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Research Accomplishments
We continue research on our method of coherent radiative control of chemical reactions,
extending the general theory and theoretically designing laboratory scenarios for displaying
control. We have, during the course of this grant period, done several seminal pieces of
research which both extend the theory and provide the basis for considerably greater
advances in the near future. Particularly notable successes during this research period

include:

a) the successful demonstration of extensive control in IBr photodissociation using both

a three photon + one photon scenario!+? as well as a pump-dump scenario?;

b) the development of a theory of the interaction of molecules with a partially coherent

laser source? and examination of the extent of control under these conditions!?;

c) controlled asymmetric synthesis: the demonstration that coherent control can be

used to obtain chiral molecular products from achiral initial precursors®:!6

d) the development of a cw laser scheme which allows for controlled cis-trans isomerization®;

e) the first successful computation of control in a chemical reaction (here H+OD~DOH—

D+OH) which forms two chemically distinct product arrangments!?;

f) the development of a resonant 2-photon plus 2-photon scheme which allows for the
control of chemical reactions in a thermal environment and eliminates other uncon-
trolled contributions3®. Successful demonstration of control over two and three!l

product channels in the dissociation of Nag;




g) the development of a semiclassical method for computing photodissociation in mul-

tiparticle systems!4 and successful tests on a simple photodissociation model; and

h) the determination of conditions under which total control can be achieved in the

N-level problem!? under weak field conditions.

In addition, work has begun on a number of new coherent control problems which serve
as the basis for our proposal for continued funding.

This report provides a very brief sketch of results obtained; the accompanying preprints
and reprints should be consulted for further details. We also note, later below, the appear-
ance of several experiments which have verified the essential principle of coherent control
in the one product channel case. Further experimental work, motivated by theoretical

developments, are in progress at various institutions.

A. Simultaneous w3, 3w, FEzcitation:

We have pljeviously shown that photodissociation of single bound state by excitation
with frequencies w3 and 3w,, where 3w, = hwj, affords a method of doing control [M.
Shapiro, J.W. Hepburn and P. Brumer, Chem. Phys. Lett. 149, 451 (1988)]. Theoreti-
cally, control arises through the quantum interference induced between two optical routes
controlled by different transition operators, i.e. the one photon p and three photon T

operators. Here T is defined as
T = (él '/J')e,g (E; — Hg + 2h“¢’)-—1 (€4 'l‘)g,c (E; - He + h""’)—l (&1 'l")e.g ’

where H,, H. are the ground and excited state Hamiltonians, £; is the unit vector in the

direction of the electric field and E; is the energy of the initial bound state | ¢; ). In this




instance the probability P(E,g¢) of observing a product at energy E and in arrangement

channel ¢ is given by:

P(E,q) = (5’35 n H¥ T IEs- m)egl 00)* + e§ 5, (07 I T 03))2
— 2e3¢3 cos(f3 — 36 + 69 FD| ]

with the amplitude F'J and phase 8% defined by:

|FS1e98 = S (6 |TI 0B, myq) ™) (W(E,m,0) " (€3 1 )egl 61)

n
The first and second terms in P(FE,q) give one photon and three photon dissociation
probabilities with fields of intensities ¢4 and €4 whereas the third term arises from the
quantum interference between these two processes. The latter term affords experimental
control over P(E,q). Specifically, by experimentally manipulating the laser electric field
amplitudes ¢, €3 and relative phase of the lasers 83 — 36;, one directly alters P(E, q).

To ascertain the extent of possible control in realistic systems we computationally
examined!'? coherent radiative control in the photodissociation of IBr, which produces I
+ Br and I + Br*, using high quality potential surfaces and fully quantum mechanical
photodissociation methods. Results showed that an extremely wide range of control (25%
to 95%) could be achieved by varying the relative laser phase and intensity over a modest
range. Such control was also maintained for high J states (J = 42), despite the required
extensive averaging over 85 Af; states. In this regard, also of interest, was the observa-
tion that the dependence on control parameters (relative laser phase and amplitude) is
relatively independent of the J values.

The fundamental principle of coherent control, as manifest in this 1 + 3 photon sce-

nario, has now been demonstrated experimentally [C. Chen, Y-Y. Yin, and D.S. Elliott,




Phys. Rev. Lett.,84, 507 (1990); S.M. Park, S-P. Lu, and R.J. Gordon, J. Chem. Phys. 94,
8622 (1991); B.A. Baranova, A.M. Chudinov and B. Ya Zel'dovitch, Opt. Comm., 79,

116 (1990)]. Extensions to include more than one product channel are being planned by

a number of experimental groups. e

B. Pump-Dump Control in IBr Photodissociation:

Whereas the 143 photon scenario described above relies upon the interference at a
fixed energy induced by two different CW fields, an alternative approach [M. Shapiro
and P. Brumer, J. Chem. Phys. 90, 7132 (1989)] utilizes a pulsed laser to prepare a
superposition of two or more bound states and a subsequent dump laser to carry the system
to dissociation. Interference is induced in this scenario by the multitude of frequencies
within the second pulse which carry each member of the superposition to the same range
of continuum energies F.

In the general case the initial excitation pulse €;(t), creates a linear superposition state
in the excited state and the temporally separated dump pulse €;(t) brings the system to
the regime wherc products are energetically accessible. The state prepared after the €,(t)

is given in first order perturbation theory by:

|d>(t)) = |Eg )e-iEgt/h + chl E; )e—iE,z/ﬁ

J

with
¢j = (V2r[ih){ E; p| Bg )ex(wig) = djex(wjg)
where w;, = (E; — E;)/h, the excitation frequency to level | E;) from the ground state

| E4) and where d; is defined by the second equality. Note that ¢.(w) or €4(w) denote the

Fourier transform of the respective laser pulse.




Subsequently, the system is subjected to a €4(t) and perturbation theory, plus the rotat-
ing wave approximation, gives the probability P(E, gq) of forming product in arrangement

channel ¢ at energy F as

P(E,q) = (2r/R*) Y| ¢; (E,n,q" |u| E; ea(wg, )I?
no

where wgg, = (E — E;)/h and ¢; is given above.
Expanding the square gives the canonical form:
P(E.q) = (21/h*) Y eic}ealwrE, Jei(weE, Jul”)(E)
ij
= (27 /R Y didjes (wig)ex(wjg)ea(wEE, )i (wEE, i) (E)

iy

Here uf

f'j)(E) =(E,n,q" |p| E;){ E;|p| E,n,q” ). An examination®! of the expression
for P(E,q) shows that the laboratory control parameters are the time delay At between the
pulses and the coefficients ¢; of the initially created superposition, controlled via properties
of the initial excitation pulse.

Essentially this approach, in which a few states are excited by €,(t), emphasizes quan-
tum, rather than classical, characteristics, and encodes coherence in a minimum of states,
allowing for the use of pulses in the convenient picosecond and even (for polyatomics)
nanosecond range.

We have recently® utilized this icchnique to control Br vs Br* production in the pho-
todissociation of IBr. Specifically, the coupling of the electronic and nuclear angular
momenta in the 'S+ and 311, electronic states results in closely spaced (1 c¢m~!) bound

state levels. Pumping from the ground electronic state to form a superposition of a pair of

these states, and subsequently pumping to the continuum above the Br* threshold allowed
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for control over Br vs Br* yield. Indeed, by varying the time delay between pulses and
the central frequency of the excitation pulse \.ve were able to obtain yields ranging from
1% Br* to 96% Br*. i.e. almost total product control. Since pulse durations and delays
were computed to be in the 10 picosecond region this appears to be an experiment which

can readily be carried out with current technology.

C. Partially Coherent Sources:

Phase coherence, of both the laser and the molecule, are central to the success of
our interference based control approach. That is, the quantum interference necessary for
control relies upon a combination of the known molecular phases and the known laser
electromagnetic field phases. However, real systems often display partial, rather than full
coherence properties, i.e. the state of the molecule or laser is described by a density matrix
rather than a wavefunction. This being the case, it is important to analyze the extent
to which control survives the introduction of both molecular and laser phase incoherence.
[Alternatively one may design schemes which bypass the phase incoherence effects-see M.
Shapiro and P. Brumer, J. Chem. Phys. 90, 6179 (1989) and the technique in Section
G below.] Having previously provided a method for analyzing the effects of dephasing
collisions on control [M. Shapiro and P. Brumer, J. Chem. Phys.90, 6179 (1989)] we have
now examined!3 the effect of laser incoherence on the pump-dump control scenario. The
approach follows directly from the pump-dump treatment above, in conjunction with a
phase diffusion model [X-P. Jiang and P. Brumer, J. Chem. Phys. 94, 5833-5843 (1991)]

of the pulsed laser. Under conditions where the laser is partially coherent the expression

11




for P(E, q) becomes
P(E,q) = (21/h*) Y did} < €x(wig)ei(wjg) >< ealweE, JeiwEE,) > n)(E),
1
with the frequency-frequency correlation functions for the assumed Gaussian excitation

pulse given by

2
< exlwr)ex(wn) >= ——€’°;’T‘e«wz—wx>tze—f3<w-~x>’/8e—ff<wz+~l-M’/S,

where

T.r = TITIC/(rlz' + T.?c)l/z'

A similar expression applies to the dump pulse. Here 7, is the duration of the excitation
pulse, with center at time t, and intensity €2, and 7. is the correlation decay time of
the excitation pulse. Integrating over energy to collect all product produced by the pulse
produces P(q). The structure of P(q) now shows exponential decay of both the direct
(¢ = j) photodissociation probabilities as well as of the interference term between paths
(i # j), with the decay rate determined by the incoherence of the pump and dump
pulses. However, a generalized Parseval Equality which we have obtained'?, valid under
well defined conditions, shows that the coherence characteristics of the latter are far less
significant than those of the former.

Computational studies’® on the decay of a model DH; system, where the excitation
pulse produced superpositions of pairs of states as well as large numbers of states, indicated
that control could be maintained for pump pulses whose coherence was better than r./7 <
2 to 3, a range which precludes control with typical nanosecond laser pulses but allows

control for typical picosecond incoherences. Computational results also made clear that
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the degree to which control can be maintained in the presence of partial pulsed laser
coherence is a strong function of the molecular transition matrix elements, suggesting
that examination of specific systems of interest using the derived formalism is a worthwhile

endeavor.

D. Controlled Photon Induced Symmetry Breaking; Asymmetric Synthesis:

Asymmetric synthesis has served as a goal for chemists since the time of Louis Pasteur.
The goal of aLsymmetric synthesis is to produce a specific molecular enantiomer, as distinct
from its mirror image (e.g., to produce the dextro, rather than levo, form of a molecule).
As a consequence of intense research interest a number of schemes have been proposed;
all require the use of some chiral precursor, such as a chiral catalyst or chiral reactant.

A number of efforts have been made to utilize photoexcitation to perform asymmetric
synthesis but these tended to rely upon very small high order perturbation terms in the
molecular Hamiltonian. Recently> we have shown that it is possible to selectively enhance
the yield of a desired enantiomer by using coherent control applied to the photodissociation
of meso-type molecules, i.e. ABA’ where A and A’ are enantiomers. Here ABA’ dissociates

as:
A + BA’ — ABA’ - AB + A’

In essence we utilize a pump-dump scenario in which the pump prepares a linear
superposition of a nair of selected bound states, followed by a dump pulse. Such a scheme,
we showed, allowed for selective production of one enantiomer (e.g. A) over another
(A’). This remarkable result uses linearly polarized light and requires only that the final

products be separated in a weak magnetic field so that control can be achieved by taking

13




advantage of the (previously unrecognized) difference in total cross section for producing
A+BA’ in an specific M; state and AB + A’ in the same M; state. Numerical results on a
model system confirmed these predictions. Work is planned on methods of removing the

requirement for a weak magnetic field through a focus on the differential cross section and

on the possiblity of doing chmistry on surfaces where the selection rules differ.

E. Control of Cis-Trans Isomerization:

The underlying principles of quantum scattering theory make clear that the essence of
control lies in the character of the stationary eigenstates of the Hamiltonian. As such it
deemphasizes ideas such as rapid time dependence competing with time scales of nuclear
motion?! or the explicit role of pulse time scales in the control of reactions. To make clear
the extent to which control may rely solely upon stationary properties, and to consider the
important case of control of cis-trans isomerization, we proposed a control approach based
on differences in cis-trans stationary eigenfunctions®. Specifically, a nanosecond laser is
used to excite a molecule from the cis (or trans) configuration to the excited electronic
state. A second laser is then used to deexcite the system to an eigenstate of the trans (or
cis) Hamiltonian. Since the energy eigenvalues of the cis and trans configuration differ,
selective product yields are possible. Conditions on the molecule and laser under which
such a scenario would be effective were determined and successful control was displayed

using a model of Stilbene isomerization.

F. Control over Chemically Distinct Products; The Photodissociation of HOD:
~ The ability to control chemical reactions is of vital interest to the chemistry community,

where product channels differ by atomic arrangement: e.g. product AB + C as distinct

14




from product AC + B ir the decomposition of ABC. Current quantum mechanical methods
for treating photodissociation are, as yet, incapable of handling such cases. For this reason
we have suggested, as part of our proposed research, continuing studies into quantum and
semiclassical methods for photodissociation.

Despite this state of affairs, the particular system

H+ OD — HOD — D + OH

is amenable to computation at energies where the two channels may be realistically treated
as decoupled [M. Shapiro in “Mechanisms for Isotopic Enrichment in Photodissociation
Reactions”, ACS Symposium Series, ACS Books (1991)]. The system is also of great
interest because control over HOD decay presents a particularly serious challenge to control
schemes since the two product channels differ only in mass factors, with the potential
surfare in both channels being identical.

We have carried out a detailed computational study of control over HOD photodisso-
ciation 19 using the pump-dump scenario. The initial excitation was assumed to prepare
superpositions of a pair of bend and stretch modes in the ground electronic state and the
subsequent dump lifted the system to the excited electronic B state. Results indicated
that there was substantial control associated with variations of the frequency of the pump
pulse and somewhat less control associated with variations in the time delay between
pulses. The origin of the former was clearly in the natural preferance of the two individual
pumped states to photodissociate to HO + D and DO + H, respectively. The latter, an

indication of true quantum interference based coherent control, showed variations in the

yield over a range of 10%. Although this yield is not substantial it is impressive for a case
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such as HOD where product channel differences are slight and bodes well for the future
of control in systems with distinct chemical arrangements characterizing different product

channels.

G. Control in Thermal Environments; 2-Photon + 2-Photon Interference:

Coherent control is based upon quantum interference. As noted above, to maximize
such control both molecule and laser field should ideally be in a pure state since molec-
ular and optical phases both play a crucial role. Incoherence effects leading to a mixed
initial matter-photon state, such as partial laser coherence or an initially mixed molec-
ular state, degrade control. As a consequence, all but one [M. Shapiro and P. Brumer,
J. Chem. Phys. 90, 6179 (1989)] of our previous coherent control scenarios were limited
to isolated molecules in a pure state, e.g. molecular beam systems. In a recent study®!!
we showed that it is possible to maintain control in a molecular system in thermal equi-
librium by interfering two distinct resonant two-photon routes to photodissociation. In
particular, the resonant character of the excitations insure that only a selected state out of
the molecular thermal distribution participates in the photodissociation. Hence coherence
is re-established by the excitation and maintained throughout the process.

The proposed control scenario also provides a method of overcoming loss of control
due to the to phase jitter in the laser source. That is, consider the two two-photon routes,
the first consisting of excitation with 2w and the second of excitation with w_ + wy =
(w=8)+(w+4). If, we assume that both w_ and w4 are produced by passing 2w through a

nonlinear crystal, then the phase difference between the two excitation routes is a constant,

independent of jitter in the initial frequency w laser. Thus, effects due to phase incoherence
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in the source are minimized. In addition, we have also shown that this approach allows
the reduction of contributions from uncontrolled ancillary photodissociation routes (such
as w + wy, etc.), substantially increasing control.

Computational results on the multiproduct photodissociation of Na,:

Na; — Na(3s) + Na(4s)
— Na(3s) +Na(3p)

— Na(3s) + Na(3d)

show a wide range of control over the two possible products at lower energy and the three
products at energies above the Na(3s) + Na(3d) threshold. To compute these results
required the development®, and computational implementation, of a theory of resonant
two photon dissociation.

These results, we believe, consitute a major advance, providing a scenario eliminating
three major incoherence effects and defining a method for controlling molecular reactions

in natural environments.

H. Semiclassical Propagation for Photodissociation:

Since quantum mechanics will, in the foreseeable future, be limited to small molecules,
we began to examine possible classical and semiclassical methods for treating laser con-
trolled photodissociation.

Classical and semiclassical methods have been highly successful in providing both qual-
itative and quantitative results on unimolecular and bimolecular heavy particle reactions.
Our interest is in light-induced reactions and simple classical trajectory methods have

also been applied in such cases, e.g. to compute photodissociation cross sections. How-
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ever, the methods which have been developed are not directly applicable to control since
simple photodissociation calculations only require the computation of probabilities such
as P(E,n,q) = | < Eju|E,n,q= > |>. Here P(E,n,q) is the probability of forming
a final state at energy E in an arrangement channel labeled ¢ with quantum numbers
n. Here the ket |E; > is an initial bound state at energy E; from which photodissoci-
ation occurs. By contrast with such calculations, coherent control of chemical reactions
requires both the magnitude and phases of complez matrix element products such as
< Ep|E,n,q” >< E,n,q"|¢|E; >. We have begun to develop semiclassical methods to
compute these types of quantities.

The essential difficulty in computing photodissociation amplitudes semiclassically arises
from the “trajectory root search” problem in classical S-matrix theory, i.e. the requirement
to locate classical trajectories which are defined by boundary values at both initial and
final times. Such a requirement leads, for polyatomics, to multidimensional root searches
in a virtually intractable two point boundary value problem. This deficiency was recog-
nized early on by W.H. Miller but one solution, the so-called Initial Value Representation,
in which required trajectories were specified by initial values, led to highly oscillatory
integrands, and hence an equally intractable approach.

Motivated by the need for an efficient semiclassical method for photodissociation am-
plitudes we recently recently reexamined the initial value problem for inelastic scattering
[G. Campolieti and P. Brumer, J. Chem. Phys. 96, 5969 (1992)]. Specifically, we obtained
both a useful formal initial value representation for inelastic and reactive scattering as well
as an efficient numerical method for handling the oscillatory integrands which arise in this

approach. These results motivated further consideration of the initial value representation
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for photodissociation computations and hence for control over chemical reactions.

Thus far we have obtained an initial value representation for the required amplitudes, as
described below, and tested the method on a model uncoupled photodissociation problem.
Further work on this method is part of our current proposal for continued support.

The essence of our proposed approach is readily summarized. Consider photodissocia-
tion to a single product arrangement channel, allowing us to supress the g channel label.
The required photodissociation scattering amplitude may be written in terms of the Moller

Wave Operator Q(7) as:
(WOAE ) - €)= (E,n1Q7 (1) i) - (1)

Our asymptotic equivalence approach [G. Campolieti and P. Brumer, J. Chem. Phys. 98,

5969 (1992) and Ref. 14] provides a means of obtaining an initial value representation for

the Moller Wave operator, for an N degree of freedom system, resulting in the form!*

. = 1/2
(1R [) = (=2ih)=3N/2 [ dgydpy [det( £ (g1, pr. T))]

exp { £(®(T) + A D)WT) - #4] - alpr - pi))}

Here q,p are 3N canonical coordinates and momenta, T is a time after dissociation is over

(2)

and ¢ = q — £t and the classical action ®(T) is given by
m

T
(1) = [ {a(¢) = ZpENHE) +V*(al)HED) Y . (3

The quantities ¢(t'), p(t') are obtained from trajectory dynamics with initial conditions
¢1,p1 and V? is the scattering interaction, i.e. the full Hamiltonian H minus the asymptotic
channel Hamiltonian Hy. Note that Eq. (2) implies an integration over all trajectories
with initial conditions p;,q;. Unlike the classical S-matrix approach, p, is a parameter

and not final trajectory (target) conditions.
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Inserting the integral representation for the propagator into Eq.(2) gives the convenient

expression [with ¢(T) = G(q,.p1,T))

PO (- O wuN)) = (2nh)™N [ dgy [ dpy [det (B0 (u(an) - 09 (1)

x exp { (®(T) + q(T) - [AT) - p5] - a1 - p1)}
(4)

Note the simplicity of the expression insofar as one initiates trajectories in phase space
and propagates them to dissociation, carrying the appropriate semiclassical phase. The
interference between them is automatically taken care of in the integration and there is
no need to do any root searches.

Preliminary tests of this method have been performed on a model system consisting of
IBr dissociation on uncoupled diabatic potential energy curves. The results obtained with
a single classical trajectory per E were found to be highly accurate and further work on

this method is contained in our proposal.

I. Complete N-Level Control:

Attempts to maximize the yield of a particular channel have utilized optimal control
theory techniques to find laser pulse shapes which optimize the desired yield”. The resul-
tant pulses are highly structured and the problem computationally complex insofar as the
high fields considered result in a complicated nonlinear optimization problem.

Recently!? we examined the case of yield optimization in the weak laser pump-dump
scenario and have determined conditions under which complete control over populations
is possible. Specifically, we have considered the case where the pump prepares a superpo-
sition of N bound state levels which are then photodissociated by the dump pulse. The

result, an extension of our theorem for complete control with N=2 [P. Brumer and M.
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Shapiro, Chem. Phys. Lett. 128, 541 (1986)}, shows that complete control is possible
when (a) the continuum absorption spectrum is composed of a series of sufficiently-narrow
resonances, and b) that the photodissociation process is a non-factorizeable one, i.e.,
it cannot be broken up to an excitation process (of a “bright” state) and a dissociation
process (to a set of “dark” states).
This important prediction motivates further studies on the linear optimization scheme
which paper are included in our proposal for future research.
Additional Work in Progress
In addition, two other major studies have been initiated, one on coherent control on
surfaces?® and the other on control in high fields?”. Both form major components of the
research which we propose in our request for renewal of this grant. They are therefore

discussed there in detail.
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We show that simultaneous one- and three-photon photodissociation of IBr can be used to
control the relative product yield of ground and excited state Br atoms. The control attained is
substantial insofar as it is possible to vary the Br* yield over the range of 25%-95%, even for a
high J case which involves extensive averaging over M, states.

I. INTRODUCTION

Controlling the yield of molecular reaction using lasers
has been a longstanding goal in chemical dynamics. Early
laser-based attempts at control relied either on the frequency
resolution of lasers to locate a frequency which maximizes
the yield, or on the use of high power lasers to alter the
dynamics. Both methods suffer from severe drawbacks; the
former depends on the chance existence of a favorable
branching ratio and the latter requires extremely high pow-
ers which make it impractical. In addition, both of these
methods are passive in the sense that the yield is primarily
determined by molecular properties and cannot be con-
trolled by experimental design.

Recently, we proposed a theoretical approach for active-
ly controlling the yield using low power lasers'-? which is
based upon the following general idea. Suppose that we in-
voke two simultaneous coherent paths a and b to get to the
products. Under these circumstances the probablhty P of
producing products is given by

P=|4,+ (4,42 +A24,) +\4,% (D

Here 4, is the probability amplitude of obtaining products
through path /, so that |4, |? and |4, |? are the probabilities
for independently obtaining products from path a and path
b. The second term, the cross term, can be positive or nega-
tive and arises from the quantum interference between the
two paths. If both paths a and b lead to more than one prod-
uct channel then the branching ratio R, for channels g and
¢’ is of the form

R,
_ |AL‘”[2+(A“,"A‘,”° +A:"‘AL")+|A£”|2
= |A ‘('.,)Iz + (A :")A (bp). +A:""A (b")) + IA "')P'
(2)
Here, 4 ¥ is the probability amplitude for obtaining prod-

ucts in channel ¢ from path a and other A4 quantities are
similarly defined.

To have active control over the product distribution
means that one can experimentally manipuiate the magni-
tude of the numerator or the denominator in Eq. (2). Thus,
if one can design an experimental scenario such that by vary-
ing laboratory parameters one varies the sign and magnitude
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of the cross term, then one gets control over product distri-
butions and product yields. We term this overall approach,
which relies upon coherence and the use of interference
between a minimum of two paths, coherent radiative con-
trol.' Alternate methods, based upon time dependent wave
packet approaches, have been developed by others.’

We first implemented these general principles in an ex-
ample of one-photon dissociation of a superposition sta-
te.!!¥-19) Specifically, we suggested preparing and dissoci-
ating a superposition of two bound states. In this case, the
dissociation from two components of the superposition state
were the two required simultaneous independent paths and
the cross term, essential to control, arose from the interfer-
ence between them. Our computational results' showed that
the cross term could be manipulated to give a vast range of
possible control, by experimentally varying the combined
phases and amplitude ratio due to the lasers used to prepare
the superposition state and to dissociate the molecule. Ex-
perimental verification of this particular implementation of
coherent control may be realizeable through the use of non-
linear optical techniques.'"’

Subsequently, we proposed a number of other experi-
mental routes for achieving coherent control.'(4>-!%>2 A
number of these involve dissociating a single eigenstate,
rather than a superposition state. For example, in one ca-
se'™ we obtained active control over differential cross sec-
tions with a single laser frequency of variable elliptic poiar-
ization. Here dissociating the molecule via the two
orthonormal components of the polarization vector act as
the two simultaneous coherent paths and the interference
between them provides the cross term for control. Experi-
mental control over the branching ratio is obtained by vary-
ing the phase difference and the degree of elliptical polariza-
tion of the incident light. Another scenario,’ of particular
interest to this paper, uses two lasers of frequency @, and
wy = 3w, to simultaneously dissociate an initial eigenstate.
The resulting one- and three-photon dissociation routes cre-
ate the necessary interference for control. The product yields
may be controlled by varying the relative phases and the
amplitudes of the », and w, lasers.

Recently, an experimental verification of this effect, us-
ing three- vs five-photon absorption in the ionization of Hg,
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has been published.* In this experiment, control of only a
single channel, i.e., the ionization process itself, has been
demonstrated. In addition, the effect was also confirmed the-
oretically in the strong field limit.*

Previously,” we developed the general theory of control
via one-plus-three photon dissociation but provided no com-
putational study to assess the range of control afforded by
this route. Here we apply this simultaneous (w,.,) excita-
tion method to control the dissociation™® of IBr to either
ICPy,;2) + Br(°Py.,) or I(*P, ;) + Br*(*P, ,) and demon-
strate extensive control over product yield. For example,
photodissociation of IBr with A < 526 nm is known’%'° to
yield Br*(°P,,,) almost exclusively, ie. (Br*(*P,,)/
Br(‘P,,;) = 3-4). However, as demonstrated below, simul-
taneous (w,,w,) excitation allows us to easily reverse this
trend to obtain predominantly Br(?P,,,).

This paper is organized as follows. In Sec. II, we sum-
marize the implementation of coherent control via one-plus-
three photon dissociation. Application is made to IBr disso-
ciation in Sec. III and numerical results for yield control in
IBr are presented in Sec. IV.

Il. ONE-PLUS-THREE PHOTON-INDUCED
DISSOCIATION

We briefly summarize the one-plus-three photon imple-
mentation of coherent control.? Consider an isolated mole-
cule 4 which dissociates, upon excitation to an excited elec-
tronic state at energy E, to several possible chemically
distinctarrangement channels (e.g., B + C,D + F ), labeled
g =1.2,... Let H, and H, be the nuclear Hamiltonians for
the ground and excited states, respectively, and |E,) be the
ground eigenstate, i.e., H, |E,) = E,|E;). (In the computa-
tional section below the notation | E, ) is expanded to include
the angular momentum quantum numbers. They are left out
here for simplicity.) We define | E,n,g~) as the continuum
eigenstates of H, which satisfy incoming boundary condi-
tions, i.e. |E,n,g~) goes asymptotically to the product state
described by quantum number n, energy E and molecular
arrangement q.

The molecule, initially in | E, ), is subjected to two elec-
tric fields given by

€(t) =¢,cos(wt+k,"R+8,)
+ €;cos(wyt + k'R + 6,). (3)

Here w, = Jw ¢, = €,&,,/ = 1,3; ¢, is the magnitude and &,
is the polarization of the electric fields. The two fields are

|

- P(Eg.E,) _ d’”}" - 2‘3": cos(6; - 36, + 5\ |F\P| +&F”

chosen parallel, with k, = 3k,. Excitation with the first and
second electric field provide the two simultaneous paths to
the dissociation products. As discussed in Sec. I, the proba-
bility P(E,q;E, ) of producing product with energy £ in ar-
rangement g from a state i£, ) is given by the probabilities
P,(E.g;E,) and P,(E,q.E,) due to the », and w, excitation,
plus the cross term P,,(E.q;E,) due to the interference
between the two excitations

P(Egq.E,)
= Py(E.q;E,) + P,(Eg;E,) + P(EqE)). (1)

(We adhere, throughout this paper, to the (initially confus-
ing) nonlinear optics convention that the subscript 3 denotes
the tripled photon and hence induces one-photon photodis-
sociation. Similarly, P, and w, relate to the three-photon pro-
cess. ]

In the weak field limit,'"'* P,(E,q;E, ) is given by

2
PAEGE) =(Z) & S (Eng |6y ENE (9

Here p is the electric dipole operator, and

(&), = (e|&;plg), (6)
where |g) and |e) are the ground and excited electronic state
wave functions, respectively. Assuming also that E, + 2%,
is below the dissociation threshold, with dissociation occur-
ing from the excited electronic state, P,(E,g;E, ) is given in
third order perturbation theory by?

2
PUEGE) =(Z) & SUEng ITIEN (D)

with
T = (& 'R), (E - H + 20,
X (& W)y (E, — H. +fw)) "' (&-p),,. (8)
A similar derivation? gives the cross term in Eq. (4) as
P (EGE)

2
= — ) el cos(6,~ 36, + 6DUFIY 9)
with the amplitude |F|7’| and phase §{¢’ defined by
|F\9lexp(i6}$")
= z (E,|T|E,Il.q°)(E,n,q'[(i,'p.)“[E,). (10)

The branching ratio R, for channels gand ¢', can then
be written as

(1

" T P(EQIE) EF 26,6 cos(8, - 36, + 84 )|F| +&F

where
Fio (ﬁ)z P,(EgE) Fo (ﬁ)z P(EqE,)
) =R m— —— 1 = § e— e —
T é r e

1]

(1)

with F{?’ and F|"’ defined similarly. Next, we rewrite Eq. (11) in a more convenient form. We define a dimensionless

parameter €, and a parameter x as follows:

€ =€, x=€/¢

(13
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for I = 1,3. The quantity &, essentially carries the unit for the electric fields; variations of the magnitude of €, can also be used
to account for unknown transition dipole moments. Utilizing these parameters, Eq. (11) becomes

F\9 — 2xcos(8, — 36, + 8)€|F({| + X’ F ¥

R, =
®  F{ - 2xcos(6, - 36, +

Experimental control over R, is therefore obtained by
varying the difference (8, — 36,) and the parameter x. The
former is the phase difference between the w, and the w, laser
fields and the latter, via Eq. (13), incorporates the ratio of
the two lasers amplitudes. Since “tripling” is a common
method for producing w, from w,, of fixed relative phase, the
subsequent variation of the phase of one of these beams pro-
vides a straightforward method of altering 4, — 36,.

1il. APPLICATION: PHOTODISSOCIATION OF 1Br

In this section, we apply this scenario to control product
yields in the photodissociation of IBr. In particular, we are
interested in the energy regime where IBr dissociates to both
1(*P,,3) + Br(’Py,;) and 1(*P;,,) + Br*(?P,,,).

The IBr potential curves® used in the calculation are
shown in Fig. 1. In accordance with the notation in the fig-
ure, the photodissociation process can be understood in
terms of the following virtual steps:” (a) Photoexcitation,

IBr(X '35 ) ~IBr(8°M. ), (15a)
followed by either (b) a “diabatic-like’ dissociation,
IBr(B8°M,.)~1(?Py;;) + Br*(°P,,,), (15b)

yielding excited Br® atom or (c¢) an “‘adiabatic-like” disso-
ciation,

IBr(8°M,. ) —~IBr(BO *)—~I(*P,;;) + Br(*Py,3),
(15¢)
in which the molecule follows the adiabatic curve and disso-
ciates to ground state atoms.
An appropriate IBr computation requires inclusion of
the angular momentum component. Thus the (E, ) of Sec. II
are replaced by 'E,.J,,M,), the bound eigenstate of the
ground potential surface. Here J, is the angular momentum,
M, isits 2z projection and the ket is of energy E,, whose value
incorporates specification of the vibrational quantum num-
ber v. Where no confusion arises, we continue to use | E, ) for

simplicity.
The primary quantity required in the control calcula-
tion is the photodissociation amplitude

(Eng~ (&), ,|E J M), & = &,& where the quantum
number 7 in the continuum state | E,n,9~ ) denotes the scat-
tering angles k=¢,,0, and ¢ =1,2 labels either the
Br(%P,,;) or Br*(?P,,;) channel. In terms of this notation,
the one-photon photodissociation amplitude is given by'?

(Eik'q-l(el .”)f,' lEH"r’MI)

_ (2’"}‘)”1 uz( ! J')
- ; (WU +1) M 0 M
X D§py (8e.8er — O)(EJQIE,T,). (16)

BN IFIS + P FI

(14)

Here m is the reduced mass of IBr, & is the relative momen-
tum of the dissociated particles, D] ,, is the rotat:on matnx
element, (% %.’.) is the Wigner 3 —; symbol, and
t(EJ.q|E;J;) is the (M, independent) reduced amplitude,
containing the essential dynamics of the photodissociation
process.'” Equation (16) follows from the usual procedure
of expanding (E.k,q” |4.,0,,r), where 7 is the I-Br dis-
tance, in partial waves labeled by angular momentum J and
its z projection. The angular integration of the resulting
expression follows from the Wigner—Eckart theorem and the
r integration is incorporated in #(EJ.¢|E. J;). We have cal-
culated these t( E.J ¢l E, .J; ) exactly using Shapiro’s artificial
channel method*'? and the potential curves and coupling
strength given by Child.*®’

As shown below, the required P,(EqE J.M,),
P;(EqE,J, M) and P (Eq.E,J. .M,) [Eq. (4)] are con-
veniently expressed in terms of the primary quantities
w7 (E,J, M, EJ M ;E), where

zsooo}-
20000~~~
3 2
—~ 15 000} 831, 1(2Py )+ Bri2Ry, )
]
§ »
>
10 600k w| | wys A9972.8cm
\
S 000}
x' Ty
o A l A l . l A J_
0 02 04 Y] 08
R {(nm)

FIG. 1. [Br potential curves relevant in this one-plus-three photon induced
dissociation.
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p'(E,J M .EJME)

= Jdk (EI"II’AMI|(él."t)!.tIE'I;'q_)(E'k’q—l(él.p)e.giEﬂJﬂ‘"’)

8mmk J tJ J 1
=T 3 \-w o w)low o u)6"v-","(5'1v‘lf‘-’/'1,>f<EJ»4IE.J.>~ (an
f M, M, M,

The imggration over the scattering angles k corresponds to the n summation in Egs. (5) and (7), and the Kronecker delta
O v arises from the fact that the laser-molecule interaction does not depend on the azimuthal angle for the case of linearly
polanzed light. Note that the symmetry properties of the 3 — j symbols imply

BOE S MEJME)=(~ 1" "wNEJ, - MEJ, — M:E), (18)
an identity which will be used later below.

The probability P,(E.q;E,.J,,M, ) is given, from the definition of 4'® and from Eq. (5), by

2

PAEGE S M) =(Z) S (E.J ME.9,M:8). (19)

The terms If. (EqE,J ,,v(,) and P (Eq.E,,J,,M,) can also be written in terms of the x4'?’. To do so we express
(E,n,q~|TIE,) in Eq. (8) explicitly in terms of (E,n,q” | (&, ‘W).q|E,) by inserting appropriate resolutions of the identity
(E,ng~|T|E,)

= Z Z Z de' (E’n'q— I (él ""')e.‘ iE'/)<E/ [ (él .p)‘.f |El’n"q'_ ) (E"n,'q'_ | (El 'p')e,‘ |Er)
-~ (E, — E, = 2hw)(E' —E, — hw,) )
Here, as noted above, |E;) denotes all of |E,,J,,M;) and the j summation indicates a sum over all bound states {E,) of the
ground X 'Z;" potential surface. All summations are complete except the latter, in which the continuum eigenstatesof X 'Z,
are neglected. Rather, only the larger bound state contribution is included. Indeed, of all the bound eigenstates of X 'Z,", the

(20)

contribution to (£,n,¢~|T [E, ) is dominated by those states with energy E; satisfying the condition

E =E + %0,

Fiplexpis?) =S 5 3 [E°
E J q

PAEGESM) =5 5 ;fdz'fdi
rE1Jp71 40

(21)
This near two-photon resonance condition is explicitly used in Sec. IV below to simplify the computation.
From Eq. (20) and the definition of u'?,|F{{’|exp(i5{1’) in the cross term P,,(E.g;E, J,.M,), is given by
P (E,J, M E,J M BV *(E,J M, ;E,J M E") 2
(E, —E, — 2w ,)(E’' — E, — Aw,) ' (22)
where the J; and the E, summation indicates a summation over all bound eigenstates of the X ', state.
Similarly, using Eqs. (7) and (20), the probability for the three-photon process is given by
[‘(')(EIJI'M:;E/"’,oMi;E)“(")(EI'JJ'M[;E[J,‘,M,’;E')l‘(a).(ElJnM,;E,J,’AM,;E) (23)

(E, — E, - 2hw,)(E, — E, -

20, ) (E' — E, — #w,)(E — E, ~ #w,)

Later below we describe a simple qualitative route for tabulating the terms which enter into this expression. Given these
results the quantities F i and F {* in the branching ratio (R, ) expression of Eq. (14) [and Eq. (11) ] are then written casily

in terms of ‘¥ using Eqs. (12), (19), (22), and (2}).

IV. RESULTS

In this section, we present numerical results which dem-
onstrate the large range of possible control in IBr. Both M-
polarized and the M-averaged calculations are described. In
the former the isolated molecules are assumed to have the
magnetic quantum number M which is selected prior to laser
excitation; in the latter, no such selection is assumed.

In the M-polarized case the molecules are initially in a
single |E, J,,M,) state. Equation (18) then implies that

P(EgEJ M)=P(EQEJ, -M),
P, = P.,P),

i

P,(EqE,J M) =P,(EqEJ, - M), (24)

where the probabilities for the one- and three-photon pro-
cess P, and the cross term P, are those defined in Sec. 111,
but with the J, .M, dependence explicitly shown. As a conse-
quence of Eq. (24), the branching ratio for the relative prod-
uct yield is identical for the case of M, and — M,.

In the M-averaged case, the magnetic quantum numbers
of the molecules to be excited assume all of the possible
2J, + 1 values with equal probability, i.¢., the M, are ran-
dom. In this case each M, state is treated independently and
the average P, (E.q;E,J,)./ = 1,3 is then obtained by aver-
aging over the 2J, + | valuesof P,(E.q;E,J .M ). 1e.,

J. Chem. Phys., Voi. 94, No. 4, 15 February 1991
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PI(EDq;E'J;)
| &
= P E'; i I’Ml
U,+1w,-z-1, (E\q:E,J, )
| “
= 2 - P(EGEJ.M,). 25
7 1 wz-o( 5'.,,‘0) {EqE J (25)

An analogous formula exists for the cross term
P,(EgqE J) Finally, using the P (EqE J ) and
P,,(E.q.E, J,) the branching ratio expression can be easily
written down for the M-averaged case.

Below we present results for vibrational state v =0,
withJ, =0, 1, and 42. The range of initial /, chosen reflects
an effort to assess the dependence of control, for typical
states populated thermally, on changes in J,. The laser fre-
quencies w,, w, inducing the photodissociation are shown
qualitatively, along with the potentials, in Fig. 1. Quantita-
tively, w, is chosen so that absorption of two photons to
energy £, + 2Aw, leaves the system almost resonant with
the (arbitrarily chosen) bound state with vibrational quan-
tum number v = 77. Under these circumstances, thejsum in
Eq. (20) includes only the bound states of the ground poten-
tial curve with quantum numbers (J;,v = 77), where J; are
the angular momentum values allowed by selection rules.
Other bound states have contributions which are negligible
and are omitted from the computation. A similar approxi-
mation is used in computing Egs. (22) and (23). The energy
values of some relevant (J,,u = 77) bound states of X '3,
are listed in Table I and are referred to later below. Also
provided below are figures displaying the angular momen-
tum values involved in the one-plus-three photon absorp-
tion. These diagrams provide important ins.ghts into centrol
since selection rules dictate the values of the angular mo-
menta of the continuum states created in the photoexcita-
tion. These angular momentum values are relevant since
only continuum states with the same J can contribute to
interferences leading to control of integral cross sections.

(A)J, =0:Here |E,.J,.M,) = |E,,0,0) with the energy
corresponding to the v = 0 state. The angular momentum
values associated with the one- and three-photon absorption
routes are summarized in Fig. 2(a). In the figure, the solid
horizontal line represents angular momentum states of the
ground potential surface( X 'Z," ) and the dashed horizon-
tal line represents those of the excited potential surfaces
(8°M,, and BO *). The succession of transitions follows
from the usual dipole selection rules for linearly polarized
light (AJ = 4 LLAM = 0) for transitions between () (total
electronic angular momentum along the molecular
axis) = O states. Note that of the two J states which arise
from the three photon absorption, i.e.,J = 1 and J = 3, only
theJ = 1 contributes to the interference with the one photon
route since only states with the same J quantum number
have a nonzero interference term. Thus the / = 3 term, in-
cluded in the computation, contributes an uncontrollable
term to the photodissociation.

Diagrams such as those shown in Fig. 2 also provide a
qualitative means of tabulating the dipole matrix elements
which enter as contributions in the expressions for P,, P,,
and P,;. Consider, for example, contributions to P, [Eq.

TABLE 1. The energy vaiues (£) in a.u. of reievant (J,,0 = 77) bound
states f X '3

— — ————
J, E

-0.005717 67
- 000571739
~0.005716 82
~0.008 71598
— 0.005 487 48
~ 0.005 476 00
—~ 0.005 464 23
—0.005 452 19
—0.005 439 87

$E&828Lu0u-0

(23)] for the case of J, = M, = 0. The relevant diagram is
then that shown on the right hand side of Fig. 2(a). Detailed
consideration of Eq. (23) shows that the following diagram-

. matic method gives the appropriate dipole contributions to

P,. One starts at the bottom of the diagram (hereJ = 0) and
proceeds to a state at the top of the diagram, and then back

{a) J;i*0, M;=0

‘nl
one-photon absorption

(b) Ji=st, =0

Jn-p.-- - 9_.ﬁ- 4

-.73.
Jie T
one-photon absorption three-ghoton absarption
(c) Ji=t, M=t
Je_ _ 2
J;'-i_

FIG. 2. Angular momentum ievels available for one- and three-photon abd-
sorption from (a) J, = O and (b) J, = | state.
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FIG. 3. Angular momentum levels (for the J, = O case) connected by both
one- and three-photon routes to the continuum J state which is shared by
both types of absorption. The diagram may be used to qualitatively identify
terms which contribute to the (@,.w,) interference, as described in the text.

288 by

216 -

_63-36,

360

288

216

8,-36,

ry
s

72

down to the initial state. Each pair of levels encountered in
this route contributes one dipole matrix element to the prod-
uct in Eq. (23). A sample case would be the route
0—~1-2-~1~0-1-~0which contributes a term of the form
[where the value of the angular momentum is indicated and
where the electronic states are distinguished as being un-
primed (ground state) or primed (excited state)]:
<Olpll'> <l'ui2> <2uil'> <Ului0> <0luil’'>
< U'}u0> . Equation (23) would include all terms, of which
this is one, with products of six dipole transition operators
which can arise from this figure in the manner prescribed.
Similarly, contributions to P, arise from the only diagram
contributing to the left hand side of Fig. 2(a), i.e.
| <Olu{l'> |*. Finally, contributions to the interference
term P,; can be obtained from Fig. 3, which results from
superimposing the two angular momentum ladders in Fig.
2(a) for those continuum angular momentum states which
contribute to the interference term. To obtain the contribu-

FIG. 4. Contour plot of the yield of Br®(*P,,,) ( percentage of Br® as prod-
uct) in the photodissociation of IBr from an initial bound state in X '%,”
withy = 0,7, = 0, M, = 0. Results arise from simultaneous (w,,a,) excita-
tion (w, = 3w,), with (2) @, = 6658.0cm ™', (b) @, = 66584 cm ™' (c)
@, = 6657.6 cm™". The abscissa is labeled by the amplitude parameter
s = x'/(1 4+ x°) and the ordinate by the reiative phase parameter 8, - 36,

J. Chem. Phys._, Vol. 94, Nu. 4, 15 February 1991
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tions to P,, one constructs all matrix element products
which involve four dipole transitions in making a complete
circuit from ground state J = 0, through the continuum lev-
el, and back down to the ground state.

Figure 4 displays the yield of Br*(°P,,,) (i.e., the ratio
of the probability of Br* to the sum of the probabilities to
form Br plus Br*) for thisv = 0,J, = Ocase. The figure axes
are the amplitude parameter s = x*/(1 + x°) and the phase
parameter 8, — 36, and Figs. 4(a)—4(c) show results for
three different sets of (w,.w,) with €, = 1/2 a.u. (where |
a.u. = 5.142x 10° volt/cm). It is convenient, when discuss-
ing these figures, to introduce a parameter e = E, + 2fw,.
In Fig. 4(a), v, = 6658.0cm ™' (w, = 3w,) with the corre-
sponding e = — 0.005 71700 a.u. a value which is very
close to the energy of the (J, = 2,u = 77) bound state [see
Table I). The contour plot shows little control, being very
flat throughout, with a maximum of 91% and a minimum of
70%. Br*(®P,,;) is the dominant product throughout the
full range of the laser parameters s and 8, — 36, qualitative-
ly the same result as if using either the @, or the w, excitation
alone.

In Fig. 4(b), w, = 6658.4 cm™", slightly larger than
that of the previous case. As a consequence
e= —0.00571400 a.u., further off resonance with the
(J, =0,y =77) and (J; = 2,v = 77) levels than in the pre-
vious case. This small change in », makes an enormous dif-
ference in control, with Fig. 4(b) showing a very wide range
of control: The Br* (P, ,,) quantum yield changes from less
than 47%, for s = 0.2,6, — 36, = 20", to greater than 95%
for s = 0.5 and 8, — 36, = 300". Similar results attain for
Fig. 4(c), where o, =66576 <cm™! and
e = —0.005 721 00 a.u., which is even further away from
(J, =0,2,u = 77). The yield control plot is essentially the
same as in Fig. 4(b).

These results are consistent with the following interpre-
tation, easily understood in terms of Fig. 2. The first of these
cases, which gives weak control [Fig. 4(a)], uses a frequen-
cy which yields near-resonant absorption with the
J, =2,u=77 level, a level which connects with both the
J =3 and J=1 in the continuum. Since J = 3 is uncon-
trolled (i.e., there is no corresponding J = 3 term from the
one photon absorption) pumping veryclosetoJ; = 2,0 =77
enhances production of continuum J = 3, undesirable for
purposes of control. Tuning away from this level hence en-
hances control. Specifically, in both nonresonant cases, i.e.,
Figs. 4(b) and 4(c), the J = 0 and J = 2 routes in the three
photon excitation are energy-denominator-weighted equal-
ly. By contrast, in the case of Fig. 4(a), the resonant energy
denominator overweights the J = 2 route by a factor of four,
substantially reducing control.

(B) J, = l: In this case, M, canbe — 1,00r + 1 for the
M-polarized case. The angular momentum channels in-
volved in the calculation are summarized in Figs. 2(b) and
2(c). Figs. 5(a) and S(b) display the yield of Br*(?P,,,) for
the M-selected calculation with M, =0and M, = + 1 or
— 1, respectively. Results are shown at w, = 6657.5 cm ™'
with e = — 0.005 721 00. Both figures are essentially the
same as that of Fig. 4(b)—4(c), and a wide range of control
(here 25%-95% for M, = 0 and 45%-95% for M, = 1) is
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FIG.S. Asin Fig. 4butforv=0,/, = 1, 0, = 6657.5cm ™", (3) M, = 0.
()M, =1and M, = — 1 and (c) M-averaged. (3), (D). (c) denote up-
pes. middle, and bottom panels, here and below.
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demonstrated. This control is maintained in Fig. 5(c¢),
which displays the yield of Br®(?P,,,) for the M-averaged
calculation.

(C) J, = 42: Finally, we examine the case of J, = 42,
chosen because it is the most populated angular momentum
state at room temperature. The results on J, = 42 control
should therefore serve as a useful test of the effects of the
extensive M averaging accompanying such temperatures,
The angular momentum levels involved in the computation
are summarized in Fig. 6 for the case of 0 < |M;|<39. An
analogous diagram can be drawn for 40<|M, | <42. For the
cases shown, J = 41,43 lead to interference terms whereas
the remaining J = 39,45 terms are uncontrolled.

Here we present result for w, = 6635.0cm ™' a frequen-
cy which gives two-photon excitation very close
(e= —0.00546400 a.u.) to the J, =42, v =77 bound
state [see Table I]. In accordance with Fig. 6, tuning close to
this bound state substantially reduces contributions from the
uncontrolled J = 39 and J = 45 continuum states.

Systematically examining contour plots of yields vs s
and 8, — 36, on a coarse s scale suggests that there is little
control for most of the smaller | M, | values. Control on this
coarse s scale does appear, however, for larger |, |, an ex-
ample of which is shown in Fig. 7(a) for |M,| = 38. Similar
resulits are seen for higher values of | M, | with the maxima
and minima of the yield shifted to larger values of s, similar
to the trend seen in Figs. 5(a) and 5(b). These higher | M, |
values contribute little, however, to the overall averaged
yield so that the average shows virtually no control over
yield on a coarse s scale. However, examination of the yield
vs sand 8, — 36, on a finer s scale for both small M, and for
the overall M average, shows that extensive control exists
and does survive M averaging. These results are shown in
Fig. 7(b) where the yield varies over a range of 30-95% as s
varies between 0 and 0.01.

We have little doubt that a further search of the w, space
will allow us to obtain similar control over a wider s range,
making control experiments somewhat easier. This study is,
however, unwarranted. Specifically, the actual range of s
over which one sees control (although not the magnitude of
the maximum and minimum yield) is affected by the size of
the transition dipole moment. We have chosen here to incor-
porate this unknown value in the magnitude of &,, so that
varying €, corresponds to changing this dipole. However,

.9 11\ ./i' -/1 /3&

\YAY
/
\/

S 4z

one-photon absorption three-photon agbsorption

FIG. 6. Angular momentum levels available for the one- and three-photon
absorption from J, = 42 with 0 < | M, [<39.

FIG. 7. As in Fig. 4 but for v=0, J =42, w, = 66350 cm ' 12}
|M,| = 38, (b) M-averaged (standard ¢, = 1/2 a.u.). note abscissa range
(c) M-averaged (¢, = 1/8a.u.).
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examining Eq. (14) shows that changing €, also corresponds
to changing x and hence to altering the scale of the s axis,
albeit nonlinearly. In particular, reducing €, has the effect of
magnifying the small s regime of the yield plot. This is clear-
ly shown in Fig. 7(c). where the M-averaged yield for the
case shown in Fig. 7(b) is now shown with €, = 1/8 a.u.
Control is seen to be restored over a wide range of s.

V. SUMMARY

We have shown that it is possible, in a relatively
straightforward way, to use interference between one-pho-
ton and three-photon optical paths to control the relative
vield of product in the photodissociation of IBr. Control was
also shown to survive extensive averaging over .M, states and
to allow a wide range of control over the product ratio.
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Interfercnce between Optical Transitions and Con-
trol of Relative Cross Scctions

In a recent Letter, Chen, Yin, and Elliont' showed
that the probability of ionization can be altered by vary-
ing the relative laser phase in the simultancous five-
photon and thrce-photon excitation of Hg. This result
provides an important experimental demonstration of the
utility of pure quantum interference in altering this pro-
cess. It also provides the first laboratory demonstration
of an experimental scenario? based upon a general prin-
ciple for controlling atomic and molecular processes
termed?® coherent radiative control. Other experimental
scenarios based upon the same interference principle in-
clude one-photon photodissociation of a superposition
state3@)-3€) with applications to currents in semicon-
ductors,*@ pulsc-pulse schemes for both unimolecular
and bimolecular processes,’?*%) and variable-elliptic-
polarization control of differential cross sections.’® In
all cases the theory suggests generalizations of the exper-
iment of Chen, Yin, and Elliott' to systems with multiple
product channels.

The purpose of this Comment is to computationally
demonstrate that the molecular multiple-product-chan-
nel generalization of the experiment of Chen, Yin, and
Elliott} affords the prospect of a vast range of experi-
mental control over the ratio of total product cross sec-
tions (i.c., the relative yield of products). The computa-
tion presented below is based upon our previous® formal
treatment and provides the first numerical evidence that
interfering optical excitation paths allow for enormous
control aver total cross sections in photodissociation from
stationary states.

Specifically, consider simultaneous one- and three-
photon excitation (wy=3w,) of IBr to produce
1CP32) +Br(3Pyp2) and 1(2P32) +Br* (2P 2). Reliable
potential surfaces and coupling strengths® were used in
conjunction with the artificial channel method® to pro-
duce accurate one- and three-photon photodissociation
amplitudes. Thcse were then appropriately combined? to
produce the overall dissociation probabilities. As an ex-
ample consider photodissociation from the ground vibra-
tional state of X 'Eg with rotational quantum number
J =1 using @) =6657.5 cm ', w3=3w,. Excitation with
cither of the two frequencies, with electric-field ampli-
tudes & and &, independently produces predominantly
(> 70%) 1+Br®. The results of simultaneous photodis-
sociation with both frequencies is shown as a contour
plot of constant yield (i.e., Br* probability divided by
Br® + Br probability) in Fig. 1. Here the figure axes are
labeled by the amplitude parameter s=x%/(1+x?),
x =&}/, and the relative laser phase 63 —36,. The re-
sults demonstrate extensive control over product yield,
the ratio varying from 45% to 95%.

Previous theoretical studies® have indicated that simi-
lar control can be excrcised over chemically distinct ar-
rangement channels and over rotational-vibrational dis-
tributions within a particular product channel.
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FIG. 1. Contours of constant Br® vs relative laser amplitude
and phase.
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. o-pulse coherent control of electronic states in the photodissociation
{ 1Br: Theory and proposed experiment
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Canada

experiment is provided.

L. INTRODUCTION

Considerable progress has been made in recent years in
our understanding of how to resolve the long-standing ob-
jective of using lasers to control chemical reactions.'™ The
emerging new field, termed coherent control of chemical
reactions, has, however, consisted solely of theoretical
studies. One of the reasons for this is that most of these
studies have dealt with the principles of coherent control
and were less concerned with real molecular systems. In
this paper we wish to carry the theory one step further by
presenting a detailed, realistic study of a coherent coatrol
process. This study will hopefully form a basis for an ex-
perimental demonstration of the predicted effect.

In order to demonstrate that coherent control princi-
ples can be extended to the pulsed laser domain, we re-

cently derived a pump-dump scheme for controlling both
unimolecular'® and bimolecular® reactions. The scenario
was computationally implemented for two model collinear
systems, and was shown to be highly successful. For ex-
ample, we were able to show® that the yield of the D + H,
product (with DH + H being the other product) can be
altered over a range of 18% to 84% by varying external
laser parameters, such as center frequency and time delay.
Of particular importance was our demonstration that the
implementation of these ideas can be carried out on a pi-
cosecond time scale, well within the grasp of most laser
chemists.

Our previous pulsed work was, however, not aimed at
exploring real systems: Our calculations were confined to
the collinear domain and, in the unimolecular work,'s we
followed Tannor and Rice’ is assuming a model of a hy-
pothetical DH; molecule.
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It is shown how the principles of coherent control can be applied to a pulsed experiment
aimed at controlling curve-crossing processes. A realistic computational study (incorporating
the ground, 4, B, and Y electronic states of IBr) of control of atomic states produced

in the photodissociation of IBr is presented. The suggested scheme, which consists of
applying an excitation pulse followed by a dissociation pulse, is theoretically shown to yield
essentially toral control over the Br®/Br atomic branching ratio. It is shown that the

only external parameters that need to be varied are the central frequency of the excitation
pulse and the time delay between the two pulses. A brief description of a proposed

In this paper we present a realistic study in which we
examine electronic curve-crossing processes occurring dur-
ing IBr dissociation. Our aim is to control the electronic
states of atoms resulting from this photodissociation pro-
cess. We have chosen I1Br because its electronic structure is
sufficiently well characterized to allow for accurate mod-
eling of all aspects of a nonadiabatic photodissociation con-
trol experiment. Theoretical demonstrations of coatrol in
1Br, followed by a successful experiment of this type, will
pave the way to controlling more “chemical” processes
such as bond breaking.in polyatomic molecules.

il. CONTROL OVER THE PHOTODISSOCIATION OF
18r

IBr, when subjected to visible radiation, (e.g., at 0.5
4), dissociates to yield both Br and Br® atoms’ as

My
IBr—1 + Br, Br®.

The “natural” Br/[Br® + Br] vieldis =0.3athv =0.5u.
This ratio is not zero, although the molecule is formed
initially on the B state, which correlates with 1 4+ Br®.
This, as illustrated in Fig 1, is due to a curvecrossing
process that diverts some of the molecules from the B state
to the Y state, the latter giving rise to the 1 4+ ground state
Br products.

We show below that it is possible to control the yield in
this process, using two picosecond pulses in the following
way. First, as illustrated in Fig. 1, an “excitation pulse”
€,(t) is used to simultaneously pump two excited bound
states, resulting in the formation of a nonstationary super-
position state,

1x) =\ |E)) + c3| Ey). (n

©® 1990 American Instiute of Physics 2490
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FIG. . Potential curves for [Br and the two-pulse excitation-dissociation
scherme. The length of the arrows do not represent the actual frequencies
used in the calculations.

The generation of |y) is possible if E, and E, are within
the excitation-laser bandwidth. (Since we have a picosec-
ond laser in mind, E; and E, can be no more than a few
cm™! apart.) In the second step, |x) is subjected, after
some time delay 7, to a second pulse €,4(¢), which dissoci-
ates the molecule by forcing a transition (see Fig. 1) to an
energy above the dissociation limit.
Assuming for simplicity that each pulse, given as

()= f dE£,(Ecos(Ep/h+ kR + $(E)],  (2)
is Gaussian, we have that

€(E,)) =¢€,(E,)exp{—4In 2[(E,~E,)/A,)*);
a=x,d, (3)

J

where g = x denotes the excitation pulse, g = d the d;

ciation pulse, and E, is the photon energy. With the sysiep,
initially in & bound state | £,), and given the pulse shape
Egs. (2)-(3), we readily obtain, within first-order perry,,
bation theory, that the ¢, and ¢, coeflicients in Eq. (1) g,

c;=muli, g)e(i);

where u(i, g) =(E;|p|E,) (i=1,2) is the transition g;
pole matrix element between the | £,) and | E,) states, ang
e()=€(w; Jexp{ ik sR+ $w; )]}, i=1,2
(4b)
The wave vector k;, is that associsted with the o
[= (E—E/#] frequency absorbed from the excimio;
pulse at the end of the transition process.

The time evolution of |x) to # = r causes each ¢, co
efficient to acquire an extra phase,

iziy 2’ (“)

ci(r) =c“exp( —iEx/R); i=12 (5)
Assuming that at time 7 the excitation pulse if over, the
probability of dissociating | x(7)) to yield fragments of ,
given electronic state g, vib-rotational quantum numbers 5,
at energy E, is given, in first-order perturbation theory, by
P(q,n|E)

=2\ (7)€ 1)p(g. 3, 1) + c)(1)€(2)plg, v, 2) )3,
(6a)
where u(q, n, i)g(E,-lplE. B, ¢ ), and where |E, n, ¢7)
denotes a scattering state leading, as f— w, to the desired
{g, »} product. In Eq. (6), in analogy to Eq. (4b), ¢, is
defined as
i) me g Jexp{—ifkeg R+ (0 )]} =12
(6b)
In order to better analyze the interference inherent in
the probability expression of Eq. (6), we separate out the
phase factors from the molecular matrix elements. Writing
p(g, m, i)=|u(q, m i) |explalg, n, )}, (M
we can, using Eqs. (4b), (6b), expand Eq. (6) to obtain

P(q.-lE)=ﬂ’(lc.|’ 2 wg 1) (u(g. 8 1)+ [6]2E(wg 1) Inlg, m, 2) |2

+2|e)lesedwg, eswg, ) [1(g, 8, Dlulg, », 2) [cosialq, o, 1) —alqg, », 2) —wyrl],

In deriving Eq. (8), it was assumed that the optical
phases of different modes within €, are the same, i.e., that
é(wg, ) = ¢(wg ;). The same goes for €,, an assumption
justified for mode-locked pulses. Notice also that, because
kR of Eq. (4b) is added to kg R of Eq. (6), all R-
dependence disappears from Eq. (8), provided that €, and
€4 Are CO-propagating.

P(q), the total probability to populate arrangement ¢,
is obtained from P(q, u, E) by summing of m and integrat-
ing over the frequencies of the dissociating pulse. An ana-

(8)

r

lytical result may be obtained's if one assumes that the
(g, », i) amplitudes do not vary appreciably over the
energy range spanned by the dissociating pulse. This as-
sumption, though justified for IBr,” was not made here
because the computations are simple enough to be carried
out exactly.

The key result of this derivation is that the probability
P(q) is experimentally adjustable via the interference term,
which is the signature of coherent control. Specifically, by
altering the time delay r between the two pulses or by
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ving the ¢; coefficients (this can be most conveniently

gooe bY shifting the E, pulse center), one can alter the

14 of 8 desired product. Computations provided below
shoW the extent of this yield control in the case of 1Br.

A 1B¢ level structure

The scenario proposed here relies on the existence of
pairs of levels that are spaced no more than a few cm™!
and that are optically accessible from the ground
sate. AS pointed out above, the required spacing between
two levels stems from our desire to use an excitation
that is close to transform limited. Since most avail-
sble nanosecond lasers are far from this limit, this dictates
the use of picosecond lasers, which in tum dictates the
spacing of a few cm~'. Another requirement of this
p‘njcum formulation is that these adjacent pairs of levels
should be isolated, so that only two levels are excited by
the pulse. Of course the formalism is readily modifiable if
we are t0 excite more than two levels.

The level structure of IBr and other diatomic mole-
cules can accommodate these stringent demands. This re-
sults from the presence of perturbations between levels be-
jonging to different electronic states. Thus, whereas the
spacing between adjacent vibrational levels belonging to
the same electronic state is much larger than a few cm™!
(which guarantees their required isolation), coincidental
near degeneracy between levels belonging to different elec-
tronic states may occur. In IBr such perturbations occur
between some highly excited X ('Z,) vibrational levels and
levels of the A(*I}) state.

The situation is illustrated in Fig. 1. For example, the
X(w=93 J=1), A(v=21, J=1) levels and the
X(w=97,J=1), A(v=24, J=1) levels are 1.0 cm™’
and 1.1 cm ™' apart, respectively. (In all the calculations
performed here, the |E,) state is assumed to be in the
J =0 state, |E,) and | E,) in the J =1 state, and |E, n,
¢~ ) in the J = O state. Henceforth, we shall therefore omit
the rotational quantum number notation.)

The X and A levels do not remain pure. Rather, they
mix due to coupling between the electronic and nuclear
angular moments. As a result, both the X levels, which
borrow intensity from the X — 4 transition dipole operator,
and the A levels are optically accessible (at around 14 300
cm~') from the ground state.

The mixing between the 4 and X levels enters the cal-
culation of the u (i, g) matrix elements of Eq. (4). In order
to account for it we write each of the pair of levels of Eq.
(1) as a linear combination of A and X states,

{E\) = by 1| Eqm) + bx.1|Ex. 1) (9a)

[Ey) = by 2| Eqm) + brx.2| Ex. ), (9b)
Assuming that (Ey || E,) = O (since |E,)= | Ey,) and !
is typically =90), the u(i, g) matrix elements are simply
given as

Bli g)=by (Eqm|p|Ep); i=1,2. (10a)
Using the Franck Condon approximation we further re-
duce this expression to

ni, ') =bA.:“'A. I‘EA. mIEg)G i=12,

where i, y is an average electronic matrix element.

The exact value of the u, y constant is irrelevant for
the yield equations, within first-order perturbation theory
for the interaction with the excitation pulse, because its
square simply multiplies the whole probability expression
of Eq. (8). The calculation of the photodissociation yield
thus depends on knowning the b, ; coefficients and the
(E, m|E,) overlap integrals. The latter, as discussed be-
low, are calculable in a straightforward manner, using uni-
form Airy functions.

In order to evaluate the remaining b, ; coefficients, we
use Egs. (9) to form a set of 2 X 2 secular equations. These
are solved for E,, E;,, and the b, ; coefficients in terms of
the unperturbed E, ,, and Ey , eigenvalues and the pertur-
bation matrix element H, , We obtain in the usual way
that

(10b)

E;=05{E, n+ Ey ;2 [(Ey m—Eyx )* + 4H: }'?);

i=1,2,

and

(1)

by 1=cos 8 by y=sin 6;

bx_,=—sin 6, bx'2=005 6, (12a)
where
tan 0=(E, ,—E\)/H,, ; (12b)

The unperturbed E, ,, and Ey , cigenvalues are obtained
using WKB quantization. The respective eigenfunctions
(R|\E, ,) and (R|Ey ;) are accurately given in terms of
uniform Airy® functions expressed about the inner and
outer turning points and matched at some midpoint.’
These eigenfunctions are needed for both calculating the
(E4 m|E;) overlap integrals, discussed above, as well as
for the H,, , perturbation matrix elements, which are sim-
ply written, using the Condon approximation, as

H, =(E  m|H|Ex y=Hq x{E4 m|Ey. 1) (13)

As indicated in Eq. (13), the perturbation matrix elements
depend, in addition to the overlap integral, on the average
non-Born-Opprenheimer interaction term H, y. We ob-
tain this term by fitting it to observed level spacing between
the E, and E, levels. The value H, y =170 cm™' was
found to give reasonable agreement with observed spacings
between a number of perturbed pairs in the energetic re-
gion of =14 300 cm ™' above E,.

A number of other terms must be computed as well.
Specifically, the control probabilities in Eq. (8) involve the
dissociation amplitudes that depend upon the bound-free
p(q, m, i), i =1, 2, matrix elements. Using Egs. (9) we
have that the required matrix elements are given by

plgni)=b, (E,n,q" |u|E4 »)

+bx.t(5-l-¢'|_#|5_x.l)-
o o (14)
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FIG. 2. Calculated total cross section for the photodissociation of the
| E424) state to yield I + Br,Br® as a function of the photon frequency.
The center frequency (E, = 15230 cm™') of the ¢, dissociation pulse is
marked.

Both the (E, », ¢ |u|E, ,) and (E, 8, ¢” |u| Ey, )}
matrix elements were calculated exactly using the artificial
channel method.”®

In Figs. 2 and 3 we examine the absolute magnitude of
these matrix elements by plotting the (X;/=97) and
(A; m = 24) absorption cross sections as a function of E.
That is,

o(E|X, N =820g yc 2 | (E,n,q" |u|Ex)|% (152)
e

o(E|A, m)=8rwg /¢ Z | (E’.-q~“‘IEA.m)|2'
'Y (15b)
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FIG. 4. Computed coatrol over the Br yield [ = Br/(Br + Br*)] a5 4
function of E,—the exciation-pulse detuning, and r—ihe time delay be.
twenthepulse;um;the |Exgs1) and | Eqy) levels, with £,= 15239
em~'and &, =S cm”’.

As is clear from the figures, these spectra are very oscilla-
tory, due to the oscillatory nature of the highly excited
|E4, 24) and | Ey ¢7) levels. The 7 rtificial channel method
obviates the need for first calculating these wavefunctions,
then calculating the continuum wavefunctions and then
integrating over the product. Rather, the matrix elements
are obtained directly in a single calculation involving both
the bound and continuum potentials. (In fact, the Morse
wavefunctions analytic expressions and finite difference
methods for generating diatomic bound wavefunctions be-
come unreliable for such highly excited states. This is in-
deed the reason why the uniform Airy functions are used
for the bound-bound overlap integral calculations.)
Having obtained (E, m, ¢ |u|E, ) and (E, »,
¢~ |i| Ex,;) we can, using Eqs. (12) and (14), generate
the u(q, 8, /) matrix clements. These, together with u (4, g)
of Eq. (10) and the laser parameters defining €, and ¢,
enter into the expression for P(g, » |E) [Eq. (8)] and
hence into the integrated probability P(q) derived from it.
Results of the P(q) calculations are discussed below.

8. Yieid control in IBr

In Figs. 4-6 we plot P(¢g=2Br), the integrated yield to
form ground state Br atoms, as a function of E,, the exci-
tation pulse center frequency, and 7, the delay time be-
tween the €,(7) and €,(¢) pulses. The three plots differ in
the length of the €,(1) pulse; i.e., the pulse gets shorter, and
consequently the bandwidth gets wider, in going from Fig.
4 to Fig. 6. Theeﬂ‘ectofchngin;tlﬁsparmeterisquite
striking: The Br yield [ = Br/(Br® + Br)] is seen to vary
from 36% to 76% for the A, = $ cm"' case (see Fig. 4);
from 21% to 86% for the A, = 10 cm ™' case (see Fig. $);
and reaches almost complete control, 6%-91%, for the
A‘-mm"m(ﬁn‘) ™~ .

-

A e

'h.
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The reason that the dissociation laser pulse width has
such a dramatic effect is that by increasing the width we
climinate uncontrollable photodissociation contributions
(which we term satellites) that accompany the controlled

. As can be seen from Eq. (8), if ¢4(wg,;) is much
smaller than €,(wg;), or vice ver~~_ * ¢ interference term
of Eq. (8) is virtually eliminated, 25 is our ability to con-
trol the process. This alway: o~ .rs at the satellites that are
the very red edge of the energy integral over P(g, n | E),
where €;(wg;) €€4(wg;), and the very blue edge, where
e{wg2)>€4(wg, ). Making the pulse width 4, large rela-
tive to the E,-E, level spacing guaranteed that the inte-
grated P(g, n | E) probability in the satellite regions is neg-
ligible relative to the integrated probability in the
“contro!” region, where €,(wg ;) =€4(wg ()-

BrYielday «20om’. 4, c2em’ Ey = 15230 om”
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FIO. 6 As in Fig. 4, but with A, = 20 om~".

To conclude this section, we emphasize that the poten-
tial curves and most other parameters in our calculation
are known and that the nuclear dynamics has been solved
exactly. Although we have only looked at the / = 0—-J = 1
process, it is our experience'' that the region of optimal
control varies quite slowly with J. This is due to the fact
that ratios such as u(1.8)/u(2.g) and u(g,n,1)/u(q,n,2)
appearing ir our control equations [Eqs. (4)-(8)] vary
quite slowly with J. Thus, provided one works with a well-
cooled beam, the conclusions reached here for the
J =0-J =1 transitions are expected to hold in real ex-
perimental situations. This situation will be further studied
in a future publication.'!

1. PROPOSED EXPERIMENT

The principles of coherent control have now been es-
tablished in a number of papers.! We believe that this IBr
study should motivate experimental work to demonstrate
this effect and, in what follows, we present a sketch of an
experiment. Specifically, we briefly discuss the dissociation
system and the detection system.

As a possible candidate for a picosecond laser system
one may wish to consider a frequency-doubled mode-
locked Nd-Yag laser simultaneously pumping two dye la-
sers. One dye laser is used to generate the excitation pulse,
the other, operating at a slightly different frequency (to
avoid further excitation of the ground state to the same
levels pumped by the first pulse), the dissociating pulse.
Picosecond pulses generated in this manner can be made to
be transform limited. Indeed, one of the reasons we have
chosen IBr is that it can be controlled by picosecond pulses
that are usually Gaussian and transform limited. Clearly,
in the scheme outlined above, no chirping is necessary.

The train of pulses emanating from the two dye lasers
should be spatially united in a co-propagating geometry, on
a cell containing IBr vapors. The latter feature insures that-
the k'R part of the phase, introduced in the excitation
phase, exactly cancels the k-R part of the phase introduced
by the dissociating pulse.

The essential control parameters can be readily varied.
A time delay between the two pulse trains may be intro-
duced by changing the optical paths of one color relative to
the other. The center of the excitation pulse (E,) can be
changed ?y fine tuning the first dye laser over a range of
1-2em™".

In order to detect the products, one must be able to
measure both the Br® and Br species. This can be achieved
by MPI or LIF using vuv lasers, both standard techniques
in modern labs. Alternatively one may use CARS spectros-
copy with two beams differing in frequency by the Br®-Br
energy difference. The remarkable range of control
expected from our Figs. 4-6 should be readily observable.

IV. SUMMARY

We have shown that a two-pulse scheme, in the pico-
second domain, is capable of providing enormous contro}
over the yield of atomic products in the photodissociation

of 1Br. The scheme is both practical and straightforward
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- ¢« and we urge experimental verification of the principle of

coherent control in this setting.

ACKNOWLEDGMENTS

This work was supported by the U.S. Office of Naval
Research under Contract No. N00014-87-J-1204, and by
the Minerva Foundation, Munich, F.R.G. M.S. wishes to
acknowledge partial support from the Director, Office of
Energy Research, Office of Basic Energy Sciences, Chem-
ical Sciences Division of the U.S. Department of Energy
under Contract No. DE-AC03-76SF00098.

'(a) P. Brumer and M. Shapiro, Chem. Phys. Lett. 126, 54 (1986); (b)
P. Brumer and M. Shapiro, Disc. Faraday Soc. 82, 177 (1987); (¢) C.
Asaro, P. Brumer, and M. Shapiro, Phys. Rev. Lett. 60, 1634 (1988);
(d) M. Shapiro, J. Hepburn, and P. Brumer, Chem. Phys. Lett. 149, 451
(1988); (e) G. Kurizki, M. Shapiro, and P. Brumer, Phys. Rev. (B) 39,
3435 (1989); (N M. Shapiro and P. Brumer, J. Chem. Phys. 90, 6179
(1989); (g) T. Scideman, M. Shapiro, and P. Brumer, J. Chem. Phys.
90, 7132 (1989); (h) P. Brumer, and M. Shapiro, Accounts Chem. Res.

22, 407 (1989); (i) P. Brumer aad M. Shapiro, Chem. Phys. 139, 3y,
(1989).

3(a) D. J. Tannor and S. A. Rice, J. Chem. Phys. 83, 5013 (1983); ()
D. J. Tannor, R. Kosloff, and S. A. Rice, J. Chem. Phys. 88, 539,
(1986); (c) D. J. Taanor and S. A. Rice, Adv. Chem. Phys. M, 4,
(1988).

’T. A. Hulme and J. S. Hutchinson, Chem. Phys. Lett. 124, 181 (1936,
see, however, T. A. Holme and ). S. Huichinson, Chem. Phys. Lett. 145,
354 (1988) and related comment in Ref. 2(c).

*S. Shi, A. Woody, and H. Rabitz, J. Chem. Phys. 88, 6870 (1988).

3J. L. Krause, M. Shapiro, and P. Brumer, J. Chem. Phys. 92, 114
(1990).

®For pre-1986 literature on this topic, see, e.g.. (a) Photoselective Chem.

_istry, Vols. I and 11, edited by J. Jortner, R. D. Levine, and S. A. Rice
(Wiley, New York, 1981); (b) P. R Brooks, R. F. Curl, and T. C.
Maguire, Ber. Bunsenges. Phys. Chem. 86, 401 (1982); (¢) T. F.
George. J. Phys. Chem. 86, 10 (1982). .

"H. Bony, A. Yogev, and M. Shapiro, Chem. Phys. Lett. 107, 603
(1984).

R. E. Langer, Trans. Am. Math. Soc. 34, 447 (1932); 37, 397 (1938),
W. H. Miller, J. Chem. Phys. 48, 464 (1968).

*T. Seideman and M. Shapiro, J. Chem. Phys 88, 5525 (1988).

10\. Shapiro, J. Chem. Phys. 56, 2582 (1972); see, also, M. Shapiro and
R. Bersohn, Ann. Rev. Phys. Chem. 33, 409 (1982).

"C. K. Chan, P. Brumer, and M. Shapiro, to be published.

J. Chem. Phys., Vol. 83, No. 4, 15 August 1990




Volume 180, oumber 3 CHEMICAL PHYSICS LETTERS 17 May 1991

Quantum beats induced by partially coherent laser sources
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We consider the effect of the partial coherence of the excitation light source on the characteristics of quantum beats in isolated
molecules. Using a variant of a phase diffusion model we show that the laser incoberence can induce two distinctly different types
of behavior, depending upon the relative location of the pulse carrier frequency and the excited molecular cigenstates, as well as
upon the Franck—Condon factors for excitation. The approach is applied 10 analyze both transform limited and pantially coherent
excitation in the C('B;) state in SO,, providing previously unavailable spectroscopic parameters.

1. Introduction

Quantum beats, which constitute one of the simplest manifestations of quantum interference, have been ob-
served in a wide variety of systems including subatomic, atomic and molecular systems as well in the condensed
phases [1-7] *'. Of particular interest to this paper are quantum beats in the time-resolved fluorescence spec-
troscopy of isolated molecules [3,4,8], an observational tool which provides a sensitive probe of quasiperiodic
excited state dynamics. In such an experiment an excitation light pulse prepares a linear superposition of rovi-
bronic excited states. The molecular coherence established in the prepared state is reflected in the fluorescence
emission as quantum beats.

It is well known that both the state created by photon excitation and any subsequent measurement depend
upon the characteristics of the excitation source. For example, a completely chaotic source will produce a sta-
tionary mixture of eigenstates whereas a transform limited pulse produces a pure quantum state with associated
time evolution. Picosecond and femtosecond sources can be well characterized and tend to have minimum
incoherence. General light sources, however, such as nanosecond pulses or dye lasers without an étalon, are
generally partially coherent, i.e. not transform limited *2. We show below that laser incoherences of this kind
have a significant effect on the modulation depth of the induced quantum beats. In panticular we provide a
useful theory and methodology for analyzing quantum beats arising from excitation with partially coherent
sources. In doing so we also call attention to possible difficulties associated with neglecting the effect of the
electric field amplitude in analyses of quantum beats arising from excitation with transform limited sources.
Numerical studies are also presented which show that quantum beat data display distinctive pattern changes
with changing laser coherence, depending upon the location of the laser central frequency relative to the ei-
genstates which are excited, as well as the Franck-Condon factors for excitation. Finally, the theory is applied
1o analyze data on SO,, extracting new information about coupling in this molecule.

" Fora comprehensive review see ref. [8].
*? Indeed such incoherences have been advantageously utilized 10 obtain coherent information. See ref. [9].
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2. Theory
2.1. Exact eigenstate basis

The theory of fluorescence quantum beats is most transparent in the exact eigenstate basis set which can be
worked out by either conventional time-dependent perturbation method or Green function formalism [10].
Both approaches lead to the fluorescence intensity /(¢) being given by the square of the projection of the created
wavefunction onto the final states. That is, /(7), barring a multiplicative constant, is given by

()= 2‘, 1<aalRIW(2)) )%, )]

where |g,) are the energy eigenstates of the ground electronic state and |9(?)) is the time-evolved excited
state, which was prepared as [y(0)) by the laser puise.

Consider then a state prepared by excitation from a ground level |g,) with a weak coherent pulse, so that
first-order perturbation theory is valid. Under these conditions [11]:

(1))=Y ¢, 1> exp(—4T,t) exp( —iE,t/h)

2
=3i,,£t2 U Gl ulgo Y €(wy) exp(—475t) exp( —iE;t/h) , (2)
J

where |j) denotes a rovibrational level of the excited electronic state of energy E;, wy=(E,—Eg)/h, I is the
lifetime of state j and €(wy) is the electric field amplitude of the light source at frequency w,. Note the de-
pendence of the created state on the electric field amplitude, a feature which persists as long as the pulse is
not infinitely fast. This feature, frequently neglected in quantum beat analyses, is carefully included throughout
this treatment.
Using egs. (1) and (2) we have
2

2x o .
I(0)= 33 Z }; (8alBU) Ul nlgo ) €(wy) exp(~iE;t) exp(—4T51)] . (3)
Eq. (3) only applies if the ket |w(0) ) is defined, i.c. if the laser source is fully coherent (i.e. transform limited ).
If this is not the case then we can generalize eq. (1) to
1))=Y Trlluga)> {1alp(0)], (4)
where p(¢) is the time evolution of the molecular density matrix p(0) formed by the partially coherent puise

at (=0. The quantity p(0) is the natural generalization of |¢(0)) {(w(0)| to the incoherent case. Specifically
12},

p(0)= - %’5‘; 5 Gilhlgo) CBol 1K> Celwn)et (@n) > > <K
p(1)=— %; % GlaItn> <8o KK Ce(0n)e® (ig) > i3 CKIEXBL= (T + F)i] exp(=icoat) 5)

where w, =(E, - E,)/fi and (e(w,)e*(wy)) denotes averaging over the ensemble which embodies the sta-
tistics of the partially coherent field. Combining eqs. (4) and (5) gives the general expression for the fluo-
rescence emission spectrum associated with a state created by a partially coherent source.

Below we examine experimental quantum beat data in SO,, induced by both coherent and partially coherent
sources. The coherent data were well fit [4] by a three-level model, i.c. a single |go) =g) excited to produce
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a superposition of two excited states, denoted [1), [2), with fluorescence emission back to |g). To recover
this model from egs. (3)~(5) requires that we assume that (g, |u[j) is well approximated as (g|u|j) for all
a. In this case I(¢) is given, for the coherent and partially coherent excitations respectively, in accordance with

egs. (3)-(5) by
Ion (1) = 1<BIuI ) 1l e(wig) 1Pexp( =T )+ 1 {81412 || e(wy,) 12 exp( =~T3t)

+21<8lul1) (21 uig) 1*exp[~ §(I, +I3)t] Re{e(w,)e* () expl —i(E, - E;)1/A]}, (6a)
Linean (1) = 1 BIAI 1Y 1*CLe(@ig) 12> exp( =T 0) + | <8I #12) [*C le(wng) 12) exp(~T32)

+2{<8Iul 1> (21 puigd 12 exp[— (T, + )1 Re{(e(w,,)€* (wy) ) exp[ —i(E, —E;)t/A}} . (6b)
For the computations described below the pulse is assumed Gaussian so that
€(wy) = 712_3 j exp(iwgt) €(t)dt, j=1,2, (72)
with
e(t)=Eyexp( —~t3/12) exp[ ~iwpt +ia (1)} . (Tv)

Here a(t) is a constant phase for coherent light sources and a stochastic variable for partially coherent sources.
In the partially coherent case we adopt a Gaussian variant of the phase diffusion model to simulate both the
pulse shape and the field coherence [12], giving the following correlation function:

2
CE(Wy)€e* (wy) ) = %exp[i(w. ~w,)o] expl — § 13 (g —wy) ] exp[ — | T2 (g + W —2a0)?] (3)

where 7 and 7. are the pulse duration and the correlation decay time and T, related to the laser frequency profile
[12], is given by

T=11./(t3+13)V3, 9)

Inserting eq. (8) into eq. (6b) gives the explicit form for [,oon(?).
2.2. Zeroth-order two-state basis

In this section we provide useful expressions for the analysis of fluorescence from partially coherent sources
using the alternate interacting-zeroth-order-states viewpoint. In this popular approach [3,8] the true molecular
eigenstates | 1) and |2) result from diagonalizing the intramolecular interaction ¥, between the zeroth-order
states denoted {s) and {/). That is

11>=Di,Is>+Dylly,  [12)=DIs) +Duil>,
[s)=Di (1> +Dy12>,  1)=Dyll)+Dy|2), (10)

where the orthogonality of {D} implies that {D}T={D’} and where the exact values of {D} depend upon the
V... Note that the crucial parameters to be determined experimentally, from the zeroth-order-basis viewpoint,
are the mixing coefficients D, D, (or D;,, D};) since they provide insight into the coupling between the pumped
state |5) (see below) and the “background state™ |/). The standard model assumes that |s) and |/) are ro-
vibronic states belonging to the electronic surface and that only |s) is radiatively coupled to the ground state
1g). Thatis, (gluls) #0 and (g]ul!> =0 so that the prepared state, assuming two levels excited is (from eqs.
(2) and (10))

1w(0)) = (/2r/iR) (sl uig) [D,e(w, ) 11>+ DY e(wy)12) ) - (1
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[}
Then, using eqs. (6) and (10) we have the time dependence of the fluorescence intensity associated with co-
herent and partially coherent source excitation, in terms of the zeroth-order states, being given by

Ion (1) =Dy, 1 1€, [P exp(=T11) + | Dy |*l €21 * exp(=T3t)

+2Re{|D,, 11Dy, | e €5 exp[ — § (I +I3)t] expli(E, — E;)t/h]}

=1Dy,1*exp( =T 1)+ 1Dy, |*exp(—T3at)

+2Re{|D,,131D,, |2 exp[ - § (I + )] exp[i(E, —E)1/4]} , (12)
where ¢;=¢(wg) and | B, 12=1D, |2 and
Lacon(1) = 1Dy, 1*C 1€, |2) exp( =T 2) + | Dy, |*C | € 12) exp(—Tat)

+2Re{1D,1?| Dy 136163 ) exp[ — § (I + I3)1) expli(E, — E;)t/A]) . (13)

Egs. (12) and (13) neglect the overall multiplicative constant — (2&/#%) | (siulg) 1>

Note that both eqs. (12) and (13) constitute extensions of the traditional two-level zeroth-order-basis model
result, eq. (13) insofar as it applies to partially coherent sources and eq. (12) in that it properly includes the
effect of the electric field amplitude. The standard literature result [4] obtains in the latter case if, for example,
one assumes a &(¢) pulse excitation which gives €(w,q) =¢(w,,) and hence

I (1) x| Dy, ) exp( =T 2) + | Dy 14 exp(~T38) +2| Dy, Dy | exp[ — § (I +T3)t) cos(wya?) . (14)
Results below suggest that use of this formula to extract molecular coupling parameters is highly suspected.

3. Dependence on t. and application to SO,

The fluorescence decay of the C('B;) state of SO, in a beam has been examined by Wallace and co-workers
(4] using 2 Nd: YAG-pumped tunable dye excitation laser of 7=5 ns duration. Experiments were done using
two different cavity configurations, one with an étalon which gives an essentially transform-limited pulse and
the other without an étalon, generating a partially coherent pulse. Both configurations show fluorescence decay
with quantum beats of identical periods but with a modulation depth which decreases significantly upon in-
troduction of laser incoherence. Below we analyze both the coherent and partially coherent data and extract
new and useful information regarding the prepared state and mixing coefficients in SO,. Prior to doing so we
correct an error in the data analysis of ref. [4]. Specifically, they analysed the data generated by the coherent
pulse by doing a numerical fit in which both system parameters and those of a Gaussian instrument response
function [4.13) were varied. We repeated this computation, correcting a numerical error and have obtained
the following parameters (see fig. 1 ): response function width, 4.0 ns; w,;=0.00835cm~", I, =1/50ns, =1/
71.4 ns, and | D,,/D,,| =2.2.

Consider then the content of this result, typical of those obtained in the standard analysis of quantum beats
prepared with transform limited pulses. As is evident from eq. (11), the value of | D,,/D,;| determined in this
fit provides the (absolute values of the ) coefficients of the state prepared by the coherent source, but does not
provide the desired molecular mixing coefficient ratio D,/ D,, since the 5,, contain the unknown ¢(w,). Bar-
ring phases, these quantities could be determined if there were an experimental way to adjust the detuning (i.e.
the relative locations of wg and the bound states). However, this is generally unknown, the common technique
being to vary w, until one achieves maximum intensity of the excitation laser or maximum quantum beat sig-
nal. This is often presumed to correspond to the case of central tuning, i.c. the laser frequency is assumed tuned
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lcoh (t)

Fig. 1. Best fit (solid curve) to SO, fluorescence emanating from
) ) excitation in a coberent pulse experiment. Experimental data are
t {ns) shown dashed and parameters are given in the text.

to the middle of the pair of the excited states. Further, ¢(w,,) and €(wy,) are often assumed cqual, on the basis
of an argument that the pulse is ultrafast. However, we will show below that an assumption of €(w;, )=
€(wy,) is incorrect for the experiments done on SO,, for example, and that this has important consequences
for extracting desired molecular parameters.

Specifically, we used the models described above (eq. (6)) to fit the SO, fluorescence data associsleu with
both the coherent and partially coherent excitation. We obtain, using the model for the pulse discussed above
(egs. (7) and (8)), and the observed pawer spectrum width of 0.5 cm~', that the field decay time z. of the
partially coherent source is 0.18 ns. Further, in accord with ref. {4], we assume that w, for both the transform-
limited and the partially coherent pulses are the same. In addition, we choose the width of the instrument re-
sponse function for the partially coherent case 1o be 3 ns, rather than the 4 ns corresponding to the coherent
pulse case. This is not unreasopable since the power varies significantly between these two pulses. The fit we
obtain to the experimental results, shown later below, justifies these parameter choices. Note that because the
constraint |5,,/D,, | =2.2 (obtained from the coherent excitation case) links the two parameters |D,,/D»,|
and wy, the numerical fit to the observed /.., is actually conducted in one-parameter space.

The numerical fits reveal interesting behavior which is quite general. Specifically, we find that if |D,, | =
| Dy:| (and hence | Dy| = | Dyl ) then the quantum beat modulation depth is relatively insensitive to variations
in 7. (for examples see figs. 2a and 2b). However, when D,, and D,, are substantially differeat then the mod-
ulation depth can depend sensitively on the value .. That is, in zeroth-order language, two equally bright ex-
cited states show litlle 7. dependence, whereas one-bright plus one-dark-eigenstate (which implies weak in-
teraction between two zeroth-order states) can show strong 1. dependence. However, even in the latter case,
we find two different patierns of beat signals as a function of the incoherence parameter z., depending upon
the location of the central frequency @y relative to the two levels |£,) and {E;). Specifically, if wy causes
excitation to the center (or near center) of the two bound states then the modulation is large and relatively
insensitive o 7. (see fig. 2c). However, if w, corresponds to off-center tuning then we find large modulation
depths for the coherent excitation and decreasing modulation depths *? with decreasing 1. (fig. 2d). These com-
putations are consistent with eq. (13) in which the degree of moduiation (defined as the ratio of cross and
diagonal terms) is proportional to the ratio R

“? Note that the modulation depth appears to approach a constant as 1. gets smaller. That is, the quantum beat persists even as one
approaches the chaotic source case of 1. = 0. Examination of eqs. (13) and (8) shows that the origin of this behavior lies in the T
dependence of both the diagonal (proportional to ¢ 1¢,12) ) as well as the interference terms ineq. (13).
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Fig. 2. Dependence of beat patierns on .. Panels (a), (b), (¢) and (d) correspond to different detunings and | D,/ Dy, ratios. Notation
for different values of z. is as follows (——) =100 ns, (---) =S5 ns, (--=-) = 1.5 ns. Data for t.=0.18 ns (not shown) are virtually
indistinguishable from the t= 1.5 ns case. (a) |5,/ Dy, | = 1.2, central tuning. i.¢. wo=0; (b) | 5,,/ 5y = 1.2, offcentral tuning with wy
resonant with level | E; ), i.e. a= jwyy =0.0042cm="; (c) | 5,/ Dy, | =2.2, central tuning ap=0; (d) | Byo/ By, | = 2.2, off-central tuning
with Wy =0.011 cm™~* > few;,. In all cases the width of the Gaussian instrumental response function is taken to be 3 ns.
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t (ns)

R=2Re(|Dy,1%1Dy13¢€,€3))/(1Dys1* <161 12> + 1Dy 1*(l€217)) (15)

Using egs. (7) and (8) shows that for the case of central tuning R =exp(} T *w{,) and varies only slightly with
1., from 1.17 to 1, for the SO, case. For the case of off-center tuning with one dominant | D,| coefficient, how-
ever, R shows much larger variation. For example, for wp =w,, R=exp(§T2wi,), which varies between 1.61
and 1. (In actuality the computed modulation extent is larger than this estimate, a consequence of the Gaussian
convolution whose primary effect is to reduce the height of the first peak of the beat signals.)

The essential point then is that observing substantial changes in the modulation depth of the quantum beat
fluorescence signal is evidence for off-center excitation of two states with substantially different values of D,
and D,,. The SO, data show precisely this strong variation of modulation depth with consistent with the
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Fig. 3. Best fit (solid curve) 10 SO, fluorescence emanating from
excitation in a partially coherent pulse experiment. Experimental
data are shown dashed and parameters are given in the text

case of off-center tuning. More specifically, our fit to the experimental partially coherent data for SO,, shown
in fig. 3, gives wp=0.011 cm~" and | D,,/D,,} =3.66. Since w, > w,; the laser frequency profile has its max-
imum at an energy which is larger than that of both |E,) and |E;). Further, the computed |D,,/D,,| ratio,
with a dominant | D,,| indicates a small interaction of states from the viewpoint of the zeroth-order state model.
Therefore, the combination of fluorescence from excitation with a coherent and partially coherent source has
provided new information on the important term, | D,,/D,,|. In principle, it also can be used to determine the
absolute energies of the excited states. However, the pulse frequency is known only t0 0.1 cm ', a considerable
uncertainty compared to the beat frequency is 0.0085 cm—'. This uncertainty limits our ability to extract the
bound state locations.

4. Summary

Fluorescence spectroscopy with a transform limited excitation source measures the beat frequency, decay
constants of each individual level and the ratio |J,,/D,,|. Here we have shown that quantum beat studies
utilizing partially coherent sources can also be analyzed, using the approach developed here, to obtain similar
data, although with possibly less precision due to the fluctuations inherent in the partial coherent source. Two
characteristically different patterns have emerged in our examination of the dependence of quantum beat mod-
ulation depths on excitation laser coherence (i.e. t.): (1) a modulation depth which is generally insensitive
to 1, corresponding either to large interaction between zeroth-order levels or central tuning, and (2) strong
dependence of the modulation on 1., corresponding to off-central tuning and small interaction between zeroth-
order levels, as is the case for the analyzed SO, experiment. Thus, experiments that observe quantum beats
with modulation depths which are smaller than that calculated on the basis of a coherent excitation source are
suggestive of a case (2) situation. Several such cases have been reported in the literature [8] and might benefit
from being reanalyzed in terms of the partially coherent model which we have introduced.

In addition, we have emphasized that even the analyses of quantum beat data obtained with a transform
limited excitation source should take proper account of the electric field contributions in order to properly
extract the desired | D,,/D,,| mixing coefficients.

Finally we remark that although our application has been to two-state quantum beats the general formalism
we have presented applies to the multistate case as well.
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The existence and role of enantiomers, i.e., nonidenti-
cal pairs of chiral molecules related to one another through
reflection, stands as one of the fundamental broken sym-
metries in nature.' It has motivated a longstanding interest
in asymmetric synthesis, i.e., a process which preferentiaily
produces a specific chiral species. It is a longstanding
belief® that asymmetric synthesis must necessarily involve
either chiral reactants, or chiral external system conditions
such as chiral crystalline surfaces. In this paper we show
that preferential production of a chiral photofragment can
occur even though the parent molecule is not chiral. In
particular two results are demonstrated: (1) photodissoci-
ation, using plane polarized light, of a prochiral molecule
containing two enantiomers is shown to yield different
cross sections for the production of right and left handed
products, when the products are m; selected; and (2) that
this natural symmetry breaking may be enhanced and con-
trolled using coherent lasers. Our treatment constitutes a
major extension of the “coherent control” approach’ to
affecting molecular dynamics.*

Below we demonstrate the theory for the photodisso-
ciation of BAB’ to two different arrangement channels,

hv Av
(g=2).B' + AB—BAB'~B + AB',(¢=1), (1

where ¢ defines the product arrangement channel and
BAB denotes a molecule, or a molecular fragment, which
is symmetric with respect to reflection o across the plane
which interchanges the enantiomers B and B’ (e.g., Ref.
$). The existence of this plane implies that the point group
of the reactant is at least C. We sketch the theory, an
extension of Ref. 3, for controlling the branching and, in
doing so, expose the natural symmetry breaking associated
with photodissociation to selected m, states.

Consider a molecule BAS', initially (¢t =0) in eigen-
state | E,) of Hamiltonian H,, which is subjected to two
sequential transform limited light pulses. The total Hamil-
tonian is of the form

H=Hy + V=Hy—ule(n) + (0], 2)

where u is the dipole operator along the electric field di-
rection. The field 2(r) consists of two temporally separated
pulses €(r) =&,(1) + €,(¢), with the Fourier transform of
€ ,(¢) denoted ¢,(w), etc. For convenience these are chosen
as Gaussian pulses peaking at r=1, and 1, respectively.
The €,(¢) pulse lifts the system to the excited electronic
states with nuclear eigenfunctions | £,) and €,(¢) induces a
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transition back to the lower surface via stimulated emis-
sion. The fields are sufficiently weak for perturbation the-
ory to be valid, and we assume no temporal overlap be-
tween the two pulses. The state prepared after the €,(¢)
pulse, whose width is chosen to excite only two levels | E,)
and | E,), is given in first order perturbation theory as

|¢(t)) = |E‘)¢-‘E“,‘ + C||E|)¢-isl'/.+ czlzz)e—lizl/ﬁ,
cx=(Vin/iR)(E,\ | Ep e (any), (3)

with we,=(E, — E,)/A Subsequently, the system is sub-
jected to a €,(r) and its wave function, expanded in a
complete set of continuum eigenstates | E,n,9 ~ ) labeled by
energy E, arrangement channel label ¢ and remaining la-
bels 7 is then

19(1))=]d(n)

+ 3 | dEB(E.ng|t) | Eng~Ye™ ER
nq

(4)

We require below the probability P(E.m.q) of forming
product in arrangement channel ¢ at energy £ with total
fragment angular momentum projection m, along a space
fixed axis. Using first order perturbation theory and the
rotating wave approximation in conjunction with Eq. (4).
gives

P(Em.q)=2 |B(Englt==)i’

=Qe/®) 2’| 2 elEng  uiED

k=12

Xtd(a)gg") lz. {9)

where wgg, = (E-E)/A ¢, is given by Eq. (3) and
where the prime denotes summation over ail quantum
numbers n (including scattering angles) other than m,

Expanding the square and using the Gaussian pulse
shape gives

P(Emug)=Q2mn/®) [ |c, 06 + |l e
¥ 2lccte e’y cos(wy (1g—1,)

+al(E) + &) (6)
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where ¢; = | €,(wgg) |, wy = (E; — E,)/A and the phases
é. a{®(E) are defined by

(E\|W|EPCE ) u|E)) = |(E\ | u| EY(E | Ex) €,
pl(E) = plf (E)|ead®

=2 (Eng~ |p|EMEulEng™). (T)

Integrating over E to encompass the width of the sec-
ond pulse, assumed sufficiently small so that u!{'(E) can
be assumed constant, and forming the ratio

Y=P(g=1,m)/[P(¢g=1,m;) + P(q=2,m)],

gives the quantity shown controllable below.

In general control arises from the possibility of manip-
ulating, in the laboratory, the quantum interference term
in Eq. (6). Specifically,’ the product ratio Y can be varied
by changing the delay time r=(r;—¢;) or ratio
x=|e,/c;|, the latter by detuning the initial excitation
pulse. Active control over the products B + 48’ vs B’
+ AB, and hence control over left vs right handed prod-
ucts, will result as long as P(¢=1,m)) and P(¢=2,m))
have different functional dependences on x and r.

We now show that P(¢=1,m ;) is indeed different from
P(g=2.m)) for the B'AB case. We do this by examining
the behavior of ¢, and u({’ for | E,) and | E;) of different
symmetry with respect to the reflection ¢. For simplicity
we restrict attention to BAB' belonging to point group C,,
the smallest group possessing the required symmetry plane.
We rely primarily upon symmetry arguments but resort to
detailed manipulations on a model three body probiems
when necessary to gain insight. Such a model has two iden-
tical terminal atoms which are nevertheless labeled differ-
ently in the computation. Further, we focus upon transi-
tions between electronic potential energy surfaces of
similar species, e.g.. 4" to A’ or 4 10 A" and assume the
ground vibronic state to be of species A’. Similar arguments
apply for larger groups containing o, to ground vibronic
states of odd parity, and to transition between electronic
states of different species.

Excitation coefficients ¢,: Components of u lying in the
symmetry plane, denoted u,, transform as 4’ and are sym-
metric with respect to reflection whereas the component
perpendicular to the symmetry plane, denoted u,, is anti-
symmetric (A4”). Hence (E;ju|E,) = (E,|ps+ 1| Ep).
and hence ¢, is nonzero for transitions between vibronic
states of the same symmetry due to the i, component, and
nonzero for transitions between vibronic states of different
symmetry due to the u, component. The latter is common
in IR spectroscopy. In electronic spectroscopy such tran-
sitions result from the non Franck-Condon Herzberg-
Teller intensity borrowing® mechanism. Thus, the excita-
tion pulse can create an |E,), |E,) superposition
consisting of two states of different reflection symmetry
and hence a state which no longer displays the reflection
symmetry of the Hamiltonian.

Cumulative matrix elements u'{: In contrast to the
bound states, the continuum states of interest [Eng ™)
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are neither symmetric nor antisymmetric. Rather,
olEng=1")=|Enqg=2") and vice versa. Such a
choice is possible because of the exact degeneracies which
exist in the continuum. To examine u'{’ we introduce sym-
metric and antisymmetnc continuum eigenfunctions of o,
() =(|Eng=1") + |Eng=27))/2 and
¥=(|Eng=1")— |Eng=27))/2. Assuming |E,) is
symmetric and | E,) antisymmetric, rewriting | E,n,g ™) as
a linear combination of [¢°) and |¥), and adopting the
notation 4, = (V' |, E;). S, = (| pu,| Ey), etc., we have,
after elimination of null matrix elements,

piP=2 [|Sn)2+ |4y |2 £ 4,5 +42S,],
pil= 2 (gl + S22 24,55 2435,),  (8)

F‘g’ = z '[51143'2 + Aaxs:z*s:ns:z*luﬁfz]-

where the plus sign applies for ¢ = 1 and the minus sign for
¢ = 2. Equation (8) displays two noteworthy features:

(1) pf})5uld. That is, the system displays natural
symmetry breaking in photodissociation from state | E,),
with right- and left-handed product probabilities differing
by 2X'Re(S%4.) for excitation from |(E,) and
22'Re(A4,,5%) for excitation from |E,). Note that these
symmetry breaking terms may be relatively small since
they rely upon non Franck—-Condon contributions. How-
ever,

(2) p{}’ 72 Thus laser controlled symmetry break-
ing, which depends upon u\{'in accordance with Eq. (6),
is therefore possible, allowing enhancement of the enanti-
omer ratio for the m, polarized product.

To demonstrate the extent of expected control, as well
as the effect of m, summation, we considered a model of the
enantiomer selectively, i.e., HOH photodissociation’ in
three dimensions, where the two hydrogens are assumed
distinguishable. The computation is in accord with state-
of-the-art formalism and computational machinery.*
Consider the generic matrix eclement between
|E.ng~)=|¢" (¢.Ekryjm,)) and the bound state
lE)=I1®(E.M,J,p,)). where the scattering direction &,
vibrational and rotational product quantum numbers v.j
and projection m, are explicitly indicated, as are the imual
bound state angular momentum J, space fixed z projection
M, and parity p,. We have

(6~ (g.Ekrjim) |p| ®EM,J.p))
Pk, )n/z 12 M—j-m
= W+ D =-1D%"7"%
() 3
X D)’;u,whekvo)u —- ../(¢h9b0)

xt'"(EJvSAE T p), (9)

where D are the rotation matrices, p is the reduced mass,
k, the momentum of the products and
t'9(EJwgA|E,;J p) is proportional to the partial wave
matrix element® (¢~ (¢.EJMpuvjA) |u| ®(EM.J p)>




oo’
Here 4 is the belicity associated with total J along the body
fixed axis of product separation.

Equation (9) allows the construction of product ma-

|
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trix elements which comprise the uf’. The generic matrix
element product, integrated over scattering angles and av-
eraged over initial®® M, =M, is*®

(W, + ! )‘; f dk(D(E M Jopi) |1~ (¢ Ekuvgim)) (¥~ (@.Ekvjim,) |u|®(EMIp)))

l6ﬂ3vp ‘ i #
. - X 172 - (A2 +Jer+J)
(-0 Sk 2 [+ 0@+ 0)2 3 (- ‘2‘”'”(4 —A A'—/l)
x(—z A A—A')(‘m m, o)(o 0 o){l 7 J.]""(EJvJAplEJm)r"’(E"vfi’P!Etr’w- (10)
) My !
-

Here J;=J, has been assumed for simplicity. These equa-
tions, in conjunction with the artificial channel method® for
computing the ¢ matrix elements, were used to compute the
ratio ¥ of the HO + H (as distinct from the H + OH)
product in a fixed m; state. Specifically, Fig. 1 shows the
result of first exciting the superposition of symmetric plus
asymmetric vibrational modes [(1,0,0) + (0,0,1)] with
Ji=J;=0 in the ground electronic state, followed by dis-
sociation at 70 700 cm ~ ! to the B state using a pulse width
of 200 cm ™! Results show that varying the time delay
between pulses alilows for controlled variation of Y from
61% to 39%!

Finally we sketch the effect of a summation over prod-
uct m; states on symmetry breaking and chirality control.
In this regard the three body model is particularly infor-
mative. Specifically, note that Eq. (8) provides u'{’ in
terms of products of matrix elements involving |¢*) and
|¢’). Focus attention on those products which involve
both wave functions, e.g., 4,5%. These matrix element
products can be written in the form of Eq. (10) where ¢
and ¢' now refer to the antisymmetric or symmetric con-
tinuum states. rather than channels | and 2. Thus, for
example, A, 57 results from using |¢°) in Eq. (9) to form

1

‘2007
200

T (fsec)
F1G. 1. Contour plot of percent HO + H (as distinct from H + OH)

in HOH photodissociation. Ordinate is the detuning from
E,, = (E, - E|)/2, sbacissa is time between pulses.
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A, and |¢¥) to form SY. The resultant 4,57 has the form
of Eq. (10) with /?’ and 1 associated with the symmet-
ric and antisymmetric continuum wave functions, respec-
tively. Consider now the effect of summing over m; Stan-
dard formulae™® imply that this summation introduces a
8,0 which, in turn forces A = A’ via the first and second 3;
symbol in Eq. (10). However, a rather involved
argument’? shows that ¢ matrix elements associated with
symmetric continuum eigenfunctions and those associated
with antisymmetric continuum eigenfunctions must have A
of different parities. Hence, summing over m, eliminates all
contributions to Eq. (8) which involve both ¥* and ¢’
Specifically, we find'® after m; summation,

pP=pP= 3 (1S + 14a] (112)
pP=pP =3 [543+ 4,53 (11b)

That is, natural symmetry breaking is lost [Eq. (11a)]
upon m, summation, both channels ¢ = 1 and ¢ = 2 having
equal photodissociation probabilities, and control over the
enantiomer ratio is lost since the interference terms [Eq.
(11b)] no longer distinguish the ¢g=1 and ¢=2
channels.!

Having thus demonstrated the principle of m_ selected
enantiomer control it remains to determine the extent to
which realistic systems can be controlled. Further compu-
tations are therefore planned.
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Figure 14. Variation with temperature of sensitivity coefficients for the
designated species. Only the most sensitive reactions are shown.

abstraction reaction of cyanomecthyl radicals with crotononitrile,
reaction 27,

From Figure 13 it may be seen that two reactions have high
sensitivities for HCN production. These are the unimolecular
fission of allyl cyanide into cyanomethyl and vinyl radicals (re-
action —13) and reaction 50, the addition of H atoms to the nitrile

group of allyl cyanide. Rate of production analysis indicates that
a significant reaction flux to HCN flows through reaction 77, the
disproportionation reaction of two cyanomethyl radicals to form
HCN and acrylonitrile.

From Figure 11 it may be scen that the sensitivity of acrylo-
nitrile toward the rate of the allyl cyanide initiation reaction

H,C=CHCH,CN — H,C=CH + CH,CN (-13)

exceeds unity. This implies that the reaction is slightly branching
in nature. This can arise if the vinyl radical initially produced
in (~13) decomposes sufficiently rapidly to C,H, + H.

Conclusions

The buteacnitriles undergo thermal decomposition between 1200
and 1500 K at about 20 atm pressure and at residence times from
650 to 750 us. Isomerization precedes thermal decomposition.
The decomposition is free radical in nature, with 8 major chain
mechanism involving the cyanomethyl radical, leading to the
production of acetonitrile and acetylene. Other reaction pathways
have been identified involving H-atom additions to the reactant
isomers. Several nitrogen-containing radicals including cyano-
methyl, cyanovinyl, and cyanoallyl, together with their hydro-
carbon counterparts, methyl, vinyl, and allyl, play important roles
in the pyrolysis mechanism.

Pyrolysis of the butenenitriles can be satisfactorily modeled by
a detailed kinetic mechanism involving the aforementioned radicals
and hydrogen atoms. Yields of most major and minor decom-
position products exhibit kinetics of formation approximately first
order in the initial concentration of the starting butenenitrile
isomer. The outstanding exception is acetonitrile, whose kinetics
are largely influenced by cyanomethyl radical abstraction. Ar-
rhenius parameters for initiation reactions of the butenenitriles
can be obtained from experiment and kinetic modeling.
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Laser-Induced Unimolecular Isomerization: Theory and Model Applications
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We show that stimulated emission pumping provides a means of inducing cis—trans isomerization in isolated molecules. The
method relies solely upon the characteristics of stationary molecular eigenstates and utilizes pulses in the nanosecond regime.
The theory is supported with computations on the vibrational manifold of a model polyatomic.

1. Introduction

Unitil recently, there has been little progress in resolving the
problem of controlling unimolecular reactions with lasers. Re-
cently, however, there have been a number of promising proposals
for controfling chemical reactions.'? In this paper we propose

(1) Brumes, P.; Shapiro, M. Chem. Phys. Let1. 1986, 126, S41. Brumer,
P.. Shapiro, M. Faraday Discuss. Chem. Soc. 1986, 82, 177. Shapiro, M.,
Brumer, P. J. Chem. Phys. 1986, 84, 4103. Asaro, C.. Brumer, P.; Shapiro,
M. Phys. Rev. Lets. 1988, 60, 1634. Shapiro, M.. Hepbura, J.; Brumer, P.
Chem. Phys. Lett. 1988, 149, 451. Shapiro, M.; Brumer, P., to be published.

0022-3654/92/2096-281503.00/0

a laser-based approach to inducing isomerization in polyatomic
molecules. However, unlike our previous work,' the method
described here relies entirely upon simple properties of stationary
states and not upon the coherence properties of the molecules and
of the radiation field. Specifically, our technique consists of the
preparation of the molecule in a stationary (except for spontaneous
emission) excited state, followed by selective stimulated emission

(2) Tannor, D. J.; Rice, S. A. J. Chem. Phys. 1988, 83, 5013. Lami, A;
Villani, G. J. Phys. Chem. 1988, 92, 4348.
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Figure 1. Schematic potential eacrgy diagram representing the molecular
isomerization coordinate as a cut through the electronic potential sur-
faces. Regions I and 11 denote the different isomers, while region 111
represeats molecular energy levels above the isomerization barrier where

conformational identity is lost. Ground vibronic leveis are denoted by
|8). and je) represents excited vibronic levels.

pumping to the desired final state. What is particularly significant
is our preparation of stationary states instead of time-dependent
initial zeroth-order states. Such an approach automatically by-
passes any difficulties associated with intramolecular vibrational
dynamics and fast time scales. In essence, isomer sclectivity lies
in frequency control and in properties of exact molecular ei-
genstates.

The basic technique for control is outlined in section 2, followed,
in section 3, by calculations on a simplified three-level two-laser
model which allows us to gain insight into the problem of controlled
photoisomerization. Section 4 contains the description, and results,
of calculations performed on a model polyatomic system, illus-
trating the possibilities afforded by this method. The model is
based upon, but far simpler than, the stilbene molecule for which
there is a vast array of data available arf for which stimulated
emission pumping has already been experimentally demonstrated.’

2. Branching in Unimolecular Isomerization

In this section we describe the nature of isomerization in an
isolated molecule using a simple one-dimensional model; the ideas
are, however, completely general.

Consider a system, in the Born—Oppenheimer approximation,
which has two electronic states and for which there is a significant
barrier to isomerization in the ground electronic state. Figure
1 depicts the reaction coordinate for such a simple system; there
may or may not be a barrier to isomerization in the excited state.
We assume that the probability of tunneling through the
ground-state barrier at room temperature is negligible so that two
thermally stable isomers exist. The two wells are therefore ef-
fectively uncoupled at low cnergics, and the low-lying cxact ¢i-
genstates of the molecular Hamiltonian are localized in either of
the two wells (regions I and 11 in Figure 1). This description is,
however, inappropriate for the cigenstates that are close to the
top of the barrier and above it. In these cases (region Il in Figure
1) the probability density is distributed over the full conformational
space of the molecule, and one can no longer distinguish stable
isomers. Similarly, if the excited electronic state has a barrier,
the same description applies, with the system losing its confor-
mational identity when excited above the barrier to isomerization.

Isomerization can then take place by several different routes,
e.g., (1) excitation to a high-lying vibronic state of the ground
electronic surface which lies above the barrier, followed by col-
lisional quenching; (2) tunneling through the ground-state barrier
(highly unlikely unless the energy of the system is close to the
top of the barrier); or (3) by electronic excitation to a vibronic
state above the isomerization barrier in the excited potential
surface, followed by fluorescence or collisional deexcitation. Each
of these different routes will result in different cis/trans products
ratios, and traditional methods for controlling this ratio are limited
to varying gross propertics such as excitation energy, temperature,
or pressure. For example, in electronic excitation (route 3 above)

(3) Suzuki, T.; Mikami, N.; Ito, M. Chem. Phys. Leut. 1988, 120, 333.
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in the absence of collisions, as discussed in detail in section 2.1,
the product yield is completely determined by the nature of the
excited state and by the radiative transition matrix elements
between this state and the ground states. Hence we have vinally
no control over cis/trans product ratios in this case. Prior to
discussing control of the cis/trans ratio we first describe this
situation, where emission from the excited state is spontaneous
and hence uncontrolled.

2.1. Uncontrolled Isomerization. To understand the physics
we first consider an uncontrolled experiment corresponding to
excitation from a ground-state |g) to a single vibronic level of an
excited clectronic state |e), followed by spontanecous emission.
Specifically, a molecule is prepared at 1 = #; in a single excited
energy eigenstate by a device such as a sharp laser; when the laser
is turned off, the molecule is left in a quasistationary state that
can only decay by spontaneous emission. We emphasize that the
molecule system is dynamics-free (barring emission) after exci-
tation, since it is a single exact energy cigenstate of the molecular
Hamiltonian. Subsequent to excitation the state vector can then
be written as (# 2 #;)

[¥()) = a(n)je) + gb!(:)lgh + Z}:b}'(t)lx}') + Zk:bl“(t)lgi")

)
with the initial condition, immediately after preparation, of
[W(1=15)) = a(tp)le) = le) (2)

Here the superscript in |gf) denotes one of the three regions I,
I1, or I1I of the ground state. The fluorescence rate S{ into state
i of the ground vibronic states f (f = [, 11, ILI) is given by the rate
of change of the population of these states, brought about by the
spontaneous fluorescent decay of the excited vibronic state:

Si(120) = fa(t)Pvfe ™09 [=1 11, 11 3)

Here T = T4 + T 4)' + T ,v{" is the total decay constant for
the excited state |e), whose coefficient a(f) evolves as

a(121g) = a(rg)e H/2+iva-r) (4)
and
ro ¢ 3 2
Yi = 3(07'”3(% - w)’|(£lIDle)] (5)
with w, = E./h and w; = E_ /A and D is the dipole moment

operator. The total probability R!(r) that after a certain time
7 the system will have decayed by spontaneous emission to stable
conformations | is then

o+t 1 -1
R(7) = TR = £ [ Sl dr = alt)=——Z! (6)
and similarly for conformer 1I:
RY(r) = a(fo) ):‘7 M

Clearly, it is only the relative fluorescence rates into the different
states that determine the product ratios in this simple uncontrotled
photoinduced process.

Generalizing this result to arbitrary excited states (e.g., su-
perposition states, coherent or otherwise) produced by different
excitation processes is straightforward. For example, if the excited
state is a mixed state comprised of |, ), the discussion above carries
forward essentially unchanged, with the inclusion of an extra sum
over the different excited states |e,.)

Ri(r) = ZZR:J(T) = Zan(’o)

Z'v._,. =111 (8

where v, is given by eq 5 with [e) replaccd by le,) and w, by
E, /h. If, however, the initial state is a coherent superposition
I\Il(to)) = 3" ,a.(to)le,), the time evolution of the prcpared state
is more complicated, with the probabilities now given by

Ri(r) = ;[ZR AN+ X ZR (7)) )
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Figure 2. Simplified potential energy diagram for a model three-level,
two-laser system. Computations are for parameters of case 2, section 4.
That is, the system transition {requencics are w, = 3312846 cm™, wy =
33001.90 cm™'. Oscillator strengths for the clectronic transitions: 0.825
727 for cis va. 1.364 626 for trans. Overlap integrals: {(Y,|¢.)] = 2.417
X 1072, [(¥cl¥e)] = 6.546 X 107,

where the first term is the same as eq 8, and the summand in the
second (interference) term is*
ie?

3‘!’(0'30“

Ri, (1) = Re a*,(to) am(to)l(c,|DIg)II<8iADle,)| X

— o (VatTwm)1/2 giwemt
[(a = ) + (= 0] | (10)
— _Z'(Pn + T)

with wy, = w,, - w,_. Here a,(t) is the coefficient of |e,) at time
zero and T, is the decay rate from this level.

It is clear from this discussion that once the cxcited state is
defined the product ratios are determined. Thus, the extent of
our control over these ratios in this standard approach is limited
to our ability to produce and choose the well-dcfined excited states.
For example, suppose R <« R! (i.c., the transition matrix elements
between the excited state and states of type Jg'*) are much smaller
than those with states [g')) for most of the |e) states accessible
from the initial configuration 1. Under these circumstances it is
difficult to use this route to produce excess conformation 1.
Below, we demonstrate how this situation may be altered.

2.2. Controlled Isomerization. Our proposal is to use stimu-
lated-emission-pumping to induce the system into the desired
particular conformation, from the prepared state |e) as follows.

The molecule is first prepared in an excited stationary state
|e) using a narrow band laser. Then, a laser ?ulsc is tuned to a
well defined emission line (c.g., [g]) +— [e) or |gi') =— e} in Figure
1), stimulating the downward transition to the chosen ground
vibronic state at a rate competitive to, or faster than, that for
spontancous c¢mission. This route allows for production of the
desired conformation but it is qualitatively clear that a number
of conditions must be met. We list them below and investigate
them quantitatively in sections 3 and 4:

1. The stimulated transition rate to the desired state must be
comparable to, or faster than, the spontancous emission rate.

2. The duration of the down-pumping pulse must be short
compared to the natural lifetime of the excited state Je).

3. The emission line of interest must be isolated, that is, must
not have lines belonging to the “other” conformation closer to it
than the width of the pulse. Indeed, it is this feature, i.c., that
conformations may have sufficicntly different emission frequencies,
that is the essence of this entire control scheme.

Conditions 2 and 3 are not necessarily independent since the
pulse frequency width is inversely proportional to the pulse du-
ration, or wider, depending on the laser operation conditions. In
order to satisfy condition 1, while keeping the pulse short, one
need only have a laser with a photon number density > 1 in the
mode of interest, as the stimulated transition rate is proportional
to the photon number (intensity). However, if the laser intensity
is too high, oscillations in the state populations can arise (Rabi

(4) Gruner, D.; Brumer, P. J. Chem. Phys. 1991, 94, 2862. Gruner, D.
Ph.D. Dissertat.on, University of Toronto, 1988.
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oscillations), making the controlled production of a particular state
morc cumbersome and possibly inefTicient. Thus, numerical
studics are required and carricd out below. These calculations
are of two types. The first is an analytic solution in the dressed
states approximation for the simplest possibie system, i.e., three
levels. The second are computations on a model polyatomic
system.

The numerical calculations are based upon the Schradinger
equations of motion for the coefficients of the state vector |¥ (1)),
egs 11-12, in the presence of a coherent transform-limited pulse,
in the Weisskopf-Wigner approximation. That is,

lm 261(1) = 2eTe e[ (glDle,) Re c:,,(:)la,(r){.
f=11II Il (11)

[ihg;a,,(l) =
205 Ee[(eDig)-Re 6,(DIB0) - %hr.a.(z)‘ 12)

Here w,; = (E,, - E;1)/h and
a,(1) = a (e’
Bi(r) = bi()er, f=1,1L1II

and &,(¢) is the time-varying amplitude of that part of the electric
field corresponding to the laser pulse. The notation f = I, II, 11
identifies the three regions depicted in Figure 1. These equations
can be solved numericaily, or approximately (if the laser intensity
is not too high) using perturbation theory. An application of the
technique to a polyatomic model is given in section 4. First,
however, we focus on insight afforded by a simple three-level
system.

3. Three-Level Two-Laser Dressed Model

The case of a three-level system subjected to two laser fre-
quencies has been ihe subject of extensive, often highly detailed,
studies.> Radmore and Knight® have studied the population
dynamics of a three-level system using the dressed state approach.
The study we present in this section is similar in approach, and
serves 10 illustrate the amount of population shifting among the
three levels that can be achieved by careful control over the laser
frequencies and intensities. Here we focus on the simple physics
of the system in order to illustrate our control technique in its
simplest form. Consider a simple three-level model system (see
Figure 2), consisting of the following molecular states: (1) a
ground state |,) modcling onc isomer, (2) a ground state |y.)
modeling the other isomer, and (3) the excited state |y, ), which
has nonzero dipole matrix elements to both |¢,) and }¢.). Two
laser fields are used, each tuned to one of the system transition
frequencies (i.e., w, = w, and w; = w,), with variable intensities
and duration of interaction with the molecule.

In the limit of high laser intensities, as is the case for the present
example, it is most convenient to describe the system in terms of
the dressed-molecule approach.® This approach yields energy
ecigenstates of the molecule + radiation field, which are only
coupled by spontaneous emission. As will be shown below, we
can, for the purpose of our discussion, neglect the very small
spontaneous emission coupling.

In the uncoupled molecule-radiation field basis, the full
Hamiltonian A (molecule + lasers) matrix is block diagonal, with
the blocks being 3 % 3 matrices. The only coupling between the
blocks is through spontancous emission® and a representative
Hamiltonian block is

(5) See, e.g.: Ho, T.; Chu, S. Phys. Rev. 1988, 433, 377, and references
therein as well as Hioe, F. T., Eberly, J. H. Phys. Rev. Let1. 1981, 47, 838.
For a general dressed molecule discussion see:  Cohen-Tannoudji, C. In
Frontiers in Laser Spectruscopy; Balian, R., Haroche, S., Liberman, S., Eds.
North-Holland: Amstcrdam, 1977; Vol. 1.

(6) Radmore, P. M.; Knight, P. L. J. Phys. 1982, BiS, 561.
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Hy 0 H,
H=FP+8={0 H H, (13)
: H, H., H

where H% = (1}A%e), etc. Here A° is the uncoupled molecule-
radiation field Hamiltonian, and |t), |¢), and |c) are (product)
cigenstates of A%, Specifically, using number states for the de-
scription of the laser fields, we can write the zeroth-order states
(i.e., cigenstates of /%) corresponding to one block of the Ham-
iltonian as

) = ¥)in)iny)
) = Wedm = Diny + 1)
le) = ¥edm — Dim) (14)

|t) corresponds to the molecule being in the trans ground state
[V} in the presence of n, photons of laser 1 (of frequency w,),
and n, photons of laser field 2 (frequency w,); in |e) the molecule
has been excited to state |,) with laser | losing one photon and
laser 2 remaining the same as for |t), while in |c) the molecule
is in the cis ground state, having emitted one photon into field
2, and field 1 having the same number of photons as in state |e).
Note our use of curved braces in, ¢.g., |t), to denote a state of
molecule and radiation field.

These zeroth-order states yield the following Hamiltonian
matrix elements:

H?‘ = h(‘l’| + ”|W| + "2@2) = Eo
HY = Al + (1 = Dy + (m + Nw;] = Ey
HY = Rlw, + (1 - Dwy + mwy] = £, (13)

hw. 1/2
H:t = H:e‘ = je m ‘I'Delnll/2 = je6 Dy, (16)

hw, 1/2
H. = H = je -Z-eo—V & Del(ny + 1) = je€yD,  (17)

where D,, = (¢[D]t), etc.
Diagonalizing the Hamiltonian matrix produces the cigenvalues

E|=E0+K; E2=Eo; E3=EO-K (18)

and associated cigenvectors

1 1
V1) = ——=(HLlt) + Hylo)l + —= 19
W) = L ZUHLD + B+ k) (19
) = ELHLIO - HLlo)] (20

Ws) = ——=[HLI) + HYjo)] - Lz © @

KV2 V2

where K = [|HL|2 + |HL}})'/2
A general time-dependent state of the molecule + laser system
can now be described in terms of these cigenstates as

(D) = ZeEMChp) (22)

As an example, consider the case where the molecule is initially
(just before the laser fields are turned on) in the jt) ground
configuration. That is,

H, V2
+ + —— 23
PG {iv) + W¥s) H, I¥2)] (23)

(¥, (1=0)) = |t) =

this state evolves as

He 11/ A ~iEyi/ A H:‘ﬁ
(1) Kﬁ[e W) + 5 Y) + A

e B AY))

(29)
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Substituting for the dressed eigenstates in terms of the un-
coupled states (eqs 19-21) we obtain

B (1)) = b(DIt) + be(t)le) + a(B)le)  (29)

where
H|? Ki/h) + |HLp?
b.(:)-l |> cos (Ki/h) + |H 26)
K
H\H., Kit/h) -1
b(1) = {cos (Kt/h) - 1] an
K?
iH\, sin (Kt/A
a'(‘)=“—%(‘/_) (28)

Thus, the populations of the zeroth-order states evolve as the
square of the moduli of the coefficients b,(7) and a.(¢) and are
clearly periodic. We can see from eq 27 that the population of
state |c) is maximum when Kt/A = (2n + 1)x, and that by
properly controlling the relative intensities of the two lasers (i.c.,
the values of 4, and H',), as well as their duration, one can induce
a complete |t) to [c) conformational inversion of the molecule.

Figurcs 3-5 show the time cvolution of the zeroth-order state
populations. The values used for the system parameters are given
in the caption of Figure 2, and correspond to case 2 of the model
molecule of section 4. The |y,), [¥.). and |¢,) states model,
respectively, the vibrationless level of the trans ground state, the
vibrationless level of the cis ground state, and the excited state
fe*) of the polyatomic model (see section 4). The intensity of the
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Figure 5. As in Figure 3 but with /; = 4.472 X 10* Wm™, /, = 1.0 X
10° W m.

laser tuned to the |[¢.) += |y.) transition (w,) is kept constant at
I; = 1.0 X 10" W m™, while that of the other laser, tuned to the
) = |¥.) transition (w,), decreases from Figure 3 to Figure 5.
In Figure 3 the system oscillates mainly between states |t) and
Je), with little population being channcled into |c). A factor of
10 decrease in /, results in Figure 4, where the two transitions
have comparable Rabi frequencies, and a near-complete con-
formational inversion is seen at 1 ~ 0.7 ns. By a further decrease
in I, one can achieve full conformational inversion as scen in
Figure 5, where tlic system is totally in the {c) state at r = 0.914

The neglect of spontaneous emission in this experiment can be
justified by noting that, in the absence of radiation, a system
prepared initially in state |¢) would, after 1 ns, lose only 1.15%
of its population to spontancous radiative decay (for values of the
decay constants see section 4). This is clearly negligible when
compared with the large population oscillations induced by the
lasers.

In order for this control scheme to work when applied to real
molecules, fulfillment of the same conditions as those described
in section 2 is required. That is, the laser intensities must be high
enough to make the stimulated transition rates faster than (or at
least competitive to) the spontancous emission, the pumped lines
must be isolated (i.e., the three molecular levels which our scheme
uses must be clearly resolvable with the lasers used), and the light
duration must be short comparcd to the natural lifetime of the
excited state. All these conditions are satisfied by our model, which
uses the same molecular parameters as the model system of casc
2 in section 4 below. There, the spectral lines of interest are well
isolated, and the natural lifetime of the excited state is ~86 ns,
about 2 orders of magnitude longer than the interaction duration
needed to achieve full conformational inversion at the laser powers
used here (~1 ns for laser intensities /, ~ 0.5 X 10* W m? and
I, = 1.0 X 10'° W m?).

The lasers used in the present calculations are available in the
laboratory. The sole experimental issue to be dealt with is that
of timing, i.c., controlling the duration of the interaction between
the molecule and the laser fields, as well as the relative phases
of the lasers, in order to “stop™ the Rabi oscillations at the precise
point of the desired population ratio. This timing is important
because of the frequency width induced by the light pu'se. If the
light pulses are too short, a decrease in spectral resolution ensues,
resulting in the possible loss of isomerization control. This de-
crease-of-spectral-resolution difficuity manifests itself when the
three level model is extended to realistic models, as described
below.

4. A Polyatomic Model

Given the insights afforded by the three-level system we ex-
amine, in this section, results of controlled photoisomerization as
applied to a model polyatomic system. This system is based on
data from cis~trans stilbene isomerization, but in no sense in-
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corporates the real physics of this molecule. Rather, the main
point of this study is 1o explore the extent to which conditions (or
controlled isomerization cxist in polyatomic systems. In doing
30 we neglect polyatomic rotation; we comment on this approx-
imation in the summary of this paper.

4.1. The Model. We base the molecular model on Warshel's’
semiempirical (consistent force field®) quantum mechanical
calculation of ground and first excited clectronic potential surfaces
for trans- and cis-stilbene. To minimize computational cost we
use this approach to provide input for a harmonic potential surface,
i.c., cquilibrium conformations, normal modes, and vibrational
frequencies for the different electronic states. The harmonic
surfaces, which we recalculated using Warshel's QCFF/p1 program,
arc uscd as the basic building blocks of our model, thus retaining
the full dimensionality of the problem. We assume the following:

1. A large potential barrier to isomerization in the ground
electronic state, so that thermally stable cis and trans isomers exist
and tunneling is precluded at the energies of interest. The ground
electronic state is thus described by independent multidimensional
harmonic oscillators for each of the two conformers, with localized
cnergy cigenstates.

2. The first singlet excited electronic state, on the other hand,
is either devoid of a barrier or has a small one. Indeed since our
concern is with states that span the full conformational space of
the molecule, in order to apply the technique of section 2 to the
isomerization, the details of the barrier shape and size are relatively
unimportant, as long as we consider states of high enough vi-
brational energy. The QCFF/PI semiempirical excited-state po-
tential harmonic surfaces for cis- and trans-stilbene provide a first
approximation to these states. These were then slightly modified
to provide a reasonably good fit to the experimental spectra in
accordance with the discussion later below.

The modified QCFF/Pi results provide only a start on the excited
vibronic states which are considerably more difficult to model than
those of the ground electronic state since it is necessary to account
for the region bridging the isomers. We summarize the argument
and observations that led us to the simplifying approximation for
the excited-state wave functions given in eq 29. First, analysis
of the modified QCFF/p1 results showed an almost one to one
correspondence between normal vibrations of the cis and trans
conformations, in the sense that the relative motion of the indi-
vidual atoms in specific normal modes is similar for both con-
formations. Second, we also found that motion along the reaction
coordinate, i.e., torsion about the ethylene bond in stilbene, is
represented mainly by one normal mode, with two or three other
modcs having only a small component in that direction. Ac-
cordingly, we make the assumption that isomerization corresponds
to motion in one normal mode (the one with the large torsional
component about the ethylene bond), while all the other modes
are harmonic, uncoupled and orthogonal to the reactive mode.

It is obvious that a normal mode, which by definition represents
low-amplitude vibration, is not a good representation of the
isomerization, since the latter involves both large-amplitude motion
and periodic torsional motion about the ethylene bond. This would
suggest the use of a hindered-rotor potential to describe the
isomerization coordinate. The full excited-state vibrational ei-
genfunctions of the model molecule would then be products of
(3N - 7)-dimensional harmonic oscillator wave functions Y permonic)
(corresponding to the harmonic part of the potential) times the
reactive mode wave functions |,c.ci? (i.c., the hindered-rotor
eigenfunctions). In going from one conformation to the other (cis
or trans or vice versa), i.¢., moving in the direction of the reactive
mode, each harmonic normal mode of one conformation correlates
with a corresponding mode in the other conformation, with the
same number of quanta in each mode. The calculation of the
overlap matrix elements required below could be simplified by
cxpanding the (one-dimensional) hindercd-rotor eigenfunctions

(7) Warshel, A. J. Chem. Phys. 1975, 62, 214.

(8) Warshel, A. In Modern Theoretical Chemistry, Vol. 7. Semiempirical
Methods of Elecironic Structure Calculation. Part A: Techniques; Scgal,
G. A., Ed.; Plenum Press: New York, 1977
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in terms of the cis + trans harmonic oscillator wavefunctions of
the reactive mode, which form a complete basis. This would
reduce the overlap problem to that of cvaluating harmonic
polyatomic Franck—Condon factors, which we can do very effi-
ciently.?

Although the above procedure is desirable in practice, the
experimental information on molecules like cis-stilbene is very
scant, so that one can neither infer the proper coefficients nor their
energies for such a linear combination of states. Therefore, it is
not unreasonable to assume that the major term in the basis set
expansion consists of equal contributions from those harmonic
cis and trans states of the reactive mode, |¢55,) and |¢""“). which
are closest in cnergy to the hindered-rotor state of intcrest. As
such, we approximate the excited vibronic states of the model by

1 . .
f*) = —= (WiZrmonic 165} £ Wiamonic)l91aa))  (29)

V2

with corresponding energies
E* = min (E“,E'*®),  E- = max (E,E'*s)  (30)

Here E8 and E'™™ are respectively the energies of the cis and
trans (3N - 6)-dimensional harmonic states which constitute the
linear combination Jet), as obtained from the QCFF/Pi calculation
of the excited electronic state.

Equation 29 contains only the bare essentials of the character
of the exact molecular vibrational states in the excited electronic
state. Nevertheless, it suffices as a useful first step in the exam-

ination of conditions for laser induced isomerization, described

below.

4.2. Spectra. In order to assess the suitability of a molecule
for isomerization control, it is necessary to acquire a reasonably
detailed understanding of its molecular spectroscopy, and to de-
termine which vibronic transitions are the most useful for the
application of this technique. In this section we present the
absorption and some single-vibronic-level (SVL) emission spectra
(purely harmonic) for the two separate conformations of the model.
The oscillator strengths for the electronic transitions are given
by the QCFF/Pi program® and used without modification. Although
we are not attempting a realistic model of a molecule,'®" it is
useful to attempt an approximation to a real system such as
stilbene. Hence, we use experimental spectral data to adjust the
calculated stilbene QCFF/p1 surfaces, as described below. We
report spectra below simply as Franck—Condon (FC) factors for
absorption or cmission; that is, we do not take any line broadening
or resolution factors into account.

(i) The Model Trans Configuration. Very good experimental
spectra for trans-stilbene are available'?'¢ including the absorption,
fluorescence excitation, and dispersed fuorescence spectra of the
jet-cooled molecule. Much of this has been assigned using
Warshel's calculations.”'’ The spectra we have calculated by
directly using the QCFF/P1 normal modes and equilibrium nuclear
configurations do not adequately reproduce the experimental
intensity patterns. Thus, we altered the surfaces to fit the intensity
data, specifically, by modifying the excited-state equilibrium
conformation.

Little effort was required to fit the calculated spectra to major
features of the experimental spectra. This procedure is described

(9) Gruner, D.; Brumer, P. Chem. Phys. Let1. 1987, 138, 310.

(10) Orlandi, G.; Siecbrand, W. Chem. Phys. Let1. 1978, 30, 352.

(11) For example, the need for double excitations in the Cl is discussed
by: Hemley, R. J.; Leopold, D. G.; Vaida, V.: Karplus, M. J. Chem. Phys.
1988, 82, 5379.

(12) Syage, J. A.; Lambert, Wm. R.; Fclker, P. M.; Zewail, A. H.; iHo-
chstrasser, R. M. Chem. Phys. Let1. 1982, 88, 266.

‘“(IJ) Syage. J. A.; Felker, P. M.; Zewail, /.. H. J. Chem. Phys. 1984, 81,

(l4) Syage. J. A.; Felker, P. M.; Zewail, A. H. J. Chem. Phys. 1984, 81,
(IS) Zwier, T. S.; Carrasquillo, E.; Levy, D. H. J. Chem. Phys. 1983, 78,
(I6) Amirav, A_; Jortner, J. Chem. Phys. Len. 1983, 95, 295.

) Such assignments often show [requencies which are too high. Hemley

et al.'% report that their newer PPP/CI program, which is essentially an im-
proved QCF¥/pi, also produces somewhai high normal frequencies.
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Figure 6. Absorption FC factors for the trans model, from the vibra-
tionless level in the ground electronic state to vibronic levels of the first
excited singlet. Frequencies are relative to the origin of the electronic
transition. Maximum FC factor = 3.418 X 10", Excited-state normal
frequencies: v, = 475.669 cm™’, vy = 230.825 cm™'.

1.0 (g
(a)
68}
3
%05—
68;
o l .ll IIHQL l ” 1-1 UA u!ll‘__
o 800 1600
d (em™)
1.0
(b)
4 68;
3
_;05—
1
° | lr“. I..Ju J HHI nn J_l.n_ A“.lj - 11].[. Jl h.l l-h.ll.ll.

° 4 {em™)

Figure 7. Emission FC factors for the trans-model. Ground state normal
frequencies: »g = 228.634 cm™'. (a) Emission from the vibrationless
level in the first excited singlet state to vibronic levels of the ground
clectronic state. Frequencies are relative to the origin of the electronic
transition. Maximum FC faclor = 3.418 X 10°2, (b) Emission from the
state with one quantum in the C,C,¢ bending mode (ry'? or our mode
68). Frequencies are relative to the 68} transition. Maximum FC factor
= 2.700 x 1072,

in detail elsewhere.* However, it is of sufficient general interest
to warrant displaying some results. As an example, consider Figure
6 which is the fitted absorption FC spectrum for the trans model,
from the vibrationless level in the ground electronic state to vi-
bronic levels of the first excited singlet. The spectrum compares
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very favorably with the experimental data shown in Figure 4 of
ref 12, showing the same trends for the dominant peaks and a
similar sort of background. Mode 61, which corresponds to the
reactive mode (i.c., torsion about the cthylenc bond), has been
enhanced in this fit; this line is not unambiguously identified in
ref 12,

The excited-state equilibrium conformation resulting from this
fit was used to calculate the FC factors for emission from single
vibronic levels of the excited electronic state, as shown in Figure
7. The fluorescence FC factors for the vibrationless level of S,
are plotted in Figure 7a, while emission from the state with one
quantum in the C.C.¢ bending mode (vy5 of ref 13, or our mode
68), which forms the major progression in both absorption and
emission, is shown in Figure 7b. These can be favorably compared
to the corresponding bottom two spectra in Figure 7 and the top
spectrum in Figure 1a of ref 12. As one can readily observe, the
same trends in the spectral progressions are evident, ¢.g., the line
corresponding to the 68] transition (or 25} in Syage et al.’s no-
tation'?) is noticeably absent.

The obtained fit is quite good. A better fit than that presented
here is certainly possible, but the nature of our model does not
warrant the effort.

(il) Model Cis Configuration. The situation regarding cis-
stilbene’ is quite different than that for trans since high-resolution
experimental data for the cis form are unavailable. Hence, the
QCFF/Pi calculations were used directly.

The absorption (8a) and SVL fluorescence (8b) FC spectra of
the cis model are shown in Figure 8. Note the low values for
the FC factors relative to those of the trans model. Figure 9 shows
the SVL fluorescence spectra (emission Franck—Condon factors)
from levels with one and two quanta of excitation in the reactive
mode (our mode 61), for both trans and cis modej stilbene. The
oscillator strength for the cis model electronic transition is also
substantially lower than for the trans (0.825727 for cis vs.
1.364 626 for trans).

4.3, Stimulated Emission and Branching Control. We present
here results on controlled isomerization in our model polyatomic.
In order to investigate the variety of behavior which can be ob-
served, we devised two models differing by the different assign-
ments of the cis clectronic transition energy, w9, Parameter
values for the two cases are as follows:

Case 1. The origin of the cis transition was set at w3, = 30000
cm™, the approximate origin'® in diphenylmethane. For the trans,
Wi = 32234.2 cm™', equal to the actual S, +— S, transition
origin.!> The zero-point energy difference in the ground electronic
state, as calculated by the QCFF/P1 program, is £y~ Egjans =
2126.56 cm™, in good accord with the Sy potential energy diagrams
inrefs 11 and 13.

Case 2. Here we set the cis origin at wd.;, = 32000 cm™', equal
to the agproximate S, — S, origin in gaseous cis-stilbene.'” The
OFigin wg,.en iS the same as in case 1, so that the ground zero point
energy difference becomes Egci; = Egurans = 126.56 cm™. The
relative encrgies of the excited clectronic potential surfaces for
the cis and trans model are the same in both cases studied.

The initially prepared excited eigenstate of the model molecule
is chosen as the linear combination

]
e*) = —={1261)cis + [261) 112 (31)
| \/i“ 61 1261 4eanal |

i.e., the combination of the cis and trans states with 2 quanta of
excitation in the S, vibrational mode 61, which corresponds to
the isomerization coordinate. The remaining oscillators are in
their ground states. The energy of this excited state is then 2wi™
= 894.2616 cm' above the trans S, origin and 1001.9016 cm™'
above the cis S, origin. Experimenta! preparation of such a state
in our model systems would not pose a problem, since (see Figures
6 and 8a) the 613 transition is well isolated in both the cis and
trans model. That is, although the vibrational density of states
at the energy corresponding to the state je*) is ~40 states/cm™!,
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Figure 8. (a) Absorption FC spectrum for the cis model from the vi-
brationless level of the ground electronic state to vibronic levels of the
first excited singlet. Frequencies are relative to the origin of the cis
clectronic transition. Excited-state frequencies: #,, = 500.950 cm™, vy
= 218.240 cm™. Maximum FC factor = 3.864 X 10™. (b) Emission FC
factors for cis-model stilbene from the vibrationless level in the first
excited singlet state to vibronic levels of the ground electronic state.
Frequencies are relative to the origin of the electronic transition.
Ground-statc frequencies: », = 537.462 cm™, »q = 201.333 cm™l.
Maximum FC factor = 8.609 X 107,

only a single state lying within the frequency width associated
with a reasonably sharp laser has a significant Franck-Condon
factor with the ground state. We therefore simply assume this
as our initial state for the stimulated emission pumping calculations
described below.

We present below stimulated emission spectra from the state
le*) (eq 31) produced with a laser pulse &,(1) = &, sin w t of
duration #, = 100 ps. To obtain this result we assume je*) to be
first prepared and then compute the stimulated depopulation of
the initial state for laser pulses centered at each transition fre-
quency by solving the equations of motion (eqs 11 and 12) to first
order in time-dependent perturbation theory.?® The use of
perturbation theory is justified as long as the excited-state de-
population remains small, as in the case in our calculations. For
example, using a laser power of 10° W m™2, the depopulation is
less than 10% for all but the strongest transitions, and less than
1% for the weaker cis transitions. The spontancous emission
contribution to eq 12 was neglected, since the natural radiative
lifetime of the exciled state is ~ 100 times longer than the duration
of the pulse. One obtains, for the coefTicients of the ground states
(seceeq ll)

e(glDje* )8y | - glwwtar | — Jluww)
B = —; °[ - ] (32)
i e ~ W)

We + W w,

(18) Dyck, R. H.; McClure, D. 8. J. Chem. Phys. 1962, 36, 2326.
(19) Greene, B. I.: Farrow, R. C. J. Chem. Phys. 1983, 78, 3336.

(20) Taylor, R. D.; Brumer, P. Faraday Discuss. Chem. Soc. 1983, 73,
17
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Figwre 9. Single vibronic level fluorescence (Franck—Condon) spectra from levels with one and two quanta of excitation in the resctive mode (no. 61):
(a) trans 61'; (b) trans 612; (c) cis 61'; (d) cis 61%. The ordinates arc normalized to (a) 2.054 X 1072, (b) 1.270 X 1072, (c) 5.745 X 10™, (d) 2.711

X 10,

where w;, = wy — we+ < 0 for stimulated emission. In addition,
we neglect the smaller second term in the brackets in eq 32, in
accord with the resonance approximation.?!

The total excited-state depopulation R, (f,w) is given by

Ryim(tw) = ;EIﬂ;’(OI’ (33)

with similar definitions for the probabilities of producing a
ground-state molecule in a particular conformation (i.c., f = I,
II). In the Condon approximation, and assuming the polarization
of the field is parallel to the electronic dipole moment of the
molecule uy we therefore have

2

} (34)

8 2
Ralti) = (——";",, ") Zl(afle")l’{
i

The results of our calculations for the system parameters defined
above follow. In each case the number of ground levels had to
be restricted to allow effective calculation. The criterion used
to restrict the number of states to be included was that the overlaps
of the excited state with ground vibronic states are largest for states
with small number of quanta. As verified in our calculations, the
neglected overlaps are indeed extremely small.

() Case 1. In this case, using ¢q 8 and including in the sums
over the damping coefficients all the states discussed below, the
spontaneous trans/cis ratio is determined to be

Rgz) E
RE) T

(21) Cohen-Tannoudji, C.; Diu, B.; Laloe, F. Quantum Mechanics, Wi-
ley-Interscience: New York, 1977.

sin [(U‘e + 0)‘/2]
(e + w)/2

o 24869086.0 s -
407916.9 s

61.0 (35)
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Figure 10. Case 1: Stimulated emission spectrum of the model poly-
atomic excited to |e*), for sinusoidal laser pulses of duration, 7, = 100
ps, centered at the transition frequencies. Laser intensity = 1 X 10° W
m™2, The asterisk marks the origin of the trans transitions, i.e., the line
t6l§, with frequency = 33128.46 cm™. The origin of the cis transitioas,
c613, at a frequency of 31001.90 cm™', is marked with an arrow.
Maximum actual depopulation = 3.593 x 1072,

Al
3000

o

That is, trans heavily predominates in spontaneous emission. The
key question is therefore whether we can stimulate production
of the cis conformer. We show below that this is, in fact, not s
suitable case for laser induced isomerization.

Figure 10 shows the spectrum of je*) stimulated down to the
ground electronic state. Approximately 35000 transitions to both
cis and trans conformers arc included. The calculation is restricted
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Figure 11. Case 2: Stimulated emission spectrum for the model poly-
atomic excited to Je*), for sinusoidal laser pulses of duration ¢, = 100
ps. centered at the transition frequencies (i.c., not continuously swept).
Laser intensity = | X 10° W m™2. The asterisk marks the origin of the
trans transitions, i.c., the line 1613, with frequency = 33128.46 cm™'.
Some of the cis transitions that can be used for selective stimulated
emission pumping are marked as follows: (a) the cis origin, c613, at a
frequency of 33001.90 cm™; (b) c61368J, with frequency = 32800.57
em™; (c) ¢613683, with frequency = 32599.23 cm™'. Maximum actual
depopulation = 2.190 x 107,

to ground vibronic states as follows: (i) for the cis model, states
with up to 4 quanta of excitation in each vibrational mode were
included; (ii) for the trans model, the restriction was much more
severe, with only states with up to 2 quanta per mode and a
maximum total number of vibrational quanta (summed over all
modes) of 3. With these constraints there are 7652 states in the
first 1100 cm™! of the cis ground state (the full state count is
13010), and 32339 states in the first 3500 cm™' of the trans ground
state (an estimate of the total number of states,? gives ~ 10 states
in this energy range). The density of S, trans states in the vicinity
of the origin for the cis transitions (31001.90 cm™), i.e., between
2100 and 2200 cm™' of vibrational energy above the zero-point
level, is approximately?? 3.5 X 10* states/cm™'. In addition, the
transitions to the cis conformation are quite weak relative to those
to the trans conformation (by as much as 2 orders of magnitude).
The latter feature, coupled with the high density of trans states,
makes the selective production of the cis isomer impractical by
the method of section 2.

It is true that we can use stimulated emission pumping to
enhance the trans yield, but this is not of much interest in this
case since the ratio of trans to cis produced by spontaneous
emission is already quite large.

(ii) Case 2. In this case the model parameters are such that
the origin for the cis transitions is moved, relative to case 1, closer
to that for the trans. As a consequence, a whole new range of
possibilities for isomerization control opens up. A computation
similar to that above shows that the trans still dominates in
spontancous emission, with a spontaneous trans/cis ratio
R_:;‘.‘,"(t,)/ R_f'm('v) = 24.0 so that the issue is to show enhanced
cis production.

The stimulated emission spectrum for this case is presented in
Figure 11, and includes transitions to all states in the energy range
shown containing up to 4 quanta of vibrational excitation per mode
for both cis and trans (there are 13 146 such states in the first
1100 cm™' of the trans ground state, and 7652 in the first 1100
cm™ of the cis). It is evident from Figure 11 that the density of
significant transitions, in the first 550 cm™, is low enough to allow
selective down pumping of isolated lines with reasonable lasers.
Some of the cis transitions that can be used for sclective stimulated
emission pumping are marked in the figure. Table [ lists the

{22) Using the algorithm of: Whitten, G. Z.; Rabinovitch, B. S. J. Chem.
Phys. 1963, 38, 2466.

(23) Yoshihara, K.; Namiki, A.; Sumitani, M.; Nakashima, N. J. Chem.
Phys. 1979, 71, 2892.
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TABLE I: Polyatomic Model, Case 2: Stimulated Emission

Probabilities for Excitation to j¢*), Correspondiag to the First 550

cm™! of the Spectrum of Figure 11°

w, cm™ R:::('p"‘) R‘:i-(lpﬁ)
33128.46 1.1800 X 1072 0

33091.92 1.5577 x 107 0

33033.08 2.9836 X 107 0

33011.88 1.0412 X 107 0

33001.90 0 1.4774 x 107
32949.81 2.5519 x 107t 5.3766 X 107*
32916.46 7.6867 X 10~ 0

32899.83 9.2890 x 107} 0

32861.29 1.2263 x 107} 0

3284497 1.0369 x 107} 4.7894 X 107
32844.93 1.1120 x 107 2.3676 x 107
32804.44 2.3488 x 107 1.7777 % 107
32800.57 1.3211 % 1077 3.206% x 1073
32783.21 2.4157 x 107} 4.8533 x 10712
32783.19 2.3690 x 107} 2.0654 x 10710
32748.47 1.0208 x 10~ 1.1216 % 1072
32712.47 2.3131 X 107 7.5686 x 10
32687.83 6.1009 % 10™* 0

32687.80 5.9826 x 107 0

32671.19 3.6066 X 107 1.4347 x 10~
32670.96 5.0795 X 107 8.5253 x 10°*
32624.65 8.4739 x 10~ 1.8576 x 10711
32624.53 9.4882 x 107 1.8645 x 10712
32624.02 2.1896 x 107! 0

32623.45 4.4414 x 1073 0

32623.22 3.5243 x 107 0

32623.20 3.6138 x 107 0

32623.18 3.4013 x 107 0

32616.34 8.1628 x 10~ 8.8838 x 10°*
32616.29 8.7540 x 10™* 6.5691 x 1078
32599.45 1.0849 x 107¢ 6.4656 % 107
32599.45 1.0850 x 10~ 6.6118 x 10™¢
32599.33 7.5285 x 1077 2.4854 x 107
32599.23 2.9021 x 107 3.3036 % 107
32588.00 7.9790 X 10™* 1.2746 x 1071
32587.49 1.8411 x 1072 3.8202 x 107

“ For comparison, the spontaneous emission probabilities, for 7, = 0.1
ns, are RyZ0(1,) = L1110 X 107 and Rie.,(1,) = 4.6283 X 107,

stimulated transition probabilities to both trans and cis final
ground-state conformations, Ry (f,.w) and R, (#,.w), for all the
major lines in the first 550 ¢cm™! of the spectrum. Note that for
most of the lines described in Table I there is some probability
for stimulated emission to both conformations, even though each
of the spectral transitions on which the laser pulses are centered
corresponds to a single conformation. This is due to the lifetime
broadening of the laser, which results in more than one emission
line being under the laser bandwidth.

Consider, for example, the ground-state populations obtained
by centering the laser pulse on the cis transition c613683 at
32599.23 cm™. Here the stimulated production of trans conformer
is 4 orders of magnitude smailer than that of cis at this
frequency—see Table I. For the laser power used (10° W m™?)
we can make the production of cis ground state occur at a rate
comparable to the spontaneous production of trans ground
molecules. Increasing the laser power will proportionately increase
the stimulated rates (cq 34), enabling the enhancement of the
cis/trans product ratio. Similarly dramatic results can be obtained
by tuning the down pumping laser to other predominantly cis
transitions, e.g., the cis origin c61% at 33001.90 cm™'. Results
on induced isomerization for this case have already been provided
in section 3 where full conformational inversion has been shown
possible.

S. Summary

In this paper we have suggested a means of using stimulated
emission pumping to control isomerization in isolated molecules.
Specifically, one first excites the molecule to a single excited
vibronic eigenstate with a sharp laser and then uses stimulated
emission pumping to pump the system down to the desired isomer.
The approach (although not necessarily our computations) is based
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entirely upon exact molecular cigenstates and recognizes the
differences in energy levels between cis and trans isomers of the
same molecule. We have emphasized the importance, for ex-
perimental demonstration of this cis/trans control, of a number
of molecular features reiterated below.

Specifically, one must be able to produce a single excited
molecular eigensiate which spans the full conformational space
of the molecule, i.c., a state above or close to the top of the barrier
to isomerization in the excited electronic state. This necessitates
that any barrier in the excited state be low enough that the vibronic
state density permits the excitation of a single energy eigenstate.
Further, in order to be able to influence the product ratio for the
isomerization reaction, there must be relatively isolated transitions
to states of the desired conformation. These conditions were not
met by the first example in section 4.3 but the second example,
where the molecular features were more favorable, showed con-
siderable control over the cis/trans ratio.

The conditions on the molccular parameters go hand-in-hand
with those that must be imposed on the exciting and down pumping
lasers, the power and duration of which must be such that “clean”
transitions are pumped and the pumping must occur at a rate faster
than that for spontaneous emission.

To simplify the computations we have considered a model with
only vibrational motion. Including rotations is necessary, of course,

in any analysis of a real molecular system. However, the essential
principles outlined in this paper are unaltered by including ro-
tations. The principal effect of incorporating rotations would be
to increase the state density, necessitating use of longer pulses
to isolate individual states.

This paper also contains extensive calculations on two versions
of a model which were designed to examine features of polyatomic
molecules which are of importance to the feasibility of laser-in-
duced isomerization. Case 1, for example, showed extensive
interleaving of cis and trans transitions so that effective control
is difficult to achieve. This was not the situation for case 2 which
has a smaller difference in the cis and trans equilibrium energies
and which allows for extensive trans—cis induced isomerization.
Thus, we anticipate that laser-induced isomerization will be ex-
perimentally demonstrable for molecules with level structures
similar to those of case 2.
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A High-Temperature Photochemistry Study of the Reaction between Ground-State Cu

Atoms and N,O from 470 to 1340 K
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The Metals-HTP (high-temperature photochemistry) technique has been adapted for studies with thermally unstable reactants,
here N,O. The rate coefficients for the reaction Cu(4s ’S.(z) + N,0 — CuO + N, from 470 to 1190 K are best fitted by
k(D) = 1.7 x 107" exp(-5129 K/T) cm’ molecule™ s™' with 2¢ precision limits varying from %8 to £18%, depending on
temperature, and corresponding 20 accuracy limits of £22 to £27%. It is shown that this expression corre'ates well with
data on a series of other metal atom-N,O reactions. Above about 1190 K, the Arrhenius plot shows distinct upward curvature,
which may be due to a contribution to the observed rates of vibrationally excited N;O in bending modes. For the entire

470-1340 K range the measurements are best described by k,(7) = 3.04 x 10-0727
with estimated 20 accuracy limits of £22 to +£28%.

1. Introduction

Recently, we reported on the development of the Mctals-HTP
(high-temperature photochemistry) technique,' 10 complement
our well-established HTFFR (high-temperature fast-flow reactor)
method for studying rcactions of mctallic and other refractory
species. Metals—HTP differs from regular HTP2? in that melal
salts are cvaporated in the apparatus to replace permanent gases
as atom precursors. In HTP techniques, atoms are produced
photolytically and the reactions are observed in real time in the
same volume element in which they are formed: pressures that
can be utilized runge from ubout 40 mbar 10 around atmospheric,
and wall reactions arc ncgligible. In HTFIR experiments, atoms

(1) Marshall, P.; Narayan, A. S.; Fontijn, A. J. Phys. Chem. 1990, 94,
2998.

(2) Mahmud, K.; Kim, J.-S.; Fontijn, A. J. Phys. Chem. 1990, 94. 2994.

(J) Ko, T.; Marshall, P.; Fontijn, A. J. Phys. Chem. 1990, 94, 1401,

exp(-3087 K/7) cm? molecule™’ s

or radicals are produced upstream of the reaction zone by evap-
orative*® or microwave® methods and pressures are typically in
the 5-80 mbar range.

In the first Metals-HTP study we made measurements on the
termolccular Na + O, + N, — NaO, + N, reaction. Herc we
report on the (irst bimolecular reaction studied by this technique

Cu(ds 'S, ;) + N,O — CuO + N, (n

No previous studies on this reaction have been reported, but more
metal atom oxidation reactions with N,O have been studied than
with any other oxidant, (sce c.g. ref 4 und section 3), which allows

(4) Fontign, A.; Felder, W. In Reactive Intermediates in the Gas Phase.
Generation and Monitoring, Setser, D. W, Ed.; Academic: New York, 1979;
Chapter 2.

(S) Slavejkov, A. G.; Stanton, C. T.; Fonlijn, A. J. Phys. Chem. 1990, 94,
3347.

(6) Slavegkov, A, G, Vonugn, A, Chem. Phys. Leti. 1999, 165, 375.
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Abstract

The quantum scattering theory of resonant two photon (wy + w;) dissociation is devel-
oped and applied to Na; photodissociation . In the energy range considered photodissoci-
ation primarily occurs via excitation to the A'L} state, intersystem crossing to the b°II,
state and subsequent excitation to the triplet continuum. Photodissociation probabilities
to produce Na(3s) + Na(3d), Na(3s) + Na(4s) and Na(3s) + Na(3p) are reported as a
function of both w; and w,. Characteristic features due to spin-orbit coupling and to

multiple product production are observed and discussed.




I Introduction

Photodissociation has emerged as an informative approach to the study of molecular struc-
ture, interactions and dynamics!. Typical studies now utilize laser sources to initiate one
photon absorption to the continuum, with dynamics and products studied via a variety
of detection methods. Additional interest in laser initiated photodissociation has arisen

2, a tech-

as a result of recent ideas in the coherent radiative control of photodissociation
nique for using laser and molecular coherence to alter the relative product yield in photon
initiated dynamics.

The availability of increased laser power motivates interest in multiphoton induced
dissociation, with two photon processes being the subject of this paper. The theory
and application to Na; discussed here also provide part of the theoretical basis for a
second p:wer3 which shows how resonant two photon absorption may be used to provide
a means of controlling molecular processes in a thermally equilibrated sysi.ems, affording
an enormous improvement in coherent control technology.

In this paper we develop the theory of two photon dissociation, discuss the artificial
channel method? as applied to treat this problem and apply the method to the photodis-
sociation of Nay, a problem currently under experimental studys. In addition to providing
a direct link with these experiments, the study of the Na; two photon dissociation pro-
vides insight into the spin-orbit coupling between the Na; !Z} and 311, electronic states,
which has been the subject of a series of studies® 7. Here we treat this coupling nonper-
turbatively and find that the dissociation probability is sensitive to the strength of the
spin-orbit interaction, providing direct information on the magnitude of this interaction.

The paper is organized as follows: in the next section, we describe the quantum scat-




tering theory of photodissociation and derive explicit formulae for the resonant two-photon
processes. The artificial channel method, which provides a direct numerical method to
compute the two-photon dissociation amplitudes, is explained. Aspects of the Na; numer-
ics and the artificial channel method for two photon dissociation are discussed in Section

3. Numerical results are discussed in Section 4.

II Quantum Scattering Theory and Two-Photon Dissoci-

ation

I1.1 Formalism

Consider the photodissociation of a molecule AB. The Hamiltonian Hys can be con-
veniently written as the sum of the nuclear kinetic parts, K, k, and the electronic part

Ha(q|R,r),

Hy = K(R) + k(r) + Hu(q|R, ), (1)

where R is the displacement vector between A and B, r are the remaining nuclear coor-
dinates, and q denotes the collection of all electronic coordinates. As the molecule disso-

ciates, (R — 00), Hy approaches its asymptotic form Hg33 while H.(q|R,r) approaches
hel(q, l'),
l}im Hy = Hyg, (2)
Hyt = K(R) + [k(r) + ha(q, )], 3)

where the term in the bracket of the right hand side of Eq.(3) is the Hamiltonian of the

fragments A and B.




The Hamiltonian of the total system, the molecule plus the radiation field, can be
written as

H = Hy+V (4)

Ho = Hum+ Hp (5)

where Hp is the radiation Hamiltonian, and V is the molecule-radiation interaction which

can be expressed in the electric dipole approximation as
V=—-pu-E, E= iZek(ekak - e,',a,‘:). (6)
k
Here g is the electric dipole operator, €; = (27w;/ L3)l/ 2, and ey and wy are the polariza-

tion vector and angular frequency of mode k, respectively. We set & = 1 throughout the

paper.

Consider photodissociation, i.e.8, a transition from a molecular bound state |E;) to
dissociating states |E,m™), where |E;) and |E,m™) are orthogonal eigenstates of Hps

with discrete energy E; and continuous energy E, respectively:
Hum|E;) = E|E;) (7)
HMIEvm-)=EIE’m-)a (8)
The notation m~ implies the incoming boundary condition that at large R the states

|E,m~) approach well-defined asymptotic states |E, m), which are eigenstates of the

asymptotic Hamiltonian Hy}
HRZ|E,m) = E|E, m). (9)

The quantity m, being good quantum number of H3j, specifies, apart from energy E, the

states | E,m) of the fragment products and includes the arrangement channel label.

5




The presence of radiation is conveniently described by field modes characterized by
occupation quantum number nyx of a Fock state |n;) with energy niwy. (Later, we will
deal with the case in which the field is described by a coherent state.) In the multimode
case the notation ni is to be understood as the set of quantum numbers specifying each
of the modes in the collective state |[{ni}) = |n1, n2,- - ), and niwy is understood to imply
the sum Y, niwi. The eigenstates of Ho, which do not include the molecule-radiation
field coupling, are the direct product of the molecular and photon states; e.g., |E, m™)|ni)
and | E;)|nx), denoted by [(E,m™),ni) and | E;, ni), respectively.

The dynamics of photodissociation is completely described?® by the fully interacting

state |(E,m™),n; ) of the total Hamiltonian H, which satisfies the eigenequation:
H|(E,m”),n;) = (E + nywi)l(E,m™),n;). (10)

Again, the minus superscript on ny in the fully interacting state [(E,m™),n;) suggests
the boundary condition that when the radiative interaction V is switched off, the incoming
state [(E,m™),n; ) becomes the non-interacting state |[(E,m™),n) = |E, m™)|n;).

To obtain an explicit expression for the two photon dissociation probability we proceed
in two steps. First, we sketch a derivation, somewhat different from that previously
giveng", showing that the photodissociation amplitude is given by ((E,m™), n_|V|E;, n;)
and contains all orders of the molecule-field interaction. Then we restrict attention to the
two photon case to obtain an explicit expression, and computational technique, for the
two photon photodissociation amplitude.

Consider then the system initially in the state [(0)) = | E;, n;). The time evolution of
the system is given by

l¥(t)) = exp (—iHt)|w(0)). (11)




Our primary interest is to study transitions into the continuum subspace of the system as
t — oo. Expanding U(t) = exp(—tHt) in terms of the fully interacting incoming states
Eq.(10) gives
J¥(t)) = Z /dEexp(—i(E + nw ) E, m™ ), n W(E,m™), n; | E;, ;). (12)
mny
The overlap integral ((E,m™),n,|E;, n;) can be evaluated by noting that ((E,m™),n_|

satisfies the Lippmann-Schwinger equation8

((E’ m—)v nl:l = ((Ev m-)inkl + ((E, m-)’ n;|VG0(E+ + nkwk) (13)

where Go(E) = 1/(E — Hp) is the Green function associated with Hg, and E* denotes
E + ie (¢ = 0% at the end of the computation). Using Eq. (13) and state orthogonality,

we have

((E,m™),n.|V|E;, n;)
Et - E; - (njw; — ngwi)’

(E,m~),n;|E;ni) = (14)

To obtain the desired long time result we substitute Eq.(14) into Eq.(12), perform the
integration and let ¢t — oo. The contributions to the integration come from the poles
of the integrand Eq.(14) in the lower half of the complex E plane, and are given by
[E; 4+ (niwi — ngwy) — i€] and by the poles of ((E,m™),n;|V|E;, n;) in that half-plane.
The latter contain an imaginary part which contributes an exponentially decaying term

to the integration, and hence vanishes in the long time limit. The final result is then

‘lirgolw(t)) = —2n1 Z (E,m™),n; }{((E,m™),n;|V|E;,n;) exp[—i( E + nxwy)t)], (15)

mn,

where E is constrained by the on-resonance condition

E = E; + (njw; — ngwy). (16)




The quantity ((E, m™), n; [V|Ei, n;) in Eq.(15) includes all orders of interaction V and,
as the photodissociation amplitude, contains all information required for the complete de-
scription of the photodissociation cross section. Different photodissociation processes (e.g.
involving different photon numbers) result in different structures for ((E, m~), n |V|E;, n;).
For one-photon dissociation processes, the complete theory has been developedg, as has
the perturbative non-resonant three photon casel0. Below we consider two-photon pro-
cesses and obtain an explicit form for photodissociation amplitude. This form allows
considerable insight into the nature of the photodissociation and also provides the basis
for partial wave resolution required to obtain computational results.

Note that Eq.(13) is displayed in terms of the Green function Gy of the free Hamiltonian
Ho. To evaluate ((E,m™),n;|V|Ei, n;), we reexpress it in terms of the Green function G

of the full Hamiltonian H:
(E,m™),n.| = ((E,m™),ni| + ((E,m'),nkIVG'(E"’ + npwi) (17)

where G(E*) = 1/(E* - H). On multiplying both sides of Eq.(17) by V|E;, n;), we

obtain

(E,m™),n;IVIE;,n) = ((E,m7),m|V|E;i,ni)

+ ((E,m7), nkIVG(E+ + newi)VIE;, n;) (18)

Note that the essential result of this equality is to rewrite the matrix elements in terms
of the free field states, placing the molecule-radiative coupling entirely into the Green's
function.

In two-photon transitions, |E;) is assumed not directly coupling to |E,m~) by the

radiative interaction V, but to bound intermediate states |Em) of Hps. Since we assume




that photodissociation does not occur via one photon excitation the first term on the right
hand side is negligible compared to the second term. Inserting } . i | Ems im ) (Emy |
between V and G and between G and V in the second term on the right hand side of
Eq.(18), and separating the Hjs diagonal elements from the off-diagonal elements of G,

we obtain

((E,m7),n|V|E;,n;)

= Y ((E,m"),nlV|Em, )} Em, |G| Emy Bem){ Em, 1 IV | Eiy i)

Ennm

+ > ((E,m™), V| Em, nn )} Erny 2 |Gl Emnty et Y Enty et |V | Eiy 1)
(Emnm)#(Eptinps)

(19)
where the argument of G is (E* + nxw;). The off-diagonal elements of G represent the
interactions between two intermediate states and are negligible in the two-photon process
if the radiation field intensities are moderate so that the perturbation caused by the
interaction V is smaller than the spacing between |E,,, n,,) and |Epr, ). Under these
conditions (Em, 0 |G|Ep s imt) ® (Emy nm|Gol Emrs ) = 0 for (Em, i) # (Emey ).
For Na,, the spacing between two adjacent rotational levels of low J is on the order ~ 10!
cm™!. Thus, as long as the laser intensities are less than 10° W/cm?, the condition is
fulfilled. (Larger intensities are allowed for higher J.) For the simplicity of the derivation
we assume this condition and neglect the second term on the right hand side of Eq.(19).
Note, however, that this assumption is not made in the numerical calculations discussed
later below.

To evaluate the diagonal element (E.,n,|G(E* + nxwy)|Em,nm), we introduce the




projection operators @ and P

Q | Ems m)(Em, fm] (20)

i

P =1-Q (21)

In terms of the projection operators, QG@Q can be written as

QG(E)Q = Q[E-Ho-QR(E)QI™'Q (22)

R(E) = V+VP[E-PHP|"'PV (23)

where the operator R will be seen being responsible for the shifts and widths of the

intermediate bound states. After letting ¢ in E* approaches zero, we obtain

!jn(l)(Em, nmlG(E+ + nkwk)lEm, nm) = hl%(Emv nmIQG(E+ + nkwk)QlEmv nm)

€

1
{
(E + niwi) = (Em + 6m + Mmwm) + 1T

24)
where

bm = Re(im(Em, nm|R(E + i€ + niwi)| Em, nm)) (25)

[m = —Im(!in‘l)(Em,n,,.lR(E + i€ + ngwi)| Em, m)) (26)

are the shift and width of the bound state |E,,), respectively. Substituting Eq.(24) into
Eq.(19) for the diagonal element and neglecting the off-diagonal elements on the right
hand side of the equation, we obtain,

((E,m7),n.|V|Ei, n;)

}: ((E,m™),nk|V|Em,ntm){Em, nm|V|E;, n;)

7
E—-(En+6ém+ (Rmwm — nkwi)) + 0y (27)

Em.nm

Consider now the case of diatomic photodissociation . Here the quantum number m

refers to scattering angles k and the channel index g, which specifies the states of the
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fragment products. To further simplify the result, we denote the first and second photons
absorbed by the molecule by w; and wy, respectively, and |n;) = |ny, n3), |nm) = [n1—1,n2)
and [ng) = [n; — 1,n3 — 1), where n; and n; are the initial occupation numbers of the
field modes w; and w,, respectively, and the ptoton w,; is in resonance with one of the
incermediate states. Using the expression Eq.(6) for V and the on-resonance condition
(16), we perform the calculation in the numerator of Eq.(27) with respect to photon

states. The result, the negative of Tf‘q '.(E , Ei,wz,w) with

Tl.tq,i

(B, Bownen) = 3 DL ) (28)
has the characteristic form of the product of two transition matrix elements devided by
an energy denominator in which proper account is taken of the level width and shift. Here
E=FE +uw+w, 6En; = Ep + 6 — E;, & = /¢, which is the amplitude of the
field mode w;, and é,, and v, are given by Eqs.(25) and (26), respectively, with |n,,)
replaced by |n; — 1,n;). The y; and p; are the components of the dipole moment along
the radiation electric-field vectors of the modes w; and w,, respectively. For simplicity we
assume later that both lasers are linearly polarized and have parallel electric field vectors,

along which the space-fixed z-axis is conventionly defined. The dissociation probability of

observing the product in channel ¢ is then of the form

. 2
PY(E, E,wy,wy) = /dk‘TEq‘i(E,Ei»Ustl)

/dfc

In the above discussion, the states of the external electric field are described by Fock

“ 2
(E, kg™ |p2&2| Em){ Em|p1£1| E;)
E é ) (29)
T wy —6E,;+iT,

states. This description is appropriate when the laser phases are irrelevant. In cases where

the field phases are crucial, such as in two photon coherent radiative control3, the field
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modes are appropriately described by the coherent states that contain phase information?.

For the field mode k, the coherent state o) is a superposition of the Fock states!]
lak) = 3~ P(ax, me)lne) (30)
ny
where P is the Possion distribution function
ay*
P(ax,ni) = exp(~|ax]?/2) ,‘;k (31)

with ax = |ax|exp(ir) = /Arexp(ifx), where 6 and @i, are the phase and average
photon number of the mode k, respectively. In multi-mode case, |ax) is replaced by
‘01,02"'), an by zn, En2 T and P(aksnk) by P(alinl)P(azan)'”' The initjal

state of the total system is now described by
[$(0)) = |Eiyaq) = Y Plai, ni)| Eiy ns) (32)
n
Repeating the derivations from Eqgs.(11) to (28) and specifying the field modes as the two
modes |, ay), we obtain the wavefunction at the long time limit after the absorption of
the two photons from the modes a; and a3,

lim [$(1)) = 278 Yy Y [(E,m™),n}) exp[—i(E + Y npwr)2)]
k

Mg ny n2
<E, m_II‘ZQIEm)(EmlI‘ICl’Ei)
(nklny = 1,np — l)P(al,nl)\/ﬁfP(ag,ng)\/E; on = 8En, £ T,

(33)

Substituting into Eq.(33) the equalities P(ay, n;)/n; = a1 P(ay,n1-1) and P(az, ny)/n; =
a; P(ay,n2 ~ 1), replacing ny — 1 and ny — 1 in the summations by nr, and n;, respectively,

and performing the summation Zn.' we rewrite Eq.(33) as

fim [p(1)) = 2m’}:{2P(al.nl)P(az,nz)l(s,m—),(nmr)exp{—iw+nw,+nm)t)1}

m ny,ny

XTI i(E, Ei,wa,w1). (34)

12




Here T5, ; is defined by

" |42€2) Em){ Emm |1 1| Es)
w1 —8E,; + il

Em
Tfn,i(E» Eivwzswl) = E (
Em

(35)

where & = & exp(i6,) and £ =& exp(i6;), which are the complex amplitudes of the
field modes w; and wy, respectively. The state in the brackets in Eq.(34) asymptotically

approaches the non-interacting state
UO(‘)I(E’ m—)s 01“2) = exp(_iHOt)I(E’ m—)s 0102)1

where the radiation is in coherent states. Hence the coefficient T}, ,(E, E;,w;,w;) in the
equation is the desired photodissociation amplitude to the state |(E,m™),a;a;). Note
that the amplitude T3, ; in Eq.(35) differs from that in Eq. (28) only by the inclusion of
the phase in Eq.(34). We will use the latter in the present paper, and the former in the

subsequent paper3, where phases are relevant.

III Two-Photon Dissociation of Na,

Na; has been the subject of both one photon12 and two photon dissociation experimentsm.
In addition theoretical studies on Na; one photon dissociation are available!4. Here we
consider photodissociation of Na; by the resonant absorption of two visible photons. The
resonant absorption not only greatly enhances dissociation probabilities, but provides
selective excitation of molecules out of the thermal distribution, a property which is of
great importance for the control of reactions in a realistic environment.

The electronic potential curves!d of Na; relevant for this study are shown in Fig. 1.
The energetics are such that upon absorption of the photon w;, the molecule, initially in

the bound state |E;) of 1T}, is excited to an intermediate bound state |E,,), which is a
g
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superposition of the AT} and b3Il,, as discussed below. Subsequently absorption of the
second photon w; lifts the system to the dissociating state |E, kq~).

Dissociation of Na, in the energy range of interest yields:
Na; “1*%? Na(3s) + Na(q) (36)

where the channel index ¢ is either 3p, 4s or 3d . Below we consider energy regimes w;
from 16500 to 18680 cm~'and w, from 10000 to 22000 cm~!. Usually more than one
electronic state correlates with a dissociation product [see Fig. 1]. Note, however, that
the dominant contributions to the Na(3p), Na(4s) and Na(3d) dissociation come from
3M,, 38} and >, states. The other curves, although included in the computation, make

insignificant contributions due to substantially less favorable Franck-Condon factors.

II1.1 Spin-Orbit Coupling

Since the first photon w; carries the system to the region of the 'L}, 31} states, the
spin-orbit coupling between these zeroth order states plays an important role in the two
photon dissociation. In this section we analyze the photodissociation in terms of the zeroth
order states by diagonalizing the spin-orbit interaction. In the computation later below,
the diagonalization is carried out numerically and nonperturbatively.

To examine the coupling we divide the electronic Hamiltonian into an electrostatic part
H.,, which provides the electrostatic nuclear potentials, and the spin-.orbita.l coupling H*°

so that the molecular Hamiltonian Hjs becomes

Hy = HY + H* (37)
where HY, = K(R) + H,.,. Now define |En,,! £}) and |En,, 2 11,) as the eigenstates of
HY, [Eq.(37)] with electronic wavefunctions corresponding to the !t} and 3II, states,
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respectively;

HY|Em,)' £F) = Em,|Em, ' £) (38)

HY|Emy 2T, = Emy|Emy 2 TL), (39)

For simplicity, these states are denoted by |En, ), |Em,) with the subscripts m; and m3
serving as reminders of the singlet and triplet state character. Typical high lying zeroth
order energy levels, used below, are shown in Table 1. The true intermediate states |E,),

being eigenstates of Hyy, are the superposition states
IE:) = AiIEﬂu) + BiIEMJ)' (40)

where the states in both sides of the equation implicitly have the same rotational quantum
number, J,,, since the spin-orbit interaction is J-independent. By dia.gonlalizing the spin-
orbit interaction, the perturbed energies EX and the mixing coefficients A* and B* are
expressed in terms of the unperturbed energies E,,, and E,, and the matrix element of

the spin-orbit interaction
Vio = (Emy |H*|Ep,) = (lzilﬂsqsnu)(”mxl"ma)o (41)

where (vm,|vm,) is the overlap of the vibrational wavefunctions between the two states,

and’ (S H*PH,) = 5.91 cm™!. The results are

1
E% = 5 { Emy + Emy £ [(Em, = Emy)" +4V2]'/?} (42)
+ _
A+ = (Em Ema) , B+ = Vso (43)
V(ES - En 2 + V2 VIE: = Eng)? + V2
A~ (E;l - Em;) B V, (44)

V(Em ~ En)1 4 V2 V(E - En 2+ V2
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Typical V,, values (See Table 2) range from 0.01 to 1.0 cm~!, depending on the wavefunc-

tion overlap. Inserting Eq.(40) into Eq.(29), we rewrite the probability

PY(E E; w,, = £l / dk
(E: Biowyin) = 519 wn — 8ET +il%

Eml yEmg

A-B—(E’ i(q-|F2IEm3) + (A—)z(Ev l.(q_hh'Eml)
w - 8E,  +iTm

2

) (Em, 1| E;)

where §EX, = EX + 6% - E;, and 6% and T'E are the shifts and widths of the states
|EZ). The states |En,,) and |E,,,) possess the same rotational quantum number J,, and
the summation over Jy, is implicitly incorporated in the sum in Eq. (45).

In accord with Eq.(45), the probability PW(E, E; w,,w;) should display the following
structure as a function of the photon energy hw;: for a given Jn, P9 shows a double-
peak at wy = 8E; ;and 8E  if (Ep, — Em,) < 2Vyo, ice., if |Ep, ) and | Ep,) are strongly
coupled. The distance between the pair of peaks is [(Em, — Em,)? + 4V,3,] Y ?  from which
the spin-orbit interaction V,, may be extracted. Alternatively, if (Em, — Em,) > 2V,,,
ie if the. |Em,)s |Em,) coupling is weak, then EX approaches En, and En,, and the
coefficient A~ vanishes at E_; = E,;. The peak at wy = E,, — E; predominates over that
at w; = Ep, — E;, leading to a single peak of P(9) as a function of w;. Note that since the
Erny(Jm), Em,(Jm) spacing depends on the rotational quantum number J,, the location
of the double-peak changes as a function of rotational temperature. That is, a pair of the
rovibronic states (Em;(Jm), Em,(Jm)) that are strongly coupled for a particular J, may
be weakly coupled at a different J/,, and vice-versa. As a consequence the location of the

doublet would shift from 6E:’.- to some 6E:, as J,, changes to J;,. This behavior is

indeed observed in the computations presented in Section 4.

16

> (A+B+(E, kq~|p2| Em,) + (A*)*(E, kq~|p3| Em,)
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III1.2 Computational Details

To compute the required photodissociation probability we utilize the artificial channel
method, which provides a means of rewriting the photodissociation problem, i.e. a half
collision process, in terms of a full collision problem, and permits the use of full colli-
sion computational methods to compute the photodissociation amplitudes in a way which
avoids integrations over highly oscillatory continuum matrix elements. The technique?
works by introducing an artificial open channel that couples to the physical bound states.
As a result the artificial channel serves as an incoming channel of a full colliéion problem,
the physical continua serve as outgoing channels, and the physical bound states become
- poles at positive energies. The resultant problem is then amenable to treatment by full
collision problem techniques.

To see the general structure, consider an artificial channel |A) which is weakly coupled
to | E;, n;) by an artificial interaction (E;, n;|W|A). This interaction can be regarded as a
component of the i‘nteraction V which connects |A) and |E;, n;) only and thus does not
affect the couplings between the physical states. Further, to avoid the disturbance to
|E;, ni) caused by the introduction of W, the element (A|W|E;, n;) is set to zero in the
computation. A rough derivation of the method results from multiplying the Lippmann-
Schwinger equation [Eq. (13)] by V|A) to give:

(E,m"), n|V|Ein)(Ei, nil W|A)

46
Et+ - E; — (niw; — ngun) (46)

(E,m), 7 via) = T ¢
E,

where we have used {E;, n;|W|A) = (E;,n,|V|A). That is, W is the component of V
which couples the artificial channel to the initial bound state. The left hand side of Eq.

(46) defines the T-matrix element Tm,, 4 between the two open states of the artificial
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full-collision problem and can be computed accurately by utilizing well-developed colli-
sion techniques. Because we have set (A|W|E,,n;) = 0, the poles at Trm,, .4 have no
width. The residue of Tmn, .4 at E = E; + (njw; — nxwi) gives the requisite photodis-
sociation amplitude ((E,m™~),n_|V|E;, n;) at the on-resonance condition. For a more
complete derivation the reader is referred to Ref. 4.

The argument above applies to different photodissociation processes (e.g., one-photon,
two-photon processes, etc.), and the computational .procedures of the method are simi-
lar: we expand the full interacting state |(E,m™),n;) in terms of the non-interacting
states | E;, n;), |Em,nm) and |(E,m™), n;), where the molecule states contain rotational,
electronic and radial parts with the radial parts, serving as expansion coefficients, to be
determined. Substituting the expansion into Eq. (10) and performing the calculations over
photon states gives a set of coupled equations for the molecular states. Adding the artifi-
cial channel to the coupled equations and solving the resultant equations for the Tmn, 4
numerically, gives ((E,m™), n|V|E;, n;) according to Eq.(46), or in the two photon case,
the amplitude Tf(q,.'(E’ E,‘,wg,fdl) (Eq.(28)).

Specifically, the electronic states are chosen as eigenstates of the electrostatic Hamilto-
nian H.,, and they generate the bound and continuous nuclear-electronic wave functions
in Eq.(28). The rotational functions are chosen as the parity adapted rotation matrices16

defined as

DR(®) = tr [D{ () + (-17pDL,4g(R)], £ = £1 (47)

whose parity under inversion is given by p(—1)’. Here Di_m, are the rotation matrices of
Edmonds!?, Q are the Euler angles which specify the rotation that takes the space-fixed

to the molecule-fixed coordinate system, J and M are the angular momentum and its
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projection along the space-fixed z-axis, respectively, A (= |A + X|) is the absolute value
of the projection of J on the internuclear axis, which is a function of the electronic state,
and ¢ty = \/; for A #0and ¢y = % for A = 0. For the !T electronic states, A = 0 only,
and D;\Jﬁw reduces to Dy ,, with p = 1.

The notation |E;) and |E,,) are extended to properly include the full complement of
quantum numbers, i.e., they are denoted |E;, J;, M;) and |Enm,Jm, My). Therefore, we

havel6

(R.1E; 5, M) = 2L D, @liei Ry R (48)

(R, Ep, Jm, M) = | Z2d 2 Dlos (@)|m)@drm(RY/R (49)
. 2uk,(2 1)
(ROUEK) = Y VEREIED b 60

J.M,p,A>0
<2y B L D @leR s (R)/ R (50)

where (8, ¢x) are the scattering angles in the k direction, and the curved kets stand

for the (electrostatic) electronic states, in which |i) = ['E}), [m) is |m;) = |'Z})) or
|m3) = |°I})), and [€) denotes electronic states that correlate with the specific product
in channel q. The radial parts of the expansion, Q;-"(R), @f:p ~(R) and Q(J” )" (R), are
the nuclear-vibrational wavefunctions of the bound states and continua.

Inserting Eqs.(48)-(50) into Eq.(28), we first perform the integration over the rotational
wavefunctions in the interaction matrix elements and separate geometric factors from

physical elements to give terms like

2J+1)(2Jm +1 .
VIR D [ dop;@ehasaimbizg, @)
J 1 Jn
=(-y™ ) Vem(JPA, Jm) (51)
-M 0 M,
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8x2
Im 1 J;
= (=1)"Mm ( ) Vini(Jms Ji)- (52)
M. 0 M;

Here, we have introduced the reduced radiative interaction elements V¢, and V,, ;,

V(@In + (2Ji + 1) / dQDImEr ~(Q)(mlmérli) Darps, ()

Vem(JpA, Im) = (-1 22 V2T + 1)(2Jm +1) DY [14 ppm(=1)+/m+EH)

K=0,%£1
J 1 Un J 1 Jn A
X [( ) +(—1)*p( )} (£luk (R)|m)E, (53)
-2 K A K Am
Vimi(dms 4i) = (=100, V(2mn + 2T +1) Y [14 pm(-1)/mH K4
K=0,%1
Im 1 i Jm 1 U
X [( ) +(=1)*"pm ( )} (mlpk(R)|i)Es, (54)
A K 0 An K 0

where px(R) are components of the dipole moment (assumed all equal in the computation
below) in the body-fixed frame. For |m;) electronic state, A,, = 0 only; for |m3) state,
Am can be 0 and 1, but only the former couples with |m,) by the spin-orbit interaction’ .
We thus take A, = 0. The expressions (53) and (54) imply the selection rules: p,, =
(=1)Imtd+1 b = p(=1)7+Im+! (for A = Ap) and p = pn(=1)7H" (for |A = A,| = 1).

With these, we then rewrite the photodissociation amplitude Tiq'. in Eq.(28) as

J 1 Jn O R £
Ty, (Es Eiywa,0n) = > > ( )( )

JPpAS0EmJm \ -M; 0 M; ~-M; 0 M,
V2puke(2J + 1
X"_'”—g(h_‘i"lD.A’?M.(ek’ ¢k,0)t(E, Em, En Jv va Jl.v P)“I) (55)

where E = E; + w; + w2, and t(E, En, E,; J, J;m, Ji; pAq) is the reduced matrix element
of the resonant two-photon photodissociation, which is computed by the artificial channel
method. The set of the differential equations for the computation of the reduced t-matrix
element is comprised of the equations for &;*(R), Q‘i:f’,:‘(ll) and Qf\{g I7(R), with cou-

pling due to the reduced radiative interaction elements, V¢ , and V., ,, and the spin-orbit
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interaction, plus the equation for the artificial channel. One example of such a set of the
equations is described in detail in Ref.18.
Finally, inserting Eqs.(55) into Eq.(29) and integrating over scattering angles we obtain

the dissociation probability explicitly as

8xuk 1
PO(E,E;wy,wy) = —2 o 2 :
? ' b 2 .
h® 2441 M; Jp)20

J 1 Jn Jn 1 J; 2
X Z t(E, Em, Ei; J,Jm, Ji; pAq)| (56)
EmJm \-M; 0 M; -M; 0 M;

where no polarization of the molecule prior to excitation is assumed.

IV Results and Discussion

We have used the artificial channel method to compute the resonant two-photon dissoci-
ation probability P(")(E , Ei,wq,w;) [Eq.(56)] for Na;. The data for the potential curves
and transition dipole moments are taken from the work of Schmidt and Meyer15.

The frequency w; is chosen to selectively excite a specific vib-rotational state by choos-
ing small detuning A = w; — 6 E, , significantly enhancing the photodissociation rate as
long as the line width Ty, is less than A. For Naz, with laser intensity less than 10°
W/cm?, I, (and §,,) are order of magnitude of 10~? cm™!, the latter being smaller than
the energy separation of adjacent rotational lines of low J. Under these conditions exci-
tation of a single rotational line out of the initial thermal distribution can be achieved.
Hence below we choose the laser intensities as 5x10° W/cm? to be consistent with this
intensity constraint.

Cu..sider first Figure 2a which shows P(")(E , E;,wy,wy) vs. wy for an arbitrary constant

w2 = 16777.1 cm~!. Here ¢ corresponds to the 3p channel and the initial state is chosen
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as v = 0,J; = 0. The probability P9 appears as a set of peaks of varying intensity
corresponding to the excitation to vibrational energy levels with varying v, and Jn = 1.
Of considerable interest is the doublet at wy =~ 17,080 cm™!, showi .1 an expanded scale
in Fig. 2b. A similar structure appears for ¢ = 4s, shown in Fig. 3. In both cases the
doublet is found to be substantially stronger than the single peaks, the distance between
the double peaks is 1.9 cm~? and the width of the individual peaks corresponds to power
broadening at the incident laser field strength.

The doublet peaks clearly reflect strong spin-orbit coupling between vib-rotational
levels of the 'S} and 31, states. Specifically note (Table 1) that all levels of 'T} from
vm, = 18 to 35, except v, = 23, are sufficiently well separated energetically to be weakly
coupled to the levels of 3II,. The exception is v,,; = 23, which is nearly degenerate (0.6
cm™~! apart) with the v,,, = 26 level of 3II,. Both the spacing between the doublet (1.9
cm~') and its frequency location is consistent with Eq. (45), assuming this assignment.
Thus, in accord with Eq.(45) we see a series of the single-peaks and one double-peak
in P(q)(E,E.-,wg,wl) when w; is scanned. In addition, we note that Eq.(45) has terms
containing the factors A* B* and A~ B~ which contribute to photodissociation through
the triplets states *I, or 3T}, while the terms containing the factors (A*)? and (47)?
contribute through the singlet states. Our numerical results show that the primary pho-
todissociation contribution is via the triplet states. Therefore, since the first photon carries
the system to the singlet state, the two photon Na; photodissociation is seen to occur via
intersystem crossing between the |E,,! £¥) and |E,,, 3 II,) states.

With increasing initial rotational state the P{%) spectrum becomes more complex.

Figure 4a shows PCP)(E, E; wy,wy) vs. wy with w, as above but for the case of J; = 9.
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Only a narrow w; scan, about v, = 31 (Figure 4a) and v,,, = 32 (Figure 4b) are shown.
The former shows a set of two lines corresponding to transitions to J,, =8 and 10 whereas
the latter displays more complex structure resulting from the splitting of the J,, = 10
line. Once again, the results show agreement with Tables 1 and 2 insofar as the location
of the doublet has shifted to a frequency corresponding to the regime of strongly coupled
V1 = 32 of 1T} and v, = 33 of 3Ml, for J,, = 10. Further, the reduced splitting ( 1.1
cm™!) in accord with Eq. (45).

Consider now the photodissociation probability with w, fixed and w, variable. Figure
5 shows a series of cases for excitation from v; = 7, J; = 0 where w; is resonant with
successively higher v,,, (Jm = 1) levels. In each case PO)(E, E;,w;,w;) is shown as a
function of w, for all three products ¢ = 3p, 4s,3d. The degree of the detunings A are in
the same order of magnitude in the figures. The general features of each of these curves is
similar and readily explained in terms of the Franck-Condon principle and the oscillatory
character of the wavefunctions from which photodissociation occurs. For example the
number of oscillations in P“)(E,E,-,wg,wl) increases with increasing v, reflecting the
increasingly oscillatory character of intermediate bound state wavefunction. Note also
that P(4?) and PP) behave similarly as a function of w; (except for the sharp cutoff of
P42 at the 4s threshold), since the potentials of *Il; and T} states are similar in the
regime where w; is scanned. Dissociation to Na(3d) occurs only at higher w, and overlaps
the energy region of Na(4s) and Na(3p) only at larger wy, (e.g. vm, = 35 in Fig. 5d),
when the intermediate bound state wavefunction becomes sufficiently broad in r.

These results are confined to the case of v; = 0. Preliminary results on higher v;

(realized in a heat pipe, for example), show an increase in P(%). For example, at v; = 5
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P@) for the Um, = 35 case is a factor of 10* larger than that at v; = 0, a consequence
of improved Franck-Condon overlap in the initial w; excitation. The relevance of these

probabilities in the control of photodissociation will be discussed elsewhere3.

V Conclusions

We have derived a consistent non-perturbative theory of two photon dissociation and
applied it to the photodissociation of Na;. Ilumination with the first photon in the
500 to 610 nm regime, widely available with conventional dye lasers, leads to excitation
to the A'T} state, followed by intersystem crossing to the bII, state and subsequent
dissociation. With the second photon again in the convenient 600 ~ 690 nm region we see
significant photodissociation intensity to three different atomic products.

The efficient two photon dissociation probabilities obtained for Na; serves as input to
a new coherent control scenario in which we demonstrate control over systems initially in

thermal equilibrium. This scenario and its ramifications are to be discussed elsewhere3.
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Table 1: Na; zeroth order bound state energies (in cm™!).

v | 'z | M, | 'st | °m,

20 | 10910.4 | 10427.7 | 10921.1 { 10442.5

21 | 11012.5 | 10561.6 | 11023.2 | 10576.4

22 | 11114.0 | 10694.5 | 11124.6 | 10709.2

23 | 11214.8 | 10826.3 | 11225.3 | 10840.9

24 | 11314.9 | 10957.1 | 11325.3 | 10971.6

25 | 11414.3 | 11086.8 | 11424.7 | 11101.2

26 | 11513.0 | 11215.4 | 11523.4 | 11229.8

27 | 11611.0 | 11343.0 | 11621.3 | 11357.3

28 | 11708.4 | 11469.5 | 11718.6 | 11483.7

29 | 11805.0 | 11594.9 | 11815.2 | 11609.1

30 | 11901.0 | 11719.3 | 11911.1 | 11733.4

31 | 11996.2 | 11842.6 | 12006.3 | 11856.6

32 | 12090.7 | 11964.8 | 12100.7 | 11978.7

33 | 12184.6 | 12086.0 | 12194.5 | 12099.9

34 | 12277.7 | 12206.1 | 12287.6 | 12219.8

35 | 12370.1 | 12325.1 | 12380.0 | 12338.7
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cm

Table 2: Spin orbit coupling matrix elements V,, = Hy, < Um,|tm, > with H,, = 5.91

_.1.

.

Um,

20

21

22

23

24

25

26

27

28

29

30

31

32

33

20

0.94

0.22

0.95

0.36

0.90

0.59

0.75

0.89

0.40

1.14

0.22

1.07

0.99

0.36

21

0.66

0.68

0.67

0.66

0.76

0.55

0.91

0.33

1.05

0.06

1.08

0.62

0.78

1.18

22

0.15

0.91

0.22

0.92

0.21

0.95

0.91

0.17

0.14

1.01

0.49

0.86

0.92

0.42

23

0.79

0.36

0.86

0.28

0.89

0.28

0.91

0.37

0.88

0.56

0.78

0.82

0.53

1.09

24

0.82

0.42

0.74

0.56

0.68

0.63

0.67

0.64

0.73

0.59

0.85

0.44

1.01

0.14

25

0.30

0.85

0.59

0.88

0.12

0.88

0.22

0.89

0.25

0.92

0.19

0.98

0.38

1.03

26

0.37

0.69

0.62

0.50

0.77

0.34

0.45

0.23

0.89

0.18

0.92

0.22

0.94

0.35

27

0.79

0.11

0.84

0.21

0.78

0.45

0.68

0.60

0.59

0.69

0.56

0.74

0.58

0.75

28

0.76

0.50

0.52

0.74

0.24

0.84

0.03

0.85

0.22

0.82

0.36

0.81

0.44

0.82

29

0.35

0.80

0.08

0.77

0.43

0.60

0.67

0.39

0.79

0.18

0.86

0.03

0.89

0.07

30

0.19

0.68

0.59

0.35

0.79

0.02

0.79

0.34

0.69

0.57

0.54

0.72

0.39

0.81

31

0.62

0.25

0.79

0.23

0.66

0.59

0.38

0.77

0.06

0.81

0.22

0.76

0.44

0.67

32

0.78

0.27

0.59

0.66

0.19

0.78

0.24

0.67

0.56

0.43

0.75

0.16

0.82

0.29

33

0.63

0.65

0.15

0.75

0.36

0.53

0.68

0.16

0.78

0.23

0.68

0.53

0.48

0.73
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VI Figure Captions

Figure 1: Potential Energy Curves for Na,

Figure 2: Probability for two photon (v; = 0, J;=0) Na; photodissociation into the Na(3p)
+ Na(3s) product with wp = 16777.1 cm™1, as a function of w,. (a) Over a wide w; range
and (b) in the neighborhood of the doublet. In the former figure the peaks are labeled by
the vy, state resonant with wy

Figure 3: As in Figure 2, but for the Na(3s) + Na(4s) product.

Figure 4: As in Figure 2, but for the Na(3s) + Na(4s) product and with initial J;=9. (a)
sample probability in region of a single peak and (b) in region of a doublet.

Figure 5: Probability for two photon Na; photodissociation into assorted atomic products
starting in v; = 0, J; = 0 as a function of w, and for various values of w,. Here w, is chosen
resonant with J,, = 1 and (a) v, = 17, A = 0.003 cm™!, (b) vy, = 25, A = 0.004 cm™?!,

(¢) v, =31, A =0.002cm™?, (d) v, =35, A =0.003 cm™!.
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Abstract

We show that resonant 2-photon vs. 2-photon interference provides a means of con-
trolling relative photodissociation cross sections even when the initial molecular system is
in a mixed state, e.g. in thermal equilibrium. The resultant technique, which also allows
cancellation of incoherences due to laser phase fluctuations and the reduction of uncon-
trolled background photodissociation contributions, is demonstrated computationally on
Na; photodissociation, where a wide range of control over branching into Na(3s) + Na(4s)

vs. Na(3s) + Na(3p) is achieved.




Introduction: Utilizing and manipulating quantum interference phenomena has be-
come an increasingly important area of atomic and molecular physics as evidenced by
advances in quantum devices!, atomic and molecular interferometry? and coherent radia-
ti‘ve control of molecular processes3. In the latter case®5:6:78.9 active control over product
cross sections is achieved by driving an initially pure molecular state through two or more
independent coherent optical excitation routes to the same final continuum state. If this
continuum state can decay into a number of product arrangements then the probability
of forming a particular product arrangement displays interference terms between the two
routes, whose magnitude and sign depend upon laboratory parameters. Specifically, by
manipulating laser parameters one can directly alter the quantum interference terms, and
hence manipulate cross sections for various processes.

As in all interference phenomena the known system phase, both molecular and optical,
plays a crucial role. Incoherence effects leading to a mixed initial matter-photon state,
such as partial laser coherence or an initially mixed molecular state, degrade control in

N
quantum interference based methods. As a consequence, all but one’ of the previous co-
herent control scenarios were limited to isolated molecules in a pure state, e.g. molecular
beam systems. Here we show that it is possible to maintain control in a molecular system
in thermal equilibrium by interfering two distinct resonant two-photon routes to photodis-
sociation. The resonant character of the excitations insure that only a selected state out of
the molecular thermal distribution participates in the photodissociation. Hence coherence
is re-established by the excitation and maintained throughout the process. The proposed
control scenario also provides a method for overcoming destructive interference loss due to

phase jitter in the laser source. In addition, we show that this approach allows the reduc-

tion of contributions from uncontrolled ancillary photodissociation routes. Computational




results support the feasibility and broad range of control afforded by this approach. Thus,
this letter advances a coherent control s;:enario which eliminates three major incoherence
effects and defines a method for controlling molecular reactions in natural environments.

Resonant Two Photon Dissociation: Although the control theory we propose is com-
pletely general, we focus on the realistic case of two photon photodissociation in Na,.
Our recent analysis'® of resonant two photon dissociation of a diatomic molecule yielded
the following results, which serve as input to the coherent control scenario discussed later
below. Consider a molecule in a state |E;, J;, M;) which is subjected to two laser fields
and photodissociates to a number of different product channels labeled by ¢. Absorption
of the first photon of frequency w, lifts the system to a region close to an intermediate
bound state |E,,JmMpm), and a second photon of frequency w, carries the system to the
dissociating states |E,kq~). These continuum states are of energy E and correlate with
the product in arrangement channel ¢, in the direction specified by the scattering angles
k = (6, oi). Here the J's are the angular momentum, M’s are their projection along the
z-axis, and the values of energy, E; and E,,, include specification of the vibrational quan-
tum numbers. Photon states of the incident lasers are described by the coherent states.
Specifically if we denote the phases of the coherent states by ¢; and ¢, the wavevectors
by k; and k; with overall phases 8; = k; - r + ¢; (i = 1,2) and the electric field ampli-
tudes by & and &, then the probability amplitude for resonant two photon (w; + wz)

photodissociation is given!® by




Ty, Es EiJiMiwp,01) =

- 5 (BTl Eon T M) B Mol £1 | B M)
Em.Jm wi = (Em + 6m — Ei) + il

=_\/—?’—l—k—”—qzz(.lllm)(JmlJ.~)

JPA20Emdm \-M; 0 M;/ \-M; 0 M;
x V2T +1 Dyh. (6, b1, 0)t(E, Eidi w2, 01,4|IpA, EmJem) expli(fy +62)] (1)

expli(6; + 62)]

Here d; is the component of the dipole moment along the electric-field vector of the ith laser
mode, E = E; + (w1 +w2), 6 and 'y, are respectively the radiative shift and width of the
intermediate state, u the reduced mass, and k, is the relative momentum of the dissociated
product in g-channel. The Dfﬁw' is the parity adapted rotation matrix!! with A the
magnitude of the projection on the internuclear axis of the electronic angular momentum
and (—1)7p the parity of the rotation matrix. We have set k = 1, and assumed for
simplicity that the lasers are linearly-polarized and their electric-field vectors are parallel.
Note that the T-matrix element in Eq.(1) is a complex quantity, whose phase is the sum
of the laser phase 6, + 02 and the molecular phase, i.e. the phase of t.

The essence of the photodissociation lies in the molecular two photon t-matrix element
whose structure has been analyzed in detail elsewhere!®. It incorporates integrations
over radial nuclear-vibrational wavefunctions of the bound and continuous states in the
numerator and contains the essential dynamics of the photodissociation process. Below
we compute the t-matrix elements for Na; exactly by the artificial channel method!%'2.

The probability of producing the fragments in g-channel is obtained by integrating the

square of Eq.(1) over the scattering angles k, with the result:




PO(E, EJiMi,w,wy) = / dk|Ty, (B, EdiM;,wp,00)]?

87 uk z: ( J 1 Jm)(.]m 1 J.‘)
= ] Z
2
W rpnso|Emdm \=M; 0 M) \-M;, 0 M,
Xt(EwEiJivw2swhqlJp’\7Eme)|27 (2)

Because the t-matrix element contains a factor of [wy — (Em + 8m — E;) 4+ iln]™! the
probability is greatly enhanced by the approximate inverse square of the detuning A =
w1—(Em+6m—E;) as long as the line width I',, is less than A. Here only the levels closest to
the resonance A = 0 contribute significantly to the dissoc.iation probability. This allows
us to selectively photodissociate molecules from a thermal bath, reestablishing coherence
necessary for quantum interference based control and overcoming dephasing effects due to
collisions. v

Coherent Control via Resonant 2-photon vs. 2 -photon Interference: The essence of
control lies in the simultaneous excitation of a molecule via two or more coherent paths,
which introduces a controllable quantum interference term between them®. Consider
then the following scenario. A molecule is irradiated with three interrelated frequencies,
<0, w4 ,w- where photodissociation occurs at E = E; + 2wp = E; + (w4 + w-) and where
w0 and w, are chosen resonant with intermediate bound state levels. The probability of
photodissociation at energy E into arrangement channel g is then given by the square of
the sum of the T matrix elements from pathway “a” (wo +wo) and pathway “b” (w4 +w_).

That is the probability into channel ¢
Py(E,EiJiMi;wo,w4,w-) = / dk [Ty (E. EddiM;,wo,w0) + Ty, (E EdiMisw,w,)||
= PY)(a) + P9 (b) + Pl9)(ab) (3)
Here P'%(a) and P{9(b) are the independent photodissociation probabilities associated

6




with routes a and b respectively and P{a)(ab) is the interference term between them,
discussed below. Note that the two T matrix elements in Eq.(3) are associated with
different lasers and as such contain different laser phases. Specifically, the overall phase
of the three laser fields are 8 = ko-r + ¢0,04 = k4 -r+ ¢4 and 0_ = k. -r + ¢_, where
&y, ¢4 and @_ are the photon phases, and ko, k4, and k_ are the wavevectors of the
laser modes wp, w4 and w_, whose electric field strengths are &,&,,€_ and intensities
Io, I, 1.

The optical path-path interference term P{9)(ab) is given by
P9 (ab) = 2| F9)(ab)| cos(al - af) (4)

with relative phase

of — af = (69 = 67) + (200 — 8, — 6_). (5)
where the amplitude | £(¢)(ab)} and the molecular phase difference (63 — §]) are defined by

| F{9)(ab)]| exp(i(63 - 7))

J 1 J J 1 J; J 1 J
= T2 Z Z z
h JpA20EmJm Ef i, \-M; 0 M; -M; 0 M, -M; 0 M,

J,',, 1 J;
X ( ) t(E, E;J;,wo,wo, qlIpA, EnJm)t°(E, EiJi wo ,wy, qlJpA, E,InJ,'" )-
-M; 0 M,

(6)

Consider now the quantity of interest, the branching ratio of the product in ¢-channel
to that in ¢’-channel, denoted by Ryy. Noting that in the weak field case P9(a) is

proportional to £§, P(9)(b) to £2£2, and P(9)(ab) to £ZE,LE we can write

B o o+ 2] + 220l cos(ag - of) +(BY)/£]) @)
w T (@) (¢")

) + 22l + 22183 cos(ad - of ) + (B /£8)
where ul) = P@(a)/£8, pl) = PO(b)/(£3€2) and |u(f)| = |F9)(ab)|/(£3€4E-) and

z = E,E_|E} = JT;1-/I.. The terms with B(9), B{¢') described below, correspond to
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resonant photodissociation routes to energies other than E = E; + 2hwy and hence!? to
terms which do not coherently interfere with the a and b pathways. We discuss the mini-
mization of these terms later below. Here we just emphasize that the product ratio in Eq.
(7) depends upon both the laser intensities and relative laser phase. Hence manipulat-
ing these laboratory parameters ;.llows for control cver the relative cross section between
channels.

The proposed scenario, embodied in Eq. (7), also provides a means by which control
can be improved by eliminating effects due to laser jitter. Specifically, the term 2¢o — ¢4 —
¢_ contained in the relative phase ag — a] can be subject to the phase fluctuations arising
from laser instabilities. If such fluctuations are sufficiently large t}‘\en the interference
term in Eq.(7), and hence control, disappears’?. The following experimentally desireable
implementation of the above 2-photon plus 2-photon scenario readily compensates for this
problem. Specifically, consider generating w; = wo + 6 and w_ = wp ~ 6 in a parametric
process by passing a beam of frequency 2wp through a nonlinear crystal. This latter beam
is assumed generated by second harmonic generation from the laser wq with the phase ¢g.
Then!® the quantity 2¢9 — ¢+ — ¢ in the phase difference between the (wo + wp) and
(w4 + w-) routes is a constant. That is, in this particular scenario, fluctuations in ¢p
cancel and have no effect on the relative phase a — a]. Thus the 2-photon plus 2-photon
scenario is insensitive to the laser jitter of the incident laser fields.

Finally, this control scheme allows for the controlled reduction of the background
contributions B®) and 5(7) [Eq. (7)). These terms include contributions from the resonant
photodissociation processes due to absorption of (wo+w- ), (Wo+wy ), (w4 +wo) of (Wi +wy)
which lead to photodissociation at energies E_ = E; + (wo + w-), E4 = E; + (wo + w4 ),

Ei4 = E; + (wy + wy), respectively . Possible non-resonant pathways are negligeable by




comparison. Controllable reduction of this background term is indeed possible because
B'9) and B'Y") are functions of £, or £, while the products resulting from paths a and b
depend on the product £;€_. Thus, changing £, (or £_) while keeping £,€_ fixed will
not affect the yield from the controllable paths a and b, but will affect B(?). To this end
we introduce the parameters £2 = £,.£_ with £2 = nf2, €2 = £2/n. The terms B() and
B4 are the only terms dependent upon 7 and may be reduced by appropriate choice of
this parameter. Numerical examples are discussed below.

Control of Na; Photodissociation. To examine the range of control afforded by this.
scheme consider the photodissociation of Na; in the regime below the Na(3d) threshold
where dissociation is to two product channels Na(3s) + Na(3p) and Na(3s) + Na(4s). Two
photon dissociation of Na, from a bound state of the !Z} state occurs'® in this region
by initial excitation to an excited intermediate bound state |E,,Jm My, ). The latter is a
superposition of states of the A'L} and b3Il, electronic curves, a consequence of spin-
orbit coupling. That is, the two photon photodissociation can be viewed!® as occuring via
intersystem crossing subsequent to absorption of the first photon. The continuum states
reached in the excitation can be either of singlet or triplet character but, despite the
multitude of electronic states involved in the computation, the predominant contributions
to the products Na(3p) and Na(4s) are found to come from the I, and 3E} states,
respectively. Methods for computing the required photodissociation amplitude, which
involves eleven electronic states are discussed elsewhere!?. Since the resonant character of
the two photon excitation allows us to select a single initial state from a thermal ensemble
we consider here the specific case of v; = J; = 0 without loss of generality, where v,, J;
denote the vibrational and rotational quantum numbers of the initial state.

The ratio R,y depends on a number of laboratory control parameters including the




relative laser intensities z, relative laser phase, and the ratio of £, and £. via 5. In
addition, the relative cross sections can be altered by modifying the detuning. Typical
control results are shown in Fig. 1 and 2 which provide contour plots of the Na(3p) yield
(i.e., the ratio of the probability of observing Na(3p) to the sum of the probabilities to
form Na(3p) plus Na(4s)). The figure axes are the ratio of the laser amplitudes z, and the
relative laser phase 60 = 26y —-0, —8_. Consider first Fig. 1 resulting from excitation with
wp = 623.367 nm and w; = 603.491 nm, frequencies which are in close resonance with the
intermediate states v=13 and 18, J,,=1 of 1T}, respectively. The corresponding w_ is
644.596 nm. The yield of Na(3p) is seen to vary from 58% to 99%, with the Na(3p) atom
predominant in the products. Although this range is large, variation of the 5 parameter
should allow for improved control by minimizing the background contribuitions. This
improvement is, in fact, not significant in this case since reducing 7 decreases B9 from
the (wp + w-) route but increases the contribution from the (wp + w4 ) route. By contrast
the background can be effectively reduced for the frequencies shown in Fig. 2. Here
wp = 631.899, w, = 562.833 and w_- = 720.284 nm in this instance, and with n = 5 we
achieve a larger range of control, from 30% Na(3p) to 90% as 68 and z are varied.
Finally we note that the proposed approach is not limited to the specific frequency
scheme discussed above. Essentially all that is required is that the two resonant photodis-
sociation routes lead to interference and that the cumulative laser phases of the two routes
be independent of laser jitter. As one sample extension, consider the case where paths a

(6

S?) and w(_a) and u+) and u(_b) , with

and b are composed of totally different photons, w
uf) +ul? = wf,,b) +w™®. Both these sets of frequencies can be generated, for example, by
passing 2w light through nonlinear crystals, hence yielding two pathways whose relative

phase is independent of laser jitter in the initial 2 wo source. Given these four frequen-
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cies we now have an additional degree of freedom in order to optimize control. A sample
result is shown in Figure 3 where w,(:) = 599.728, w(_°) = 652.956, wf: ) = 562.833 and
P = 703.140 nm, and (7, = 1/2, ; = 10), where 7, and n; are the analogues of 5 for
the a and b paths, respectively. Here the range of the control is from 14 % to 95 %, i.e. a
substantial fraction of total product control and an improvement over the three frequency
approach.

In summary, we have described an effective means of eliminating major incoherence
effects in radiative control, allowing quantum interference effects to dominate and allowing

for coherent control in a natural environment.
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Figure Captions

Figure 1: Contours of equal Na(3p) yield. Ordinate is the relative laser phase and the
abscissa is the field intensity ratio z. Here for wp = 623.367, w, = 603.491, w_ = 644.596
nm and n= 1.

Figure 2: As in Figure 1 but for wo = 631.899, w, = 562.833, w. = 720.284 nm and
n=3.

Figure 3: As in Figure 1 but for four field case with wgf') = 599.728, uf_") = 652.956,

Wi = 562.833, w® = 703.140 nm, n, = 1/2 and n, = 10.
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Abstract

A three dimensional quantum mechanical study of the control of a branching photo-
chemical reaction, H+OD—DOH—-D+OH, is presented. It is shown that with two laser
pulses, one pulse used to generate a superposition of the (0,2,0) and the (1,0,0) states, and
the other, a VUV pulse, used to dissociate the molecule by exciting it to the B-continuum,
it is possible to control which of two chemical channels is preferred. The control parame-
ters used are the center frequency of the excitation laser and the time delay between the
two pulses. For the above superposition state, a combination of a 200 fsec excitation pulse
and a 50 fsec dissociation pulse is found to yield the widest (10% to 90% yield in the

H+OD channel) range of control, essentially irrespective of the photolysis wavelength.




1. Introduction

Control of isotopic branching ratios in polyatomic photofragmentation processes is one
of the most demanding mode specific tasks. This is especially true when the mass ratio
between the two isotopes is close to unity. In the Born-Oppenheimer approximation,
differences in the exit-channel potentials that may sometimes enable selectivity are absent
in the case of different isotopomers. Conventional methods therefore rely entirely on
kinematic factors.

In conventional methods one takes advantage of kinematic factors by using the bound
part of the molecular spectrum. This is done by a pre -ezcitation process in which the dis-
sociation step is preceeded by an optical transition to one of the bound excited states. The
wavelength of the photodissociation step is then tuned to the red-edge of the absorption
spectrum, where only the pre-excited state can be energetically dissociated.

If such pre-excitation is associated with excitation of a well localized mode, and if the
greater extension of the excited nuclear wavefunction associated with that mode enhances
its subsequent dissociation probability, than the process may lead to mode (and isotopic)
selectivity. Indeed, this combination of the existence of well localized modes and red-

edge effects underlie many of the mode specific dissociations studied in the past, both

1-4 5-9,

theoretically and experimentally

A prime example of a molecule for which the pre-excitation approach works very well
is HOD. This molecule has been studied both theoretica.llyl' 3.4 and experimentallys‘g.
Most of these studies concentrated on the A-system dissociation of HOD. It was shown that

due to the local nature of the OH and OD bonds, an excitation of a stretch mode results in

elongation of either an OH or an OD bond. Such elongations result in a strong increase of




the absorption at the red-edges. Because of the local nature of the pre-excitation, the bond
that has been elongated is the one to be dissociated. This is true even if the pre-excitation
is only to the first excited state of the bond, although, as pointed out by Imre and thmg3
and by Bar et al.8 the effect is more pronounced for OH(v = 1) than for OD(v=1). In
the case of OD pre-excitation, with photolysis conducted at threshold energies, the effect
is mainly felt by exciting HOD to a higher (e.g., the (4,0,0)) level3: 7.

An alternative effect, in which one inhibits the dissociation of one bond while leaving
another unchanged was also shown theoretically to exist in HOD, when excited to the
B-state.10 The inhibitory effect was shown to result in even greater selectivity.

If local modes cannot be identified by the pre-excitation step, or a large amount of
mode coupling exists in the excited state, or photodissociation is performed at wavelengths
corresponding to the center of the absorption continuum, then the above schemes are not
expected to work. Unfortunately, - st molecules fall into this category.

In recent years, a very general strategy for control which holds the promise of being able
to overcome many of these difficulties, has emerged.ll‘ 15 1n this scheme, called Coherent
Radiative Control (CRC) one uses the laser’s phase-coherence to control dissociation pro-
cesses. It was shown theoretically that molecules may be made to disintegrate in a specific

-

manner, through quantum interference effects, thus overcoming dynamical and statistical

biases. Initial experimental verifications of this theory have now been reported.m'18

An alternative approach, called Optimal Control Theory (OCT), in which one tries to

optimize the laser pulse-shapes in order to achieve certain tasks has also been developed.lg' 20. 21

The importance of relative phase between pulses, common to both the CRC and OCT ap-

proaches, has been recently demonstrated experimentally.22




None of the CRC or OCT calculations reported thus far have dealt with a photochem-
ical reaction in three dimensions which branches to different chemically distinct species.
That CRC is in fact possible for a real three dimensional rotating polyatomic molecule,
despite averaging over the (parent molecule and fragments’) magnetic (M) and other (e.g.,
J,v) quantum numbers, has been demonstrated in the case of CH:;I.23 In that case, how-
ever, CH3lI disintegrates into only one chemically distinct channel, namely that of the CHs
and I fragments and control over the fine structure states (Py; or 2P3/) of iodine was
demonstrated. Here we show that such M, j, v averaging does not affect control in the
important case of branching into chemically distinct channels.

In the present paper we study the CRC of the B-system photodissociation of HOD,
H + OD —~ HOD - HO + D,

a process induced by VUV photons (hv &~ 70000 — 80000cm™!).

The effect of ordinary pre-excitation of vibrational states on the HOD B-system has
already been studied.l' 24 It was shown that excitation of the bend mode does not result
in a dramat.c isotope effect], whereas excitation of the stretch modes results in a strong
inhibitory effect of the mode associated with that excitation.?4 The inhibitory effect is
a result of both the validity of the Franck-Condon approximation and red-edge effects.
Basically, in the B-state of water, the OH bond characteristics (the equilibrium position
and the vibrational frequency) are very similar to those of the ground state of H,O and
free OH(A%Z). As a result, the dissociation process cannot couple different vibrational
channels. The same applies to the optical transition process. Therefore, excitation of the
OD bond of HOD to v = 1 puts the molecule in a subspace which is essentially decoupled

from the H + OD(v = 0) channel. The molecule would dissociate to the H + OD(v = 1)




channel, were this channel not closed for E,, < 2770cm~!, where E,,, the available energy,
equals hv — Ey, with Eyy, being the threshold energy for dissociation in the B-state (to the
H+OD(A?Z) channel). Thus, the excitation completely turns-off the H + OD channel,
leaving the D + OH channel as the only possibility. Thus, although excitation of the OD
bond does prefentially produce D+OH it does so by an unexpected inhibitory mechanism.

This effect disappears once the H + OD(v = 1) channel opens, hence the effect strongiy
depends on the photolysis laser being tuned to the red-edge of the absorption spectram.
This limitation can be overcome by using coherent radiative control techniques: As shown
below, with CRC we can achieve chemical selectivity irrespective of the photolysis wave-
length. We do this by employing a two-pulse control scenario in which the molecule is
photodissociated from an intermediate superposition state. This scenario has been success-
fully demonstrated in the collinear reactive regime for the DH, case,12 and for diatomic
electronic branching ratio, for the IBr case.!3 The present study is the first 3D theoretical

calculation of two-pulse control of a branching photochemical reaction.

2. Two-Pulse Control via a Superposition State

Following Refs. [12, 13], we consider the action of two pulses, one an excitation pulse
and one a dissociation pulse, on a molecular system. The pulses are assumed weak enough
so that second order perturbation theory applies and the time delay between them is
denoted 7. The first pulse, an excitation pulse, denoted ¢,(t), is used to coherently pump

just two excited bound states, thus generating a non-stationary superposition state,

Ix >=¢1|Ey > +¢2|E7 > . (1)




The generation of |x > is possible if F; and E; are within the excitation laser band-width.
(For a picosecond laser, Ey and E; can be no more than a few cm~! apart). In the second
step, |x > is subjected, after some time-delay T, to a second dissociation pulse £4(t), which
induces a transition to the continuum.

Assuming for simplicity that each pulse, given as,
calt) = [ dupeali) cos(t + k- R+ 9(uy) )
is Gaussian, we have that,
a(wp) = a(wa) exp{-41n2{(w, - wa)/Adl?); a=z,d. (3)

where @ = z denotes the excitation pulse, a = d denotes the dissociation pulse, and wp is
the photon frequency.

With the system initially in a bound state | E; >, and given the pulse shape in Eqgs. (2)-
(3), we readily obtain, within first order perturbation theory, that the ¢, and ¢; coefficients
in Eq. (1), are,

¢ = 2mp(i, g)e(i); i=1,2, (4)
where u(i,g) =< E;|pu|E, >, (i = 1,2) is the transition dipole matrix element between the

|Eg4 > and |E; > states, and
€2(1) = €x(wig)exp[—i{kigR + d(wiy)}); i1=1,2. (5)

The wavevector k; ; is that associated with the w;, = (E; — E,)/h frequency absorbed
from the excitation pulse at the end of the transition process.
The time-evolution of |x > from t = —o00 to t = 7 causes each ¢; coefficient to acquire
an extra phase,
¢i(t) = ciexp(—iE;r/R), i=1,2. (6)
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Assuming that at time 7 the excitation pulse is over, the probability of dissociating |[x() >
to yield a given chemical product ¢, with internal quantum numbers n, at energy E, is

given, in first order perturbation theory, by,

P(q,n|E) = 4x?|cs(7)ea(1)ps(q, m, 1) + e2(T)ea(2)u(g, 1, 2))%, (7)

where p(q,n,i) =< Ei|u|E,n,q” >, |E,n,q” > denoting a scattering state leading, as
t — oo, to the desired {g,n} product. In Eq. (7), in analogy with Eq. (5), ¢4 is defined
as’

€d(i) = eq4(we i) exp[—i{ke 'R+ HwEe,)}); i=1,2. (8)

In order to better analyze the interference inherent in the probability expression of Eq.

(7), we separate out the phase factors from the molecular matrix elements. Writing,
p#(g, m, i) = |u(q, n, )| expla(q, n, i)}, 9
we can, using Egs. (5)and (8), expand Eq. (7) to obtain that,
P(q,n|E) = 4x*{|e1*eZ(wE.1)|p(g, 0, 1)I* + |eal®e3(wE.2)lu(q, m, 2) 2+

2lerllezled(we.a)ea(wE 2)ln(g, m, Dilp(g, n, 2)| cosla(g, n, 1) — a(g,n,2) —wor]},  (10)
where, wp = (E; — Ey)/h,

In deriving Eq. (10), it was assumed that the optical phases of different modes within
€4 are the same, i.e., that, ¢(wg,1) = ¢(wg 2). The same assumption, justified for mode-
locked pulses, applies to ;. Notice also that because k;4-R of Eq. (5) is added to kg ;-R

of Eq. (7), all R-dependence disappears from Eq. (10), provided that ¢, and ¢4 are co-

propagating.




P(q), the total probability to populate arrangement g, is obtained from P(q,n, E) by
summing of n and integrating over the frequencies of the dissociating pulse.

The key result of the method is that the probability P(g) is experimentally adjustable
via the interference term, which is the signature of coherent control. Specifically, by
altering the time-delay r between the two pulses or by varying the ¢; coefficients (most
conveniently done by shifting the w, pulse center), one can alter the yield of a desired

product.

3. Results

Calculating the probability of controlling the ¢ = H4+OD channel vs. the ¢ = D4+OH
channel requires, in accordance with Eq. (10), the bound-free u(g; v, j, m;;4) matrix ele-
ments in both channels. The v, j, m; quantum numbers denote, respectively, the vibration,
the rotation, and the projection of the rotational angular momentum on a space-fixed z
axis, of the OH or OD fragment. Our method of solution amounts to expanding the
|E,n,q~ > wavefunction in the OH or OD vib-rotational basis. This leads to two sets of
coupled-channels equations for the expansion coefficient, which are functions of either the
H-OD(c.m.) separation or the D-OH(c.m.) separation. In principle, after obtaining the
|E,n,q~ > wavefunctions for each arrangement, we have to overlap them with the prod-
uct of < E;| and p. This is however unnecessary, because we calculate the whole integral
in one step using the artificial channel method.24 This algorithm, which now incorpo-
rates a logarithmic-derivative propagator,25 has therefore been used in all the present

calculations.




The full details of the calculations, including the “natural™ partial cross-sections to
the various v,j channels in each ¢ arrangement will be given elsewhere.26 Some of the
results concernix;g the “natural” D+OH vs. H+OD branching ratio have already been
published.10 Here we concentrate on the ability to coherently control the process.

Since our excitation pulse must excite two intermediate levels we have chosen two
levels which are sufficiently close in energy to be excited by available laser sources. The
(0,2,0) bend state and the (1,0,0) stretch state, where the first number applies to the OD
stretch, the second number to the HOD bend and the third number to the OH stretch, are
separated by 43cm™! from one another. Thus, a pulse of 0.2 psec in duration has a wide
enough frequency spread to simultaneously ex;ite these two states, yet its band-width is
narrow enough to exclude other states.

In Figs. 1-4 we show the results of the H+OD yield in the
HOD((0,0,0); J = 0) — HOD(x;J = 1) 2 H + OD (D + OH)

process, where J is the total angular momentum, as a function of w; and 7 for three
different dissociation pulse-widths. In all the computations the excitation pulse-width was
fixed at 50cm~!. Results are reported as contour plots of the H+OD (percentage )yield
as a function of the time delay r and of the detuning of the center of the excitation pulse
(E; = hw,) from the energetic center [E,, = (E) + E2)/2] of the superposition state being
excited.

Figures 1-3 demonstrate that the range of control is a strong function of the dissociation
pulse-length: In Fig. 1 where a 50 fsec-long dissociation pulse (band-width of 200cm 1)
is used, a wide range (10%-90%) of control is demonstrated. It is worth noting that

this type of control is achieved after a summation over all open channels (which at this




energy are only the OD and OH rotations) has been performed. Similar control is seen
in Fig. 2 at a somewhat different dissociation pulse central frequency (72,100cm™}) and
narrower bandwidth (100cm™!). However, when longer pulses are used the range of control
diminishes considerably. Thus, in Fig. 3 for example, where the dissociation laser is 200
fsec long, the range of control is only 64.5% - 77.5%.

Two points are worthy of discussion. First, note that control depends more heavily
upon the detuning [E, — E,,] than upon the time delay r. This is a reflection of the
differing natural bias of the (0,2,0) and (1,0,0). That is, photodissociation from one favors
production of H+OD, while the other favors production of D+OH. Second, control is
improved for shorter dissociation pulses. This has already been explained in the context
of the two-pulse control of IBr.13 Basically, by broadening the pulse’s band-width we
diminish the importance of the uncontrollable “satellites” which arise from the excitation
of |[E,n, g~ > states by the red edge or the blue edge of the dissociation pulse. These states
are accessible from only one of the intermediate |E; > states. (The red-edge continuum
states are only accessible from the |E; > state and the blue-edge states - from only the
{E2 > state). When this happens, we lose our control ability, which as shown in Eq. (10),
comes from interference between the |Ey > and |E; > routes. The broader the band-width
of the pulse (i.e., the shorter the pulse) the less important are these satellites.

In Fig. 4 we show that the nature of the intermediate superposition state (and hence
the exact nature of the mode structure of the molecule) is not important for coherent ra-
diative control. We have used the ground (0,0,0) level and the second (0,2,0) bend states.
As shown previouslyl excitation of the bending states perse does little to enhance isotopic

selectivity in the B-continuum. However, in the context of CRC the (0,0,0)+(0,2,0) super-

10




position state is almost as efficient (control ranging from 44% to 96%) as the (0,2,0)+(1,0,0)
state. Of course, because of the wide separation between the (0,0,0) and the (0,2,0) state,
the creation of this superposition does require an extremely short excitation pulse (the
results shown in Fig. 4 are generated with a 3 fsec excitation pulse).

In contrast to the “natural” process aided by the pre-excitation step, the degree of
control is not expected to diminish even if we tune our dissociation laser to the center
of the B-continuum. This is in fact shown in Figs 1 and 4 which involve dissociation

frequencies differing by as much as 4000cm™!.

4. Summary

We have shown that the pump-sump scenario of coherent radiative control of chemi-
cal reactions provides a means of controlling photochemical reactions which branch into
products with different chemical arrangments. Sample 3D computations for the case of
photodissociation HOD into H.O + D and H + OD show that one can alter the yield sub-
stantially by manipulating the time delay between the laser and the central laser pump

frequency. Applications to other chemical reactions are planned.
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Figure Captions

1. I;ercentage yield of the H4+OD channel in the photodissociation of the DOH(0,2,0+1,0,0)
superposition state. The excitation pulse band-width is 50cm™?, the dissociation
pulse bandwidth is 200cm™! and the center frequency is 71600cm~!. Ordinate is the
detuning of the excitation pulse w, from the energy center of the (0,2,0) and (1,0,0)

states.

2. The same as in Fig. 1 but for a 100cm™! dissociation pulse band-width and center

frequency of 72100cm™!.
3. The same as in Fig. 1 but for a 50cm~! dissociation pulse band-width.

4. Percentage yield of the H+OD channel in the photodissociation of the DOH(0,2,0+0,0,0)
superposition state. The excitation pulse band-width and that of the dissociation

pulse is 2800cm ™. The center frequency of the dissociation pulse is 74400cm™*.
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Abstract

We show that the branching ratios into two or three channel photodissociation prod-
ucts can be controlled by a resonant 2-photon vs. 2-photon coherent control scenario.
The method allows for control even when the initial molecular system is in a mixed state,
e.g. in thermal equilibrium. The resultant technique also allows cancellation of incoher-
ences due to laser phase jumping as well as the reduction of uncontrolled background
photodissociation contributions. The scenario is demonstrated computationally on Na,
photodissociation, where a wide range of control is achieved over branching into two prod-
uct channels [Na(3s) + Na(4s) vs. Na(3s) +Na(3p)] at lower energies and over three

product channels at energies above the Na(3s) + Na(3d) threshold.




1 Introduction:

Utilizing and manipulating quantum interference phenomena has become an increasingly
important area of atomic and molecular physics. Of particular interest is the possibil-
ity of controlling molecular processes via quantum interference, i.e. coherent radiative

1 In this a,pproach2’7 active control over product cross

control of molecular processes
sections is achieved by driving an initially pure molecular state through two or more in-
dependent coherent optical excitation routes to the same final continuum state. If this
continuum state can decay into a number of product arrangements then the probability
of forming a particular product arrangement displays interference terms between the two
routes, whose magnitude and sign depend upon laboratory parameters. Specifically, by
manipulating laser parameters one can directly alter the quantum interference terms, and
hence manipulate cross sections for various processes.

As in all interference phenomena the known system phase, both molecular and optical,
plays a crucial role. Incoherence effects leading to a mixed initial matter-photon state,
such as partial laser coherence or an initially mixed molecular state, degrade control in
quantum interference based methods. As a consequence, all but one3 of the previous co-
herent control scenarios were limited to isolated molecules in a pure state, e.g. molecular
beam systems. Here we show that it is possible to maintain control in a molecular system
in thermal equilibrium by interfering two distinct resonant two-photon routes to photodis-
sociation. The resonant character of the excitations insure that only a selected state out of
the molecular thermal distribution participates in the photodissociation. Hence coherence
is re-established by the excitation out of a mixed state and maintained throughout the
process. The proposed control scenario also provides a method for overcoming destructive

interference loss due to phase jumps in the laser source. In addition. we show that this ap-




proach allows the reduction of contributions from uncontrolled ancillary photodissociation
routes. Computational results support the feasibility and broad range of control afforded
by this approach. Thus, this paper presents a coherent control scenario which eliminates
three major incoherence effects and defines a method for controlling molecular reactions in
natural environments. Further, this paper demonstrates, for the first time, the feasibility
of controlling branching ratios into three reaction products in a realistic molecular system.

The paper is organized as follows: in the next section, we outline the relevant results
of resonant two photon dissociation theory8, which serve as input to the coherent control
scenario presented later below. The theory of multichannel product control is presented
in Section 3. Numerical results are discussed in Section 4, where the wide range of control

over the formation of two or three photodissociation products is shown.

2 Resonant Two Photon Dissociation

Although the control theory we propose is completely general. it is convenient to focus on
the realistic case of two photon photodissociation in Na;. Our recent analysis8 of resonant
two photon dissociation of a diatomic molecule yielded the follovsA'ing results, which serve
as input to the coherent control scenario discussed later below. Consider a molecule in
a state |E;..J;, M;) which is subjected to two laser fields (w; + «2) and photodissociates
to a number of different product channels labeled by ¢. Absorption of the first photon of
frequency w, lifts the system to a region close to an intermediate bound state |E,,J,, My, ).
and a second photon of frequency w; carries the system to the dissociating states |E, l}q‘).
These continuum states are of energy E., and correlate with the product in arrangement
channel q in the direction specified by the scattering angles k = (0x.0k). Here the J's

are the angular momentum, AM's are their projection along the z-axis. and the values of



bound state energy, E; and E,,, include specification of the vibrational quantum numbers.
Photon states of the incident lasers are described by the coherent states which contain
phase information about the laser modes. Specifically, if we denote the phases of the
coherent states of the laser modes by ¢; and ¢,, the wavevectors by k; and k; with

overall phases

01=k1‘r+¢1; 02 = ka-r+ ¢2, (1)

and the electric field amplitudes by &; and &, then the probability amplitude for resonant

two photon (w; + w;) photodissociation is given8 by

qu.i(E’ E,'J,‘AI,’, W, W )

1 y (E.kq™ |1262) Emdun Mi)( EmJm Milp1E1| EiJi M)
6F

pli(8; + 6
wi = (Em + 6y — Ei) +iT s, expli(6; + 6;)]

Em.Jm

B \/m Z Z J 1 Jn Jn 1 U

COER e\ oM 0 M)\ =M, 0 M

x V2T +1 D3 (6k. 65 OU E, Eidi,wi w1.qlIpA, EJm ) expli(61 + 62)]  (2)
Here y; is the component of the dipole moment along the electric-field vector of the i**
laser mode. E = E; + (w +w3), é,, and T, are respectively the radiative shift and width
of the intermediate state, u is the reduced mass, 6E is the (narrow) linewidth of the
laser mode w;., and k, is the relative momentum of the dissociated product in g-channel.
The Di”M' is the parity adapted rotation matrix? with A being the magnitude of the
projection on the internuclear axis of the electronic angular momentum and (—1)’p the
parity of the rotation matrix. We have set A = 1, and assumed for simplicity that the
lasers are linearly-polarized and that their electric-field vectors are parallel. The second
step in Eq.(2) comes from the usual procedure of expanding the molecular wavefunctions
in a partial wave resolution followed by the integration over rotational wavefunctions.

The essence of the photodissociation lies in the molecular two photon t-matrix element




whose structure has been analyzed in detail elsewhereS. It incorporates integrations over

radial nuclear-vibrational wavefunctions of the bound and continuous states in the numer-
ator and the energy offset wy — (Ey +6m — E;) +il,, in the denominator [Eq.(2)}, and thus

contains the essential dynamics of the photodissociation process. Note that the T-matrix

element in Eq.(2) is a complex quantity, whose phase is the sum of the laser phase 8, + 6,

and the molecular phase, i.e. the phase of t. Below we compute the t-matrix elements for
Na; exactly by the artificial channel method3: 10,

The square of TRq,i(E y EiJiM;,wa,w, ) gives the photodissociation probability per unit
energy, and the overall dissociation probability of observing the product in channel g over

all scattering angles and in the energy range (E — E + 6 E) is then of the form

POE, Egunwn) = o 5 [dkITy, (ELEdiMiywnn)]?
M,

2J;i +1
J 1 Jn IJmn 1 J;

8w puk 1
= 6Eh;'2J.-+lz > | 2

M, JpA20|Emdm \ =M, 0 1M, =M, 0 M,
Xt(E, EJ; iz w1 qlIpA, Emdm)|® .

Since no M -selection prior to laser excitation is assumed we have averaged over the quan-
tum number M,;. Because the t-matrix element contains a factor of {wy — (Esy + 6, —
E,)+il;]7! the probability is greatly enhanced by the approximate inverse square of the
detuning A = wy — (Eyn + 6 — E;) as long as the (laser induced) line width 'y, is less
than A. Thus only the levels closest to the resonance A = 0 contribute significantly to the
dissociation probability. This allows us to selectively photodissociate molecules from a
thermal bath, reestablishing coherence necessary for quantum interference based control.
Two photon dissociation of Na; from a bound state of the ‘S;’ state occurs® by

initial excitation to an excited intermediate bound state |E,,J, M,). The latter is a

superposition of states of the A'S} and b’I1, electronic curves. a consequence of spin-

6




orbit coupling. That is, the two photon photodissociation can be viewedS as occurring via
intersystem crossing subsequent to absorption of the first photon. The continuum states
reached in the excitation can be either of singlet or triplet character but - :vite the
multitude of electronic states involved in the computation, the predominant contributions
to the products Na(3p), Na(4s) and Na(3d) are found to come from the 3IIy, 3T} and 3II,
states, respectively. Methods for computing the required photodissociation amplitude,
which involve the fourteen electronic states shown in Figure 1, are discussed elsewhere8.
Below we utilize these methods to compute the required amplitudes for coherent control
in Na,.

The products of Na; photodissociation depend on the energy E=FE; + «| + «; and we
focus on the regime above the Na(4s) threshold. In the energy regime below the Na(3d)
threshold dissociation is to two products Na(3s) + Na(3p) (denoted ¢ = 3p) and Na(3s) +

Na(4s) (denoted ¢ = 4s). At higher photon energies, above the Na(3s) + Na(3d) (¢ = 3d)

threshold, we have a three product regime.

3 Coherent Control via Resonant 2-photon vs. 2 -photon
Interference

The essence of control lies in the simultaneous excitation of a molecule via two or more
coherent paths, which introduces a controllable quantum interference term between them,
and results in a control of products by varying laser intensities and relative phases between
patth. In the scenario described here, we have two excitation paths. each of which is

composed of a resonant two photon dissociation process leading to the total energy E.

These two coherent paths generally involve four different photon frequencies. That is,




path a consists of (w{°) + w(a) ) and path b of (w(b) (b)) with w(“) + w( o) - (b) + g ),
The photodissociation probability then displays the form

P(")(E, E;Iwga), w{"), wgb), w‘b))

§F
2J; +1

/ dfclTiq,'.(E,E,~J.-M.,w§“),wl“))+ AE.EJ; Moo )|’ ()

where E = E; +w(°)+w(°) The right hand side is the ;um of three terms: two independent
photodissociation probabilities from each of the two paths, and interference between them.
Below we consider both the four frequency scenario as well as the simpler three color case
where wia) = wg ®) = wy. In both cases we are careful to prescribe a specific means of
obtaining these frequencies in the laboratory in order to minimize incoherence effects due

to laser phasc jumping.

3.1 Three Frequency Arrangement

Consider the case where a molecule is irradiated with three interrelated frequencies,

[a) (4) b)

wo,w4,w-. That is, wg 9 = Wy = Wwp, wy = wy and wg = w_, and photodissocia-
tion occurs at E = E; 4+ 2wy = E; + (w4 +w_). where wp and w, are chosen resonant with

intermediate bound state levels. Applying Eq.(4). we write the probability of photodisso-

ciation from pathway “a” (wg + wo) and pathway “b” (wy +w_) as

PY(E,E;a,b) PY(E, Eilwo.wo:w—,wy)

]

P9(a) + P9b) + P9 (ab). (5)

Here P9 (a) and P!9(b) are the independent photodissociation probabilities associated
with routes a and b
P9(a)= POYE.E;wo.wo). (6)

P9b)= PYE . Eiw-.wy). (7)




with the right hand sides defined as in Eq.(3), and P{9)(ab) is the interference term between
them, discussed below. Note that the path a and b in Eq.(5) are associated with different
lasers and as such contain different laser phases. Specifically. the overall phase of the three

laser fields are
8o = ko - r + ¢y, 0+=k+'l‘+¢+ and 6_=k_-r+¢_, (8)

where ¢o, ¢+ and ¢_ are the photon phases, and ko, k,, and k_ are the wavevectors of
the laser modes wp, w4 and w_, whose electric field strengths are &, £;,£_ and intensities
L,I,,I..

The optical path-path interference term P{9)(ab) is expressed by
P9 (ab) = 2| F'9(ab)| cos(al — af) (9)
with the relative phase between the two paths
al-a] =61-61+60, 60=20,-6,—0_. (10)

where 63 — é7 and é6 are the relative molecular and laser phase between the two paths.

respectively. The amplitude |F(9(ab)| and the relative molecular phase are defined by

| F{9)(ab)| exp[i(82 - 6])]

8k, J 1 Ja\ [ In 1 Ji J
- @ +1)6Eh2z IS Y

M, JpA\>0Em Jm ElLJL \ =M, 0 M, =AM, 0 M,

Jo1
X ( ) t( E, E,’J,',wo.u)o. qlJp/\, Eme )t-( E. E.J..w‘—-w+. Q|JP/\~ E,'nJ,'-n )
=M, 0 AM;

Consider now the quantity of interest. the branching ratio of the product in g-channel
to that in ¢'-channel, denoted by R,,. Note that the product in g-channel is the sum

of PA(E.E;a,b) at energy E = E, + 2w [Eq.(5)] and B'?) which. described below.

9

J !
M, )

(11)



corresponds to background contributions of resonant photodissociation routes to energies
other than E and hencell to terms which do not coherently interfere with the a and &
pathways. In the weak field P(9)(a) is proportional to £}, P{9(b) to £2£2, and P9 (ab)

to £2€4+E-, and we can write the branching ratio

B P(Q)(E’ E;a,b)+ B
W = PW)E,E;a,b)+ B&)
£4ul) + 262400 4 2626, £_|1'D) cos(ad - af) + B

éuf{i’ + zisiuii" + 28§8+8_|;1£%')| cos(al — azl) + B(')

(12)

where p{ = P (a)/£4, u)) = PO(b)/(£2€2) and |ulP] = |FO)(ab)|/(£364£-). The
terms B9 and B(?) are independent of the relative laser phase 66, and the minimization
of these terms are discussed later below. Here we just emphasize that the product ratio
in Eq. (12) depends upon both the laser intensities and the relative laser phase. Hence
manipulating these laboratory parameters allows for control over the relative cross section
between channels.

The proposed scenario, embodied in Eq. (12), also provides a means by which control
can be improved by eliminating effects due to laser phase jumping. Specifically, the term
209 — ¢4+ — &- contained in the relative phase al — af to any jumps in phase arising
from laser instabilities. If such fluctuations are sufficiently large then the interference
term in Eq.(12). and hence control, disappearsu. The following experimentally desirable
implementation of the above 2-photon plus 2-photon scenario readily compensates for laser
incoherences which arise from jumps in phase. (Note. however, that other sources of laser
incoherence must be treated differently). Specifically. consider generating wy = wo + 6
and w_ = wo — 6 in a parametric process by passing a beam of frequency 2wg through a

nonlinear crystal. This latter beam is assumed generated by second harmonic generation

from the laser wp with the phase ¢o. Then!? the quantity 209 — 04 — ¢ in the phase

10




difference between the (wp + wp) and (w, + w_) routes is a constant. That is, in this
particular scenario, fluctuations in ¢o cancel and have no effect on the relative phase
ad — a]. Thus the 2-photon plus 2-photon scenario is insensitive to the laser jitter of the
incident laser fields.

We now show how this control scheme allows for the controlled reduction of the back-
ground contributions B{® and B} [Eq. (12)] to improve the range of control over the
branching ratio. These B terms include contributions from the resonant photodissoci-
ation processes due to absorption of (wp + w-), (wo + w4), (wy + wp) or (Wi + wy)
which lead to photodissociation at energies E_ = E; + (wo + w-), E4 = E; + (wo + wy),
Ey+ = E; + (w4 + w4 ), respectively. Possible non-resonant pathways are negligeable by

comparison. In the weak field limit we can write

B = €2 E2fig(w_,wo) + Edfig(wy,wi) + E2E3fq(wy . woiwo.wy ), (13)
where
fig(w—,wo) = PU(E_, E;,w_,w0)/(E2€2) (14)
figlwywy) = PO(E s Erywiwy)/E} (15)
fig(wy woiwo.wy ) = PO(E,, Eiwy . woiwo.ws )/(E2EE), (16)

and where P(")(E+,E.~|u+,wo;uo,u+), defined in Eq.(4), includes the interference term
between the (w; +wp) and (wo + w4 ) photodissociation pathways. Note that the ji,’s de-
pend upon the photon energies chosen, and that in practice it may be difficult to minimize
all terms simultaneously due to photon energy correlation 2uwg = w; +w_. It is still possi-
ble, however, to reduce B9 and B(?") by properly choosing the ratio of £, and £_ because
each of the terms in Eq.(13) is a function of £, or £_. while the products PY9(E, E;;a.b)

resulting from paths a and b depend on the product £,&_. Thus. changing £, or £_ while

11




keeping £,£_ fixed will not affect the yield from the controllable paths a and b, but will

affect B(9). To this end we introduce the ratio 5 of £_ to &, through the parameters
=€, with £ =qfd, €2 =&/, (17)
and introduce the ratio of the laser intensity amplitudes

=88 4 Vil (18)

The branching ratio in Eq.(12) becomes

8 + 229 + 22|l)| cos(ad — OZ) +(BYW/£5)

Rogr = (19)
" (?x) + zzugg ) + Qzluf,%’l cos(aa -af )+ (B4 /£8)
where B(9) /&4 (or B(7')/£2) is given by
B@ - , i (s, Wo: wo,
< =72 (ﬂﬂq(w_,wo)+ T’”"(“:]; ws) | Halews “’; 0 “"‘)) . (20)
0

The terms B and B are the only terms dependent upon 7 and may be reduced
by appropriate choice of this parameter. For instance. one can choose n < 1 or 7 > 1
depending on whether ji,(w_.wp) is larger or smaller than other two ji, values. Numerical

examples are discussed in the next section.

3.2 Four Frequency Arrangement

Equation (19) is the primary result of the proposed control scenario using a three fre-
quency arrangement. However, the approach is not limited to the specific frequency
scheme discussed above. Essentially all that is required is that the two resonant pho-
todissociation routes lift the molecule to the same energy and lead to interference, and

that the cumulative laser phases of the two routes be independent of laser phase jumping.

For example, the paths a and b can be composed of totally different photons, (wif) +u(_°))

and (w“’) + w(b)) with w(a) +wl? = (b) + ™ and with u,(") and ...( )in resonance with

12




intermediate states. Both these sets of frequencies can be generated, for example, by
passing 2wp light through nonlinear crystals, hence yielding two pathways whose relative
phase is independent of laser phase jumping in the initial 2 wy source. Given these four
frequencies we now have an additional degree of freedom in order to optimize control in
terms of the reduction of the background terms.

The analysis of four frequency control is similar to that of the three color case, with
additional care being taken to distinguish quantities of the path a from those of the path
b. Yor instance, the overall phase of the four lasers are denoted now by 0&'), 0&'), 05:) and
8" whose electric field strengths are Si"), £, 816) and £%. The relative phase between

the two paths becomes
ol —al =816 +60, 60=0"+06" g _ " (21)

The 7, and 7. the analogues of the 5-parameter for the paths a and b, are defined by

2

£ 2= n,gl, = f;_ (22)
82

R (23)
b

and the ratio of the laser intensity amplitudes is z = Eib)g(_b)/ff)“:(_a) = EF/EX. The
branching ratio for the four frequency case becomes

R 2 + 22D + 22)lD)| cos(ad — af) + (B19)/€2)

99’ = ; ; 7 c : . (24)
pls) +r2ugz)+2zlu£‘{,)|cos(oz —-al)+ (BW)/ED)

Here p,(,?,), ugz) and |I‘f,?| are defined similarly as in the three frequency case, and B(9)/&}

is given by

B9 m _ b Na _ b r b) (b
-7 [—nqu‘_’.«»‘“h + 2wl ) 4 S )
Na b T

Pofwy v wy Twy ' wy + 1t (25)

Nallb 773

(6) (a), (a) (b) - (d(a) ,(a))
+ )] +l‘7
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with fi,’s defined by analogy with Eqs.(14)-(16). There are now two parameters, 7, and
7. through which the background terms can be reduced. This is, however, compensated

by the larger number of terms in the right hand side of Eq.(25)

4 Contrel of Na; Photodissociation

The yield ratio R,y [Eq.(19) or (24)] depends on a number of laboratory control parameters
including the relative laser intensity amplitudes z, relative laser phase 66, and the 7n-
parameters. Experience teaches? that to enhance the effects of interference, the probability
amplitudes arising from each of the paths @ and b should be comparable. This can be
achieved by modifying the detuning A for each of the paths. as well as by choosing the
intermediate levels and energies so that the Franck-Condon factors are as desired. In
addition to these considerations, the photon energies can be chosen so that B(%) and B¢
with proper choice of the 7-parameter(s). can be minimized to favor control. Below we
discuss numerical results in which extensive control of two or three channel products is

demonstrated.

4.1 Control of Two Channel Products

Cross sections for the photodissociation of Na; in the energy regime where the two prod-
ucts Na(3p) + Na(3s) and Na(4s) + Na(3s) are accessible have been discussed at length
elsewhere®. Here we examine the range of control afforded amongst these products by
both the three and four frequency scenarios. Since the resonant character of the two
photon excitation allows us to select a single initial state from a thermal ensemble, we
consider in this subsection, without loss of generality. the case of v; = J; = 0 where ;. J;

denote vibrational and rotational quantum numbers of the initial state. Below we discuss

14




the three and four frequency arrangements, in that order.

Typical control results of the three frequency arrangement are shown in Figures 2
and 3 which provide contour plots of the Na(3p) yield (i.e., the ratio of the probability
of observing Na(3p) to the sum of the probabilities to form Na(3p) plus Na(4s)). The
complementary Na(4s) yield is obtained by subtracting the Na(3p) yield from unity. The
figure axes are the ratio of the laser amplitudes z, and the relative laser phase 68. Consider
now Figure 2 resulting from excitation with wp = 623.367 nm and w; = 603.491 nm,
which are in close resonance with the intermediate states v,,=13 and 18, J,,=1 of the 1T}
electronic state, respectively. The corresponding w_ is 644.596 nm, and E; + wo + w_ is
below the Na(4s) threshold so that the background ji,(w_,wyo) term is zero for the ¢ = 4s
channel. The yield of Na(3p) is seen to vary from 58% to 99% for n = 1 (Figure 2), with the
Na(3p) atom predominant in the products. Although this range is large. variation of the 5
parameter should allow for improved control by minimizing the background contributions.
In fact, some improvement results by varying 7. For example. control ranges from 48%
to 97% Na(3p) for the case of n = 0.5. The improvement in this case is not substantial
since reducing 7 decreases B'Y/ contributions from the (wg + «_) route but increases the
contribution from the (wg + w, ) route. By comparison, the background can be effectively
reduced for the frequencies shown in Figure 3. in which wo = 631.899. «w, = 562.833 and
~— = 720.284 nm. In this instance, the fig(w4,wo:wy.wy) term is primarily responsible
for the large B(?. Choosing 7 = 5 allows us to reduce this contribution and achieve a
range of control (Figure 3) from 30% to 90% Na(3p) as é6 and r are varied. This is a
large improvement over the = 1 results (not shown) for this set of the frequencies which
shows a range of control of 21% to 61%.

While the three frequency arrangement may be experimentally simpler than the four




frequency scenario, the latter provides an additional degree of freedom with which to
reduce the background terms. Specifically, in the three frequency arrangement the choice
of nis restricted because of competition between the term in Eq.(20) which is proportional
to 7 and those which go as 1/n and 1/7%. This makes minimization of B(%) difficult unless
these two terms are substantially different in size. By comparison, minimization of these
competitive terms is easier in the four frequency arrangement since there is the possibility
of improvement by varying an additional photon energy to change the relative size among
the ji, terms. A sample four frequency result is shown in Figure 4 where wf:) = 599.728,
w(_a) = 652.956, wf) = 562.833 and w(_b) = 703.140 nm. A preliminary study of control

(a)

with this set of photon energies showed that fg(w’ .w_(:) ) dominates B{9), being two

order of magnitudes larger than the other ji, terms, and slightly smaller than p,(,?,) and
pgz). Control with , = 1, 3, = 1 (not shown) ranges from 36% to 75% Na(3p). Substantial

improvement results from choosing 7, = 1/2 and n, = 10 (Figure 4) where control now

ranges from 14 % to 95 %.

4.2 Control of Three Channel Products
4.2.1 Photodissociation to Three Products

With energy E higher than Na(3d) threshold, the three Na products, 3p.4s and 3d, can
be observed simultaneously. Control over these products requires that we first identify
an energy regime where all three products appear in two photon dissociation. For Naj,
we observed®, and readily explained in terms of Franck-Condon factors. that the first
excitation step must lead to a high Iving vibrational level in order to abtain a sizeable en-
ergy region where the three products appear. The photodissociation probability decreases.

however, a< high intermediate states are reached if excitation is carried out solely from
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r; = 0. One can maintain, however, a éubstantia.l photodissociation probability in Naj if
the initial excitation is from higher v; states. due to improved Franck-Condon factors in
the first excitation step. Such states are, in fact, reasonably well populated in a typical
Na; (heat pipe) laboratory environment. For example, in a heat pipe at T = 600°K the
ratio of population n(v;) in v; = 5 to that, ng, in the ground vibrational state is 0.158,
and, in v; = 10, the ratio is 0.027. Thus selectively exciting from such higher vibrational
levels is straightforward and advantageous. For example, the statistically weighted prob-
ability [n(v;)/no]P(")(E,E,-J,-,wg,wl) with frequencies w;,w, in the range 560 ~ 600 nm
is a factor of 103 larger for v; = 5 or 10 than for v; = 0.
Photodissociation cross sections into each of the three open channels were studied ex-
tensively. Typical results are plotted in Figures 5(a) and 5(b) which show [n(v;)/no] PY9(E. E;,wz.wy)
1g = 3p,4s and 3d) as a function of w; for v; = 5, J; = 0, w; = 566.651 nm [Figure 5(a)]
and v; = 10, J; = 0, w; = 579.087 nm [Figure 5(b)]. Here the photons w; are resonant
with the v,,=37 and 41, J,=1 levels (A = 0.003 cm™! for both cases) of the !, elec-
tronic state, respectively. These figures show oscillatory photodissociation probabilities,
characteristic of high lying intermediate vibrational states, with the 3p and 4s product
showing an overlap region with the 3d product in the neighborhood of w; = 17.000 cm™!.
This region increases as the intermediate resonant state increases, as seen in a comparison
of Figures 5(a) and 5(b). Nonefheless the region where all three products are populated

is relatively small, with the 3p and 4s product rapidly disappearing after the opening of

the 3d threshold.



4.2.2 Control Results

Three product control using a three frequency arrangement, with substantial photodissoci-
ation probability, is shown in Figure 6, where the contour plots provide the Na(3p), Na(4s)
and Na(3d) yields (Na(g)/(3,=3,.45.3¢ Na(g)) in Figures 6(a), 6(b) and 6(c). Here we con-
sider an initial state consisting of v; = 10, J; = 0 with path a, comprised of wg + wp, with
wp = 591.306 nm, and path b consisting of wy = 582.057 nm and w_ = 600.853 nm. These
consist of pathways which are resonant with the v,, = 37,Jn = 1 and v,, = 40,J,, = 1
states of the 1T} electronic state, respectively. The figure axes are the relative laser phase
é0 and the parameter s, defined as z2/(1 + z?). The s varies from 0 to 1, corresponding
to the change from complete shutoff of path b to compete shutoff of path a. The results
{here with 7 = 0.4) show reasonable control with the Na(3p) product controllable over a
range of 11% to 42% [Figure 6(a)], the Na(4s) over a range of 2.4% to 57% [Figure 6(b)]
and Na(3d) over the range 12% to 72% [Figure 6(c)]. Despite the similarity of the pho-
1odissociation probabilities for the ¢ = 4s and ¢ = 3p channels. the dependence of control
on relative phase and amplitude is substantially different. The origin of this behavior.
as well as the role of the background contributions in affecting control, is clear by com-
paring Figures 7 and 6. Here Figure 7 shows the hypothetical case, with the same laser
energies and initial molecular state as in Figure 6 but the background terms B'?), B(3)
being arbitrarily set to zero. The background contribution is seen to reduce the range of
~ontrol for all terms and to substantially alter the dependence of the yield on the control
paprameters. Note. nonetheless, that the range of control including the background is
quite large, a consequence of minimization of the background contribution by choice of .

A second example of three frequency. three product control is shown in Figure 8. In

this instance the molecule is in v; = 10, J; = 0, and the path a now utilizes wp =394.505
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nm, and the path b w;, = 582.057 nm and w_ = 607.498 nm, in which wg is resonant with
tym = 36,J, = 1 and wy is with v, = 40,J, = 1. The results, obtained with n = 0.5,
show substantial control over all three products, each in the range of 10% to 50%. Control
over the ¢ = 3p channel [Figure 8(a)] and ¢ = 4s channel [Figure 8(b)] are similar in
structure, but shifted by approximately r along the ordinate, a consequence of a phase
difference of approximately 7 in the photodissociation amplitudes for the two pathways.

Finally, we show, in Figure 9 the effect of varying the control parameters on the three
product yields for a four frequency arrangement. Here path a consists of wi“) = 566.651
and w(_a) = 592.965, and the path b of wf:) = 555.421 and w(_b) = 605.783 nm. The
paths a and b are in resonant with the transition lines between v; = 5.J; = 0 of 129,

and v, = 37 and v, = 41, J, = 1 of 'T,. respectively. The photon frequencies w'®

and w(_b)

are so chosen that the possible background terms are as small as possible. A
further reduction of the background is possible by proper choice of 7, and m, with the
values 3 and 0.5. respectively. The 3d product is shown in Figure 9(c) to have a wide
range of control, from 15 % to 91 %, the Na(4s) yield changes from 5 % to 55 % [Figure
9(b)} and the Na(3p) over the range of 3 % to 29 % [Figure 9 (a)]. Further we note once
again a distinct correlation between the behavior of the Na(4s) product and the Na(3p)
product as a function of the control parameters. This is presumably a reflection of the

similar behavior of these products in the direct photodissociation studies (see Figure 5) in

conjunction with minimal differences in the background for these two products.

5 Summary

By using two two-photon pathways which are each resonant with a bound intermediate.

one can overcome thermal population effects in coherent control. In addition, by using

19




nonlinear optics method for generating the required radiation one can overcome inco-
herence effects due to laser phase jitter. Finally, the availability of a number of control
parameters, including the detuning to the bound states, the field strengths and the relative
laser phases, allows one to substantially reduce other uncontrolled background terms. The
result is a an effective means of eliminating major incoherence effects in radiative control,
allowing quantum interference effects to dominate and allowing for coherent control in a

natural environment.
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Figure Captions

Figure 1: Fourteen Na,; potential energy curves involved in the photodissociation com-
putation. Arrows indicate typical conditions for the resonant 2-photon vs. 2-photon
coherent control scenario.

Figure 2: Contours of equal Na(3p) yield. Ordinate is the relative laser phase and the
abscissa is the field intensity ratio z. Here for wp = 623.367, w; = 603.491, w_ = 644.596
nm and n=1.

Figure 3: As in Figure 2 but for wp = 631.899, w; = 562.833, w_ = 720.284 nm and
n=>5.

Figure 4: As in Figures 2 but for four field case with w'f) = 599.728, w(_a) = 652.956,
WA = 562.833, ) = 703.140 nm, 7, = 1/2 and 7 = 10.

Figure 5: [n(v;)/no)PY9(E, E;.wqy,wy) (¢ = 3p,4s and 3d) vs. w, for two photon
dissociation. Here (a)w; = 566.651 nm, v; = 5, J; = 0. and (b) wy = 579.087 nm, v; = 10,
J; = 0. The Na(3p) product is shown as the solid curve, the Na(3d) by the short-dashed
curve and the Na(4s) by the long dashes.

Figure 6: The contour plots of the three product yields (Na(q)/(2q=3p’4s‘3d Na(q)) for
Na(3p). Na(4s) and Na(3d) in Figures 6(a). 6(b) and 6(c). resplectively. Each of the three
products is generated in the coherently controlled photodissociation of Na, (v; = 10) using
the three frequency pathway described in the text. Ordinate is the relative laser phase
and the abscissa is the parameter s = 22/(1 + z?). In this case the pathways are resonant
with the J,, = 1. vp, = 37 and J, = 1, v, = 40 bound states of the 'S} electronic state,
respectively, and n = 0.4 is chosen.

Figure 7: As in Figure 6 but without background B(?). B(%') terms.

Figure 8: As in Figure 6 but for wy = 594.505. wy = 582.057, w_ = 607.498 nm and
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n=0.5.
Figure 9: Asin Figure 6, but for three product, four frequency scenario with frequencies

as described in the text.
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The goal of controlling chemical reactions with lasers has been advanced consider-
ably with the introduction of the theories of Coherent Radiative Control (CRC)I'3 and
Optimal Control (OCT)4‘9. The former deals with the use of quantum interference phe-
nomena in the (weak field) control of chemical reactions and has been shown to work
well both in the CW! and pulsed regimes.2 By contrast, OCT searches for optimal (not
necessarily weak) laser pulses in order to reach desired goals. Initial experimental verifi-
cation of CRC has now been reported10 and the importance of the relative phase between
the pulses, common to both the CRC and OCT approaches, has been experimentally
demonstrated.11 |

Recently, the important question of the theoretical limitations on complete control in
the context of OCT has been addressed in a number papers.6‘9 Rice et al.9 showed that
the optimal solution is attainable under certain conditions, but in general, as shown by
Yao et al.,’ nonlinearities may give rise to multiple solutions, each producing exactly the
same physical effect on the molecule. Here we demonstrate unique conditions under which
total control of product yield distributions is possible in an N -interfering-path scenario for
weak field coherent control of photodissociation.

Thus far, CRC theory has focused on the use of only two interfering paths to reaction.
We have demonstrated, in studies on the dissociation of such molecules as CH;;IL 12 3nd
HOD,!3 and multiple products in Nap,14 that in practice the degree of control achieved
with two interfering paths can be extensive. Nonetheless, we have long known that the
use of two paths poses theoretical limitations on the ability to control the photodissocia-
tion outcome when M, the number of open fragment channels, exceeds two. Specifically,

we explored this issue in detail in Ref. [12] where we showed that the Schwarz inequality,




as applied to two general state-vectors, precludes the realization of complete control in
that case.

In this communication we show that by extending the CRC treatment of controlled
photadissociation to N paths we obtain an analytic solution for the laser fields which
generate a desired target set of product chemical identities and internal state distribution
of the photofragments. In doing so we show that the optimal light-amplitudes are obtained
as the solution to a set of linear algebraic equations, avoiding the tedious non-linear
search procedure required at high fields, yet guaranteeing a full solution. Further, we
show that this complete control is achievable under the following conditions: that we use
sufficiently-weak light sources so that perturbation theory is valid, that the continuum
absorption spectrum is composed of a series of sufficiently-narrow resonances, and that
the photodissociation process is a non-factorizeable one, i.e., it cannot be broken up to
an excitation process (of a “bright” state) and a dissociation process (to a set of “dark”
states). The derivation follows below.

Consider the action of two pulses on a molecule. One pulse serves to excite a super-
position of intermediate bound states ¥; and the other to dissociate these states. We first

treat the excitation process by representing the excitation pulse as,
() = /dw{e“)(w)exp[—iw(t —-zfc)l+ e} = /dw{E(”(w)exp[-iwt] +cc}, (1)

where é(w) = €(w) exp(iwz/c) with z being the propagation direction and “c.c.” denotes
the complex conjugate of the preceding term.

The wavepacket formed at the end of the the action of this pulse on some initial state




(¥,) is given, in first order perturbation theory,15' 16 as,

p(t) = 28 Y W (wi g g s exp(—iEit /), (2)

where
Wig = (E; - Eg)/fl v Mig = ('b. I wg)v (3)

and pu is the transition-dipole operator.
We now turn our attention to the dissociation process. After a delay time 7, we subject

the molecule to the action of a light source composed of a discrete number of modes,
€i(t) = e;{exp[—iwi(t — 7 = z/¢)] + c.c.} = {Gexp[—iwi(t - 7))+ cc.}, i=1,..,.N (4)

where

wi = (E = E)/h, (5)

with E being some energy in the continuum spectrum of the molecule.

If each |E; > state only absorbed the right (w;) mode, the whole wavepacket would
be converted to a wavepacket composed of continuum eigenstates with a single energy, E.
However, there is no a priori reason why each state would not absorb other frequencies
wj A# w;, thus ending up in other continuum energies E; ; = E; + hw;.

We consider first just the wavepacket of energy E. Its form in the long time limit is,

N
POt = 20 3 3 e wi i gfis " E Y05 (E) expl-i(Et + Eir)/h]  (6)

v,q i=1

where ¢ and v denote the chemical identity and the internal state of the photo-products,
respectively. Here ¥ (E) are the incoming scattering eigenstates of the field-free Hamil-
tonian, and

ulNE) = (w7, (E) lul ). (7)

4




are the transition-dipole matrix elements between the i’th intermediate state and the
scattering states.
The probability amplitude of observing a given channel g, v at infinite ¢ is given, using

the long-time properties of the incoming scattering states,!7 as,

N
AD(E) = S e w; )i g™ (E) exp|~i Eir/h). (8)

i=1
with the associated probability P{”(E) then obtained as |A{?(E)2.

Defining a matrix d as

dgvi = €V (wi g )i g\ ") (E) exp(~i Ei7 [B) (9)

and the vector of field amplitudes € with elements €; = ¢ allows us to rewrite Eq.(8) as
A=d-c (10)

where the elements of the complex M dimensional vector A are A% If we now choose to

replace A with a set of desired target amplitudes

Agu = AY (11)

v

then Eq.(10) may be inverted to obtain the unknown field amplitudes as
e=d!'-A (12)

where a unique solution generally requires N = M.

Equation (12) needs to be supplemented by some conditions because, as noted above,
in addition to creating continuum eigenstates at energy E, the set of w; frequencies creates
continuum eigenstates with other energies E; ; = E; + hw;. The probability amplitude of

creating any of these “satellites” is given as,

5




BW(Eij) = & (wig)pigeiu™(Ei ;) exp[—iE;r/h]. (13)

These sa.tel]ites are uncontrollable because each satellite is produced at a different energy
and, as shown in the context of CRC,!' 3 one of the prime conditions for control is in-
terference between states of the same final energy. However, if the continuum spectrum
is composed of a series of resonances whose widths I';, are narrower than the spacings

betw)veen the intermediate E; levels,
rn < lEt - Ei+ll9 (14)

and if the target energy E (= hw; + E;) is in the center of one of these resonances,
then (as illustrated in Fig. 1) the chances that E;; will not coincide with any of the other
resonances are high. Under these conditions pfq‘”)(E,- .j) = 0 and the probability of satellite
production in accord with Eq. (13), is minimal.

Utilizing isolated resonances, while helping overcome the satellite problem, raises a
different issue which might undermine our ability to control a process. Specifically, as

shown in Ref. [12], if the transition dipole is factorizeable, e.g. if it may be written as,
U NE) = pnFNE), (15)

then the N —state interference of Eq. (8) does little to change the ratio between the yield
to produce the various ¢, v channels. This follows because when Eq. (15) is substituted

into Eq. (8) we obtain that,

AW(E) = { 3 @i g i ghin i exp[—iE.-r/h]} F{""Y(E). (16)




The branching ratios to the various channels, given as Ryq o = IAS,')(E')/ASJ?)(E)P,

therefore assume the form

Ryquy = |F*NE)/F9)E)), (17)

i.e., the coherent interference between the various paths has absolutely no effect on the
branching ratios into the various final channels!

Thus, we need to assure that factorization of the type shown in Eq. (15) does not hold.

Factorization occurs, for isolated resonances, whenever only one of the molecular modes

is a “bright” mode, i.e., it carries oscillator strengths from the intermediate |E; > states.

In order to see this we write the full continuum energy eigenstate as, 17

Wew(E) >= {1+ [I1 4+ (E~ ~ PHP)"'PH)(E - E, - iTa/2)7!|¢n >< &n|H} P|¥05(E) >
(18)

where |¢, > is an eigenstate of the “bright” mode Hamiltonian, 1 is the identity operator,

P =1 - |¢n >< ¢n| is the projector onto all other states, H is the full Hamiltonian and

Pl¥35(E) > is an eigenstate of PHP,
{E - PHP}P|y93(E) >= 0. (19)
Factorization occurs if we assume that
PulE; >= 0. (20)
Under this condition it follows from Eq. (18) that,
< Yy (E)plE; >=< YI5(E)|PH|8n > (E - En - iTo/2)7" < énlulE, > (21)

which is the factorized form of Eq. (15).

-1




We therefore conclude that we can avoid factorization and maintain control whenever
Eq. (20) is invalid. This is the case when strong mixing between molecular modes exists
such that none of the modes retains its “purity”, or that the resonance structure is due to
slow predissociation from one bright state to another bright state. The signature of such
predissociation is asymmetry of the lineshapes which arises from Fano-type interferences
between the |¢, >< ¢,| and the P components.

In summary, we have presented a solution to the N —channel controllability problem
in the weak field domain. We have shown that in a photodissociation process any de-
sired distribution of N final fragment states can be generated using a series of N light
frequencies. This is the case provided that the absorption spectrum is composed of a
series of sufficiently narrow non-factorizeable resonances and that the target distribution
can arise within perturbation theory. An explicit expression [Eq.( 12)] for the complex
field amplitudes needed to achieve this goal has been obtained.

The solution we have generated is remarkably simple. It is contained in an inverse
of a matrix made up of readily measurable (or calculable) bound-bound and bound-free
transition-dipole matrix-elements. Further work is currently ongoing to compute the elec-
tromagnetic fields required to achieve various target distributions in the dissociation of

both diatomics and polyatomics.
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Figure 1 : Schematic diagram depicting the photodissociation scenario discussed in the

text. Here [¢; > is denoted |i > and |y, > is denoted |g >.
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ABSTRACT. We describe the current status of coherent radiative control, a quantum-
interference based approach to controlling molecular processes by the use of coherent
radiation. In addition to providing an overview of proposed laboratory scenarios, ongo-
ing experimental studies and recent theoretical developments, we call attention to recent
theoretical results on symmetry breaking in achiral systems.

1. Introduction

This NATO workshop deals with the rapidly developing area of coherence phenomena
in Chemistry and Physics. Of particular interest are the phase characteristics of molecular
and optical states, and new phenomena which emerge when one can manipulate the quan-
tum phase of material systems. In this paper we discuss a theory, based upon quantum
interference effects, which predicts virtually total control over branching ratios in isolated
molecular procesases.

Control over the yield of chemical reactions is the raison d’etre of practical chemistry
and the ability to use lasers to achieve this goal is one primary thrust of modern Chemical
Physics. The theory of coherent radiative control of chemical reactions, which we have
developed over the last five years [1-16], affords a direct method for controlling reaction
dynamics using coherence properties of weak lasers, with a large range of yield control
expected in laboratory scenarios. In addition, the theory of coherent control provides
deep insights into the essential features of reaction dynamics, and of quantum interference,
which are necessary to achieve control over elementary chemical processes. Below we
provide a schematic overview of coherent radiative contral including an example which




emphasizes the general principles (Section 2), a survey of several experimental scenarios
which implement the principles of coherent control (Section 3), an interesting application
to symmetry breaking in achiral systems (Section 4) and a summary of the current status
of theory and experiment. A qualitative introduction to coherent coutral is provided in
reference [9]. An alternative approach, based upon the use of shaped Eght pulses has been
advocated by Tannor and Rice [17] and Rabitz[18].

2. Interference and Control: An Example

Consider a chemical reaction which, at total energy E produces a number of distinct
products. The total Hamiltonian is denoted H = HY +V,, where Hy is the Hamiltonian
of the separated products in the arrangement channel labeled by q,(q =1,2,..) and V,
is the interaction between products in arrangement g. We denote eigenvalues of H§ by
|E,n,q°), where n dentotes all quantum numbers other than E; eigenfunctions of H, wlnd:
correlate with |E, n,q°) at large product separation, are labeled |E, n,q~). By definition
of the minus states, a state prepared experimentally as as superposition |¥(t = 0)) =
TnqcnqlE,n,q”) has probability |c 4| of forming product in chanpel ¢, with quantum
numbers n. As a consequence, control over the probability of forming a product in any
asymptotic state is equal to the probability of initially forming the appropriate. minus
state which correlates with the desired product. The essence of contral lies, therefore, in
forming the desired linear combination at the time of preparation. Tbe essential modus
operandi of coherent radiative control is to utilize phase and intensity properties of laser
excitation to alter the character of the prepared state so as to enhance production of the
desired product.

Many of the proposed coherent control scenarios rely upon a simple way of achiev-
ing active control over the prepared state and product. Specifically, active control over
products is achieved by driving an initially pure molecular state through two or more in-
dependent coherent optical excitation routes. The resultant product probability displays
interference terms between these two routes, whose magnitude and sign depend upon lab-
oratory parameters. As a consequence, product probabilities can be manipulated directly

in the laboratory.

¥

Figure 1: One-photon plus three-photon coherent control scenario.
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The scheme outlined above has, as a well-known analogy, the interference between

- paths as a beam of either particles or of light passes through a double slit. In that

instance source coherence leads to either constructive or destructive interference, manifest

as patterns of enhanced or reduced probabilitites on an observation screen. In the case

of coherent control the overall coherence of a pure state plus laser source allows for the
constructive or destructive manipulation of probabilities in product channels.

We note, as an aside, that practitioners of “mode-selective chemistry” often advocate
the use of lasers to excite specific bonds or modes in the reactant molecule in order to drive
a reaction in a desired direction. The brief remarks above, elaborated upon elsewhere{10',
make clear that the proper modes to excite in order to produce product in arrangement
q are the eigenfunctions |E,n,q~), the system’s *natural modes®, if you will. Thus the
extent to which excitation of some zeroth order state |x) is successful in promoting reaction
to the desired product ¢ depends entirely on the extent to which |x) overlaps |E,n,¢").

Consider, as an example of coherent control, a specific scenario for unimolecular pho-
toexcitation[5,13] (Figure 1) where a system, initially in pure state ¢, (or |E;) below),
is excited to energy E, by simultaneous application of two CW frequencies ws and 3w,
(ws = 3w, ), providing two independent optically driven routes from ¢, to |E,n,q”).

Straightforward perturbation theory, valid for the weak fields under consideration,
gives the probability P(E,q; E;) of forming product at energy E in arrangement g as:

P(E,q;,E)) = P(E,q; E;) + Pis(E, q; E;) + A(E,¢;E) . (1)
with terms defined as follows:

Py(E,q; Ei) = (%)’¢§Z|(Em.q' (2, 8)esl B (2)

Here pu is the electric dipole operator, and
(2, Blea=(clE,-plo), (3)

where | g) and | ¢) are the ground and excited electronic state wavefunctions, respectively.
The second and third terms in Eq. (1) are

P(E, G E) = (G4 LN En g ITI B, ()
with
T=(2, p)eg(Bs~Hy+ 2hn) (& 1 Blee(Bi-He + han) (& LB (9)

and
Pus(E,q; i) = - 2(3 ) ese} cos(ls - 301 + 6(0) 7| (6)

with the amplitude | F{| and phase 69 defined by

IF® exp(is®) = Y (EAT | E,ng™ NE a7 (2 p)es| B - (7




The branching ratio Ry for channels ¢ and ¢, can then be written as

R«l - P(an; E') = ‘%Fg') = 263631(:08(93 - 3’, + 6}?)'5(;)' + ‘?Fl(t) ( )
PESE) ~ GF - 20 coslts - 30, + ) FS) + 450

where '
R = (rhligsl, ,
FO - (%)zm%?@n, (9)

with F{") and F{*? defined similarly.

The numerator and denominator of Eq. (8) each display what we regard as the canor-
ical form for coherent control. That is, independent contributions from two routes, modu-
lated by an interference term. Since the interference term is controllable through variation
of laboratory parameters (bere the relative intensity and relative phase of the two lasers),
so too is the product ratio R.

This 3-photon + 1-photon scenario has now been experimentally implemented'19) in
studies of HC] ionization through a resonant bound Rydberg state. Specifically, HCI is
excited to a selected rotational state in the 3£~ (01*) manifold using w; = 336 nm; wy is
obtained by third harmonic generation in a Krypton gascell. The relative phase of the light
fields was then varied by passing the beams through a second Krypton cell and varying
the cell gas pressure. The population of the resultant Rydberg state was interrogated
by ionizing to HCl* with an additional photon. This REMPI type experiment showed
that the HCI* ion probability depended upon both the relative phase and intensity of
the two exciting lasers, in accord with the theory described above. Note that in this
case, control is achieved by simultaneous excitation to a nondegenerate bound state. Asa
consequence there is no sum over n in Eqs. (2), (4) and (7) and hence |F,(')F,(')| = IF,(g)l’.
Satisfaction of this Schwartz equality suffices to ensure that the probability of forming
the HCl Rydberg state can be varied over the full range of zero to unity[l]. Specifically,
setting & — 30 = ~5{3) and }/et = F{¥/F{" gives zero probability in channel g.

A similar phase control experiment has been performed on atoms[20}, in the simul-
taneous 3-photon + 5-photon ionization of Hg. Although the effect of the relative laser
intensity was not studied, the Hg™ ionization probability was shown to be a function of rel-
ative phase of the two lasers. Since in this case excitation is nonresonant, this experiment
shows the feasibility of control over continuum channels via interfering optical excitation
routes. '

These experiments clearly show that coherent control of simple molecular processes
through quantum interference of multiple optical excitation routes is both feasible and
experimentally observable. Further experimental studies designed to show control over
processes with more than one product channel are in progress by a number of experimental
groups. Further, our recent computational results [13) on photodissociation of IBr, to
produce I + Br and I 4 Br* suggest that such experiments should show huge control over
the product ratio. For example, 1-photon plus 3-photon photodissociation of the ground
vibrotational state in the ground electronic state of IBr showed variations in the Br*/Br
ratio of 45% to 95% with variations of the relative laser intensity and phase. Similar
results were obtained for higher J, including J = 42 where extensive M, averaging was

required.
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3. The Essential Principle and Assorted Coherent Control Scenarios

The 3-photon plus 1-photon case is but one example of a scenario which embodies

the essential principle of coherent contral, i.e. that coherently driving & pure state through
multiple optical ezcitalion routes to the same final state allows for the possibility of control
Given this general principle, numerous scenarios may be proposed to obtain control in the
laboratory. Such proposals must, however, properly account for a number of factors which
reduce or eliminate control. Amongst these are the need to (a) adhere to selection rule
requirements, (b) minimize extraneous and parasitic uncontrolled satellites, (c) insure
properly treated laser spatial dependence and phase jitter and (d) allow maintainance of
coherence over time scale associated with any true relaxation processes, e.g. collisions.
Briefly:
(a) control requires that the interference term (e.g. Fl(g) above) arising between optical
routes is nonzero. In general, this is the case only if the various optical excitation routes
satisfy specific rules regarding conserved integrals of motion. For example[21], consider
the 1-photon + 3-photon case discussed sbove. Here excitation from, e.g. J = 0, where
J is the rotational angular momentum, yields J = 1 for the 1-photon route and J = 1
and J = 3 for the three photon route. In this case selection rules are such that only final
states with the same J, here J = 1, interfere;

(b) the J = 3 state created by three photon absorption in this scenario is an example
of a satellite state, i.e. an uncontrolled (and hence undesired) product state arising in the
course of the photoexcitation. Effective scenarios must insure that such contributions are
small compared to the controlled component;

(c) since the ability to accurately manipulate the laser relative phase is crucial to
coherent control, one must account for all laboratory features which affect the phase. For
example, scenarios must be designed so as to eliminate effects due to the k- R spatial
dependence of the laser phase. Not doing so would results in the dimunition of control
resulting from the variation of this term over the molecule beam-laser beam intersection
volume.

(d) proposed scenarios must maintain phase coherence in the face of possibly dephasing
effects (e.g. collisions or partial laser coherence ). Studies mdxcate[7 22] that control can
survive moderate levels of such phase destructive processes.

E— . £E—— 3

\E( 46,40, ¢ /—

Figure 2: Basic control scenario.




We have, thus far, proposed a number of differeat scenarios for coherent contral.
~ Below we comment on some of them, with the intent of providing only the briefest of
“roadmaps” for the proposed schemes. Detailed discussions are provided in the literature,
along with extensive computations. The original coberent control scenario is shown ia
Figure 2 wherein a superposition of two bound states is subjected to two cw frequencies
which lift the system to energy E. An analysis of this very basic scenario shows that
the control parameters are the relative intensity and relative phase of the two indicated
electromagnetic fields. This basic mechanism has been examined in the gas phase, both in
the presence and in the absence of collisions and this scenario has been adapted to control
currents in semiconductors. In all cases control was extensive.
Developments in pulsed laser technology may be used to good advantage in a straight-
forward modification of the above scenario. Specifically, the superposition state prepa-
ration and subsequent excitation with frequencies w),w; may be both carred out using

pulsed lasers in accord with Figure 3:

f e

€¢<l
~

Figure 3: Pump-Pump scenario

In this instance the frequencies required to excite to energy E are contained within the
second excitation pulse, which also creates product, and associated interference contribu-
tions over a wider energy range. Multiple excitation paths are contained within this overall
pump-pump excitation scheme and serve to introduce the necessary interfering coherent
paths. The straightforward analysis(8,11] of this scenario consists of a perturbation theory
treatment of the molecule in the presence of two temporally separated, sequential pulses.
The first pump step, in which the system is excited from ground state | E, ), yields a
superposition state Y-, c;| Ex) with ¢, proportional to ( Ey |u| E, ); the subsequent pulse
causes dissociation. Perturbation theory gives the probability, P(E,m;,q), required in
the section below, of forming product in arrangement channel ¢ at energy E with total
fragment angular momentum projection m; along a space fixed axis as,

P(E,mj,q) =) ' |B(E,n,qlt = o)}

=(20/0) )" ) e (Eynyg” Il Ea)eu(wes,))? (10)

~ k=12 -




4. Symmetry Breaking and Chirality Control

- The results above make clear that two arrangement channels, whoee photodissociation
amplitudes differ, can be controlled through manipulation of external laser fields. A
particularly interesting example results from consideration of the photodissociation of &
molecule schematically written as :

(¢=2),B'+ AB¥ BAB'™ B+ 4B, (¢=1) (13)

where ¢ defines the product arrangement channel and BAB' denotes a molecule, or a
molecular fragment, which is symmetric with respect to reflection ¢ across the plane
which interchanges the enantiomers B and B' (e.g., Ref. 23). The existence of this plane
implies that the point group of the reactant is at least C,.

Consider then the molecule B'AB subjected to the two pulse scenario sketched above.
The probability of forming product in arrangement channel ¢ with products in the m; state
is given by Eq. (11). Active control over the products B - AB' vs. B' + AB, attained by
manipulating the time delay or the pulse detuning will result as long as P(¢ = 1,m;) and
P(g = 2,m,) have different functional dependences on l2boratory parameters.

It is surprising that P(¢ = 1,m;) and P(q = 2,m;) differ in the B'AB case[24]. To
see this consider the behavior of ¢; and p'(",) , for | E}) and | E3) of different symmetry
with respect to the reflection o. For simplicity we restrict attention to BAB' belonging to
point group C,, the smallest group possessing the required symmetry plane. Further, we
focus upon transitions between electronic potential energy surfaces of similar species, e.g.
A' to A' or A" to A" and assume the ground vibronic state to be of species A'. Similar
arguments apply for larger groups containing o, to ground vibronic states of odd parity,
and to transition between electronic states of different species.

Ezcitation Coefficients ¢i: Components of u lying in the symmetry plane, denoted
B, transform as A' and are symmetric with respect to reflection whereas the compo-
nent perpendicular to the symmetry plane, denoted i, is antisymmetric (A"). Hence
(Ex|plE,) = (Es|ps + ps] E,), and hence c;, is nonzero for transitions between vi-
bronic states of the same symmetry due to the u, component, and nonzero for transitions
between vibronic states of different symmetry due to the uo component. The latter is
common in IR spectroscopy. In electronic spectroscopy such transitions result from the
non Franck-Condon Herzberg-Teller intensity borrowing[25] mechanism. Thus, the exci-
tation pulse can create an | E, ),| E3) superposition consisting of two states of different
reflection symmetry and hence a state which no longer displays the reflection symmetry
of the Hamiltonian.

Cumulative matriz elements pf".) : In contrast to the bound states, the continuum states
of interest | E,n,q™ ) are neither symmetric nor antisymmetric. Rather,o|E,n,¢=1") =
| E,n,q = 2~ ) and vice-versa. Such a choice is possible because of the exact degeneracies
which exist in the continuum. To examine p.(n) we introduce symmetric and antisym-
metric continuum eigenfunctions of @, |¢*) = (| E,n,¢q=1") + | E,n,g=27))/2 and
¥ =(|E,nqg=1")~-|E,n,g=2"))/2. Assuming |E,  is symmetric and | E;) anti-
symmetric, rewriting | £,n,¢” ) as a linear combination of | 4*) and |¥’), and adopting
the notation A,2 = (V°|pe] E2), Se1 = (¥*|1,| E1 ), etc. we bave, after elimination of null
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