proposition
in the light of the results presented here.

6 Summary

The detailed insights available from investigation
of photodissociation of diatomic and small
polyatomic molecules have motivated the use of
this knowledge to selectively control the outcome
of photodissociation reactions. The Pump and
Dump, the Coherent Control and the Optimal
Control schemes emphasize the design of
appropriate laser pulses for the given objective and
their weaknesses and strength have been assessed
earlier. The Pump and Dump scheme demands a
simple and compact distribution of wavepacket
amplitude on the excited potential energy surface
over the product exit channel on the ground state
potential energy surface. This remains unattainable
as the evolving wavepacket on the excited potential
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energy surface generates a very complicated
amplitude distribution over the product exit
channel and an efficient transfer of amplitude to the
exit channel by a simple dump pulse may be
unattainable. A possible alternative is to determine
the amplitude distribution in the excited PES in
advance corresponding to the desired amplitude
distribution over the product exit channel.
However, the amplitude distribution obtained from
such calculations is not easily created by Franck-
Condon transitions. Nevertheless, the Pump and
Dump calculations resulted in the seminal idea of
using a temporal and spectrally shaped field
continuously back and forth between the ground
and the excited state surfaces which finally lead to
the method of optimal pulse shaping for selective
control of products in a reaction.

The coherent control theory formulated by
Brumer and Shapiro has provided a variety of
alternative control scenarios only one of which has

been presented here. The effectiveness of the 1
photon-3 photon pathway interference based
coherent control has been demonstrated
experimentally and its intuitive simplicity is most
appealing. As shown by Gross and Rabitz”
coherent control is a perturbation theoretic
approximate of the Optimal Control in the weak
field regime. Although, product selectivity can be -
ensured, substantive yield requires high intensity
lasers and the general validity of the ‘coherent
control formulation becomes questionable.

The optimal control theory approach is
completely general and is applicable to fields of
high intensity thereby ensuring substantial yield.
The computational procedure behind the scheme is
however extremely demanding. It requires the
forward and the backward solution of TDSE and
also a similar equation for the Lagrangian
constraint function coupled to an iterative
optimization of the objective functional76 where -
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these demanding tasks needs to be performed many
many times (55 times for IBr) for each objective.
At the end of this demanding procedure, the
optimal field obtained is very often of a shape and
intensity which cannot be reproduced in the
laboratory.

It therefore becomes most desirable to search for
alternatives which are as general in their
applicability and yet can deliver similar selectivity
and yield using laser attributes which can be easily
obtained in ordinary chemical laboratories. We
hope that the results presented here portray FOIST
as an alternative that fulfills these demands. Results
from the selective control of IBr and HI
photodissociation using the optimal superpositions
selected by the Rayleigh-Ritz variational procedure
for maximization of flux out of the desired channel
for the chosen field confirms the utility of the
FOIST approach advocated here. The results
demonstrate excellent selectivity with mutually
exclusive range of field parameters for maximizing
the products from competing channels and at the
same time ensure almost total dissociation'®!’. A
detailed analysis of these results seems to link
selective maximization to localization of the
probability density at internuclear distances which
enable Franck-Condon transitions to appropriate
region of the excited potential energy curves.
Transfer of the wavefunction to the more steep,
repulsive part of the excited potential energy
curves favours high velocity diabatic exit into the
higher channel. Localization away from the
repulsive wall favours slow adiabatic exit into the
lower channel. These new mechanistic notions
advocating  selectivity due to appropriate
modification of the initial state have been further
examined by an analysis of the resulting absorption
spectrum and branching ratios using the TDWP
analysis and this central role for modified spatial
profile in selective control verifies the same
centrality to initial state modification envisaged in
our earlier discussion of the IBr results from the
application of the optimal control theory.

The experimental realization of the optimal
initial states however deserve more detailed
attention. Formulae to obtain field parameters
required to achieve these field optimized initial
states have been presented elsewhere'® and the
optimal control approach'>*#' may also be easily
and profitably employed to attain this FOIST
comprising of only three vibrational levels. The
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Parametric Equations of Motion (PEM) for time
dependent Schrodinger equation also provide an
economic map of vibrational population as a
function of field parameters’® and PEM too may be
harnessed for this task. While the theoretical tools
mentioned here may be easily utilized for this
objective and perhaps even better theoretical
techniques can be designed to achieve this FOIST,
We believe that simple interpretation of the optimal
coefficients as being indicative of population ratios
is perhaps easier to check experimentally and
should be the preferred choice for further
exploration. Our results, we hope will spur such
experimental tests and instead of a passive
molecule being manipulated by an active field, a
concerted partnership between field and initial state
shaping advocated here will assist in expediting the
use of lasers as molecular scissors and tweezers to
control chemical reactions. At this stage of
development, however, what would serve the
purpose better is an experimental test of the ideas
presented here and hopefully the detailed
demonstration of its promise will stimulate
expeditious experimental investigations.

The use of REPs in detailed investigation of
photodynamics is another promising extension
presented here. The validity of various sets of
potential energy curves and functional forms of
non-adiabatic coupling/optical coupling used and
the details of the dynamics of IBr photodissociation
are probed effectively by calculating the Raman
Excitation Profiles. The results presented confirm
that the economic three state model is quite
adequate and the REPs provide very detailed
insights into the dynamics of IBr photodissociation.
The individual contributions of the different curves
for the fundamental Stokes line reveals that the
dynamics of IBr photodissociation is largely

determined by the B(3H0,) state. The structure-

lessness of the REPs below 540nm indicates that
the REPs are influenced by the long time features
where the correlation is lost due to the difference
between the initial and the final probability density
patterns. Finally the results confirm that Raman
Excitation Profiles provide an exciting new tool for
comprehensive probe of photodissociation models.
In conclusion, we see that the photodissociation
of small molecules displays a richness of quantum
effects replete with details which have fueled the
dream of using lasers with appropriately designed
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attributes to cleave bonds selectively. In this review
we have tried to present an overview of some of the
more promising approaches to this fascinating and
critical chemical goal of providing only the desired
products without any trace of unwanted fragments
which could be toxic and/or difficult to extricate.
The experimental results adduced here are bound to
provide further fillip to the dream of using lasers as
molecular scissors. While none of the approaches
reviewed here can promise universal applicability,
it is our hope that the examples with emphasis on
use of easily available lasers will motivate new
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