Theor Chim Acta (1992) 82: 249269 Theoretlca
Chimica Acta

© Springer-Verlag 1992

Molecular photodissociation dynamics:
The time-dependent formulation

Niels Engholm Henriksen

Chemistry Laboratory III, H. C. Orsted Institute, University of Copenhagen,
DK-2100 Copenhagen, Denmark

Received February 25, 1991/Accepted August 13, 1991

Summary. The time-dependent formulation for nuclear dynamics in molecules
induced by electronic excitation in a radiation field is reviewed. The present
discussion is especially aiming at extracting physical observables for photodisso-
ciation and highlighting the connection to the nuclear dynamics of the process.
The total dissociation probability, the probability associated with the formation
of a given chemical product, and the probability that this product shows up in
a specified quantum state is considered. The results are given as a function of the
form of the light pulse, and special attention is given to situations where the
duration of the light pulse is very short or very long.
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1. Introduction

The time-dependent formulation for nuclear dynamics induced by electronic
excitation in a radiation field was introduced more than a decade ago [1]. This
description gives the exact quantum mechanical counterpart of the Franck—
Condon principle — a qualitative picture which states that at the completion of
an electronic transition in a molecule the nuclei are still in their original
positions, only after this excitation the nuclei will readjust, i.e., nuclear dynamics
will ensue. Furthermore, the time-dependent formulation [1] gives theoretical
expressions for observables which can be formulated in such a way that the
simple picture associated with the Franck—Condon principle shows up in the
equations. These results are based on a theoretical description which use
standard theory — wave functions which assumes an adiabatic separation be-
tween electronic and nuclear motion and first order perturbation theory for the
light-matter interaction.

After the publication of the paper by Kulander and Heller [1] many papers
have used and expanded on the foundation given in that paper (see, e.g., [2—17]
and references therein), but the whole field is strongly connected to the pioneer-
ing work of E. J. Heller. The time-dependent approach has turned out to be very
valuable. This is partly due to the intuitively appealing description which is not
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provided by standard formulations in terms of stationary states and partly due
to the ease of making contact with (semi-)classical descriptions and pictures. In
addition, in many situations, computational efficiency is provided by the time-
dependent approach.

We present here a detailed review and update on the basic theoretical
concepts associated with the time-dependent formulation for nuclear dynamics
induced by electronic excitation. In the process of doing that, it is hoped that
various aspects of the theory will be clarified. The discussion is aiming at
photodissociation dynamics — the basic theoretical description of other types of
nuclear dynamics due to electronic excitation are, however, closely related. Thus,
the theory in Sects. 2 and 3 are, e.g., formally identical to the situation where
spectroscopy between two bound electronic states is considered.

Why study photofragmentation?

Photofragmentation is chemical bond breaking due to absorption of radiation.
The primary electronic transition in the process takes, typically, place in the
ultraviolet or visible region of the spectrum.

There are several good reasons for studying this process. From the reaction
dynamics point of view, it offers a very good opportunity to study dynamics of
chemical bond breaking. In bimolecular collisions, the impact parameter cannot
be controlled experimentally. In photofragmentation, on the other hand, the
reaction conditions are as well-defined as possible — the initial state is a bound
molecule with a well-defined geometry, the initial quantum state can be selected
and the energy transferred to the molecule via the photon can be controlled with
very high precision using laser light. Thus, photofragmentation offers the best
opportunity for a “clean” comparison between theory and experiment.

Furthermore, photofragmentation is an important chemical reaction per se. It
plays an important role, expecially, in the chemistry of the atmosphere. The most
well-known of these reactions is probably the photofragmentation of ozone in
the stratosphere:

O, +hw—>0,+0 (H

It shields the carth from ultraviolet solar radiation for wavelengths less than

about 3000 A. A number of reactions occur due to pollution of the atmosphere,
¢.g., photofragmentation of chlorofluorocarbons (CFC gases):

CCLF + hw —» -CCLF + Cl 2)

This reaction can create problems because the chlorine radical will react with
ozone to yield oxygen and ClO thereby removing ozone.

What are the questions in photofragmentation?
The photofragmentation of a triatomic molecule contains all the essential features
of photofragmentation. For a triatomic molecule, the general situation is:

A + BC(m)
B+ AC(m) 3
C + AB(m)
A+B+C

where all product states can be accessible simultaneously at a given photon
energy hw. We want to know exactly what happens in the transition from reactants
to products in Eq. (3). This includes questions like:

ABC(n) + how —
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(a) Probe the process of bond breaking

Can we learn about the details of the bond breaking from measurements in
frequency domain? — can we do measurements in real-time and learn about the
dissociation time, i.e., how long it takes to go from the left to the right side in
Eq. (3)? What is the effect of changing the characteristics of the light ~ like
changing the frequency and perhaps the duration of the light pulse?

(b) Predict the outcome of the reaction

Can we predict the total probability of the reaction? — can we predict the
probability associated with the transformation in Eq. (3), i.e., the probability of
transforming the triatomic molecule ABC(n), in a given rotational, vibrational,
and electronic state (denoted by n), into a given set of fragments on the
right-hand side, again with complete specification of rotational, vibrational, and
electronic states (denoted by m) as well as a given magnitude and direction of the
relative momentum of the fragments? — can we predict how the excess energy in
the photofragments is distributed between the rotational, vibrational, transla-
tional, and electronic degrees of freedom?

(c) Test of theoretical approaches
Our intuition about dynamics is strongly connected to classical mechanics — can
the dynamics of the process be described by semi-classical mechanics?

The questions above are all related to understanding the dynamics of a naturally
occurring process. Another type of question is:

(d) Control of reactions: Selective bond breaking
Can we control the outcome of the reaction and select which product is going to
be formed? — how can control be achieved?

We will discuss the answers to questions like these in the sections which
follow. Only basic theoretical concepts are considered. Numerical techniques and
applications to specific systems are not discussed.

2. Quantum dynamics of molecular photofragmentation

We consider a molecule which interacts with a radiation field. An adequate
description can be given by considering the molecule to be described by quantum
mechanics and a classical description of the radiation field. We let |¥(#)) denote
the state vector of our molecule at time 7. In the Schrédinger picture, the time
evolution is given by [18]:

oY iy iy
i _'éﬁt’)l =(Hy + H@)|P0> @

where H,, is the molecular Hamiltonian given by:
A, =T, +T,+V (5

T,, T,, and V are the kinetic energy of the nuclei, the kinetic energy of the
electrons, and Coulomb interaction between all the electrons and nuclei, respec-
tively, and H,(¢) is the Hamiltonian for the interaction with the radiation field,
which can be expanded in the form [19]:

H/() =Hpp () + ﬁEQ(t) + Hpyp() + -+ (6)
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Hep(0), fIEQ(t), and H,,(f) are the electric-dipole interaction, the electric-
quadrupole interaction, and the magnetic-dipole interaction, respectively. The
electric-dipole term is the dominating term in Eq. (6). Other contributions to
H,(f) are much smaller and, normally, need only to be considered for the weak
transitions which are electric-dipole forbidden.

2.1. Time-dependent approach, wave packets

We let |¥,,(7)> denote the state vector of the isolated molecule at time 7. The
time evolution is given by:

ihﬂ%‘;(—t)z =H,, | Py (D)) (7
Time-evolution operators are defined by:
|V (0> = Upa (8, 16) |¥ar (80)) (3
and
[#(0)> = U1, 16) | ¥(16)> 9

for the free molecule and the molecule in the radiation field, respectively. We
insert these expressions into the time-dependent Schrodinger equations, Egs. (7)
and (4), and get the following equations for the time-evolution operators:

P oUW (1, 1)

T Hy, Uy, 1) (10)
and
i aﬁg; ) _a, + B,0)0 1) (1)
Using these equations, we get:
% {04, )0t 1)} = —é Ut 1) H (10T, 1) (12)

and integration gives:

N N if? N N N
Uz, t) = Uy (2, 1) % f dr'Uy(t, tYH, (U, t) (13)

t

Iteration gives:
Ut, to) = Uy (1, 1) + 0O, 1) + Ut 1,) + - - - (14)
where
Uni(t, o) = exp( —iH (1 — 1) /h)

; t
U0, 1) = —% f dt' Uy (t, )Y H (1)U py (1, o) (15)

0

U2, t) = _% f dt’Uy (1, tYH, (TN, 1)
to
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In photofragmentation the initial state is a bound state of a molecule.
Interaction with the radiation field creates a new state given by:

U(t, 1) | ¥ar (10)> = Ups (2, 10) | ¥as (1) > + TV, 16) [Pr (1) >+ - - -
=) +|FRO> + - (16)

To first order, probabilities of finding dissociative states can be extracted from
the vector:

i[! ~ o~ ”
|q1314)(t)> i J dt'Uny(t, t YH, (1)U (2, to)'qJM(to)> (17)
o
We consider now the explicit representation of Eq. (4) and the subsequent
results concerning its solution for a prototype molecule with:

(a) 3 stationary electronic states,
(b) non-adiabatic coupling between electronic states 2 and 3, and
(c) radiative coupling between electronic states 1 and 2.

The state vector takes the form:

(. R|P(D)> =11 (R, W1 (q; B) + 12(R, )o(q; R) + 13 (R, 3(q; R)  (18)

where ¢ and R denote the electronic and nuclear coordinates, respectively. ¥,
(i =1,2,3)) is an electronic cigenstate:

(T, + Vig; RW.(q; R) = E,(R)(q; RB) (19)

The equation is solved for fixed values of R, which plays the role of a parameter
in the equation. This is indicated by “;” in the equation. The physical motivation
for this form of the state vector is the fast motion of the electrons as compared
to the slow motion of the nuclei. For bound state problems, fast motion is
connected with large spacing between energy states. Thus, the energy spacing
between the lowest electronic states is, normally, large and we need to consider
only a few electronic states. Now we substitute this form of the state vector into
Eq. (4) and obtain the following explicit representation for the nuclear motion in
the presence of a radiation field:

|X1(1)> H 0 0 Rn(’) ﬁu(t) 0 [Xx(f)>
ih ;3—t 'Xz > = 0 ﬁz 6'23 + ﬁ21 ® ﬁzz ®» o0 ,Xz ®> (20)
FAG); 0 &, A 0 0 0 lXa(’))

where

ﬁi= 7Aﬂn +Ei(R) +<¢i,Tnl'//i>

~ o~ h?
Cij=<¢i'Tnl¢j>_22M <¢ilvsl¢j>'vs (21)

ﬁij(t) = <¢i’ﬁED(t) ’¢j>

and integration in the matrix elements is over all electronic coordinates 4.
Accordingly, the matrix elements are functions of the nuclear coordinates R. Due
to the orthonormality of the electronic eigenstates, the probability of finding the

[I¥L]

molecule in electronic ‘i at time ¢ given the nuclear position R is simply
|Xi (Rs t) l2_
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We assume that electronic state 1 is a bound state of the molecule and that
the molecule at time #, is in this state. In connection with the evaluation of Eq.
(17), we note that:

H, 0 0 |11(56)>
exp{ —i| 0 H, Cyul@ —t)h 0
0 ¢, A 0
exp(—if, (¢ — 1) 1) |11 (t0)
= 0 (22)
0

since for the free molecule, the nuclear motion in electronic state 1 is decoupled
from the other electronic states, and multiplication with the interaction matrix
gives:

ﬁn(t/) R?12(’7) 0 eXp(_iFII(t/—to)/h)')(l(to)>

R,(t) Ry(t) 0 0
0 0 0 0
@11(1') exP(‘”’?l(f, - tO)/h)|XI(t0)>
= Ry (t") exp(—iH,(t' — t,) [h) |1, () (23)
0

Thus, the physical interpretation of this equation is clear: The interaction with
the radiation field at time ¢’ transfers amplitude from electronic state 1 to state
2. We assume that unbound (dissociative) nuclear motion is possible in electronic
state 2 and/or 3. The nuclear motion on surfaces 2 and 3, to first order in the
interaction with the radiation field, is given by:

@D i, Ta2 & .
s =i e (<i] & @ Je-om)
% [ﬁﬂ(t/) exp( —iﬁl(t/ —to) /) le(to)>:|

) 29

We choose 7, =0 and consider the situation where |y, is a vibrational-
rotational eigenstate. We let ¢; denote the associated energy. Furthermore, the
electric field of the radiation field is plane polarized and represented such that:

ﬁ21(t/) = <l//2l —i- E(t,) 129
= —fiy; - Eyalt’) cos w,t’ (25)

The unspecified form of the envelope function, a(¢’), means that short pulse, long
pulse laser fields, etc. are all under investigation. Thus, we get:

X(l)(t)> l ! r  —ilhw e ’
ng”(t» =g J, W e el)

x exp (-i [é’ f{] (t - t')/h) 160 (26)
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where

600 = [E - ﬁmolxl(on]

Two limiting forms are possible for the envelope function of the light pulse.
One such limit is the d-funcrion limit, defined by:

a(t’) =8(t' —1,) (28)

where 0 <, <t Thus, a light pulse is suddenly switched on and off at time
=1t,. From Eq. (26), we get:

RO A &) \

[lxg”(t» “m P\ e, A (1 —tp)/h)l¢(0)> (29)

where an overall nonimportant phase factor, exp(—i(hw, + ¢€,)¢,/h), has been
neglected.

(27)

d-function limit for the light pulse:

In this limit interaction with the radiation field, at time # = ¢,, transfers
suddenly amplitude from the ground to the excited state surface 2.
Equation (29) shows that a wave packet, given as the product of the
electronic transition dipole moment times the initial vibrational-
rotational eigenstate of the molecule, is “vertically” excited.

Subsequent to its creation this wave packet evolves on surface 2 and due
to the non-adiabatic coupling terms, the wave packet evolution will
ultimately produce wave packet amplitude on surface 3 as well.

The other limiting form for the light pulse is the cw (continuous wave) limit,
defined by:

a(t’) =1 (30)

and ¢ — co. Equation (26) takes now the form:

l:'xgl)(t)>:| — L lim e—iE,t/h J\t du eiEIu/h
(]

FAR G
- ﬁZ é23:| )
xexp| —il A S ufh ) (d(0)) 31)
p< [C32 7 #1600 (
where u =1 —1t' and E, = hw, +¢€;.

ew limit for the light pulse:

The interaction with the radiation field transfers continuously amplitude
from the ground to the excited state 2.

Equation (31) shows that wave packets, of the same form as in the
J-function limit, are “vertically” excited in the time interval from u =0
to t.

Subsequent to creation each wave packet evolve independently.

The resulting nuclear state is obtained as a superposition of the wave
packets.

Equations (29) and (31) are exact quantum mechanical descriptions of the
Franck-Condon principle. In Sects. 3 and 4 where we calculate observables, we
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will show that these quantities can be expressed in terms of the wave packet
describing the dynamics created in the §-function limit (Eq. (29)).

Equation (31) is a half-Fourier transform of a time-dependent wave packet.
We can characterize this state more when the non-adiabatic coupling terms can
be neglected. In that case we have:

190 =5 lim e~=19p) (32)
where [21]:

(%) = foo du eEvh exp(—iH,ufh) | $(0) >

= hG(E} )| $(0)) (33)
and the Green’s operator, G(E;" ), is given by [20]:
GE; ) =(E +ie—H,)™!

- J du €140 exp( — i ufh) (34)
0

where ¢ — 0. Thus, disregarding a phase factor the state |# ) is created in the cw
limit. Using Egs. (33) and (34):

(B, — )| = ih|$(0)) (35)

Assuming that |¢ ) is real, the real and imaginary parts of this equation take the
form:

B,| R, = E/|R),
| R, = E\R: — h|$(0)) (36)

The real part, l@),, is accordingly an eigenstate of H, at the energy E,.
In the following sections where we calculate observables, we will show that
these quantities in the cw limif can be expressed in terms of the real part of [#).

2.2. Time-independent approach, stationary scattering states

It is instructive to have an alternative look at some of the results of the previous
section in terms of stationary states (see, e.g., [22-24]). In order to keep the
discussion as simple as possible, we neglect in the present section the non-
adiabatic coupling terms. The dynamics is, accordingly, confined to the elec-
tronic state 2.

Equation (26) takes the form:

0> =5 J i’ e~ 0o+ ) Pa(yexp( — iyt — ) M]G0 (37)

The time evolution operator can be written in the form:

exp(—il,(t — ) /B) =Y JdE]E, n—>e B~ OME n—| (38)
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where:
H|E,n—Y=E|E,n—) (39)

The stationary states can be discrete and continuous — the integration over
energy in Eq. (38) is understood to be taken as a summation for the discrete part
of the spectrum. n is a set of quantum numbers which labels the stationary states
at energy E. The minus sign indicates that we have chosen one particular state
in this subspace of degenerate states. The precise specification of these states is
not needed — Eq. (39) suffices for the present discussion. We substitute Eq. (38)
into Eq. (37):
5 t
x5y = —2% Y f(E, n—|P>|E,n—)eEh J dt’ e e+ a—Exihg(r'ydE  (40)
n 0
This equation represents the nuclear wave packet expressed in terms of station-
ary states. The amplitude associated with the stationary state at energy F is given
by the Franck—Condon factor {E, n—lqb). The overall energetic width of the
state is given by the integral over ¢/, which in turn depends on the envelope
function of the light pulse.
Let us again analyse the results for the two limiting forms for this function.
The é-function limit, defined by Eq. (28):

280> =5i;; ) f"E<E, n—|@>|En—)e w0 (41

where an overall nonimportant phase factor, exp(—i(hw, + €,)t,/h), has been

neglected. Thus, the state |¢> is resolved on the stationary states of the
Hamiltonian H,.
The cw-limit, defined by Eq. (30):

0> =23 f dECE, n—|$>|E,n—) e~ f dr’ ¢~ a = B (42)
n 0
Now [18]:
j dt’ e "G = EYh = gh§(E — E)) + ihP jl/(E, —E) (43)
0

where E, = hw, + ¢, and £ denotes a principal value integral. A comparison with
Eq. (31) gives:

jw du e’ exp( —ilufh) ¢y =nh Y <E,n—|¢>|E,n—>
0 n

+ ihP JZ (E,n—|¢>|E,n—)
x i€~ ¥Ih|(E, _ E) dE (44)

Now assuming that |¢ > is real, it is easy to show

Re{joo du eEr/ exp(—iﬁzu/h)]¢>} =%Jv

oo

du eEr" exp(— il ulk) | >

=nhy (E,n—|¢p)|E,n—)=|R), (45)
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where Eq. (38) was used in the last line. The real part of | %) is accordingly the
projection of the initial state, |¢ >, on the eigenstates of H, at energy E,.

3. The total reaction probability

The total absorption probability, at time ¢, is:
P () = a0 10 + PO 1@

= jlxgl)(R, N dR + Jlxg‘)(R, N dR (46)
Using Eq. (26), we get:
1 ¢ t o
P (@) = —J dt"J dr’a(t)a(t") e’ — i
0

4h? A
X {(0) | Ul (1, 104 (1, 1) | $(0)) (47)
where: R
Uy (t, 1) =exp (—i [é{z 233] (t— t’)/h) (48)
32 3

and integration in the matrix element is over the nuclear coordinates, R. Now:
T4t )0y (1, 1) = U3 (1, 1) Opi (1, 1)
= Uy (1", )0, (1, 1)

=0y, (t",t) (49)
We introduce new variables:
u=t —t"
v="t"+1" (50)
and the volume element transforms as:
dudv =2dt" dt” (5D
and we get:

Pyo)) = §;T f @ f dua((v ~w)[Da((v +u)[2) e~

0

x {9(0)] exp (z‘ [é’ %ju/h)lrbm» (52)

We consider now this result in the cw limit for the light pulse, defined by Eq.
(30). We get:

P (w) = #2- J_ du e $(0)| Uy (u, 0)|$(0)> (53)

where t — o0.
It is instructive to consider an envelope function of the form:

oty = (?2)” R (54)

7'[
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which for y -0 approach the cw limit. This function is normalized such that
o la(t) [P dt’ =1, ie., it corresponds to a pulse with a fixed energy. Equation
(52) takes now the form:

P (o) =M t

du e =72 @B h(0) | U,,(u, 0) |$(0)> (55)

4h? _,
where erf is the error function, note that erf(c0) =1. For ¢t - co, we get:
1= [/ 1\ , ~ , ,
Pu()) = L (—2—5) e ~FFRIGI(E, — E}) dE (56)

i.e., the convolution between the Fourier transforms of the light pulse and
autocorrelation function:

au(E;) = Jw du 1" $(0) | Ups (u, 0) | $(0)) (57)

Note that for y — 0 we get the same result as in Eq. (53) (for the same pulse area).
It is easy to show that the right-hand sides in Egs. (53) and (55) are real, as
they should be. Thus, using:

(P(0) |Ups (u, 0)|$(0) >* = <(0) | U} (1, 0)| $(0)) = <p(0) | Ups (—u, 0) | 4(0) >

(58)
we get:
J‘ f(u) eiE1u/h<¢(O) l ﬁM(u, O) I¢(O)> du
=2 L’ Re{f () e"="{ (0} | Uy (u, 0) |(0) >} du (59)

where f(u) is an even real-valued function. This equation shows, in addition, that
a forward propagation in time, from u =0 to u =1¢, is all that is needed.

Equations (55) and (56) make clear what we mean in terms of physics by the
cw limit. y should be so small that the function exp( —yu?/2) can be considered
as constant on the time scale where the dynamics inherent in the autocorrelation
function is important — or formulated in energy space — the width of the light
pulse should be much smaller than the width of the features in the spectrum.
When this condition is fulfilled, the envelope function in the integral of Eq. (55)
can be replaced by unity and the total reaction probability is calculated as a
Fourier transform of an autocorrelation function.

The dynamics inherent in the autocorrelation function is the dynamics of the
molecule in the excited electronic states. For large u:

Unr(u, 0)[§(0)> = Uy (1, 0) [ $(0)> + Uy (1, 0) [ $,(0)) (60)

For simple dissociative motion |¢,(0)> will move away from the Franck—
Condon region, i.e., the area vertically above the initial state, and never return.
The autocorrelation function will decay to zero when |¢,(0)> is out of the
Franck—Condon region. Actually, nodes in the wave packet associated with
development of momentum will ensure that the decay to zero happens before the
wave packet is out of the Franck—~Condon region. It takes typically much less
than a vibrational period for the molecule. The exact details depends of course
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on the steepness of the potential, the reduced mass of the separating fragments,
etc. For more complicated dissociative motion parts of |$,(0)) can revisit the
Franck—Condon region a few times. The autocorrelation function will decay to
zero within the order of a vibrational period for the molecule. For bound motion
|¢>b(0)> will revisit the Franck—Condon region several times. Many recurrences
in the autocorrelation function will, accordingly, show up. However, a spectrum
with “experimental” resolution can still be obtained by considering only a
limited number of these recurrences [4].

Definition of cw limit for the total absorption spectrum:

The envelope function of the light pulse should be constant until the
dynamics in the autocorrelation function is determined.

For dissociation this happens typically within a vibrational period.

For bound motion it takes a few vibrational periods.

Fast decay of the autocorrelation function implies that the cw limit for
the light pulse is reached even for a quite short pulse.

This limit defines the situation where the highest possible resolution in energy is
obtained. In practice, almost all situations fall within this limit. We calculate the
total probability from:

o~

1 (= . H, C,
P, (») =WL Re {e’Elu/h<¢(0)| exXp (—i |:C'322 %3] u/h) |¢(O)>} du (61)

We observe:

The total absorption probability in the cw limit is expressed in terms of the
real-time dynamics of the molecule as created in the J-function limit. The
dynamics is mapped out in the Franck—Condon region due to the overlap
with the initial state.

Measurement in the energy (frequency) — domain of the total absorption
spectrum is accordingly a way to get information about dynamics in the
Franck—Condon region.

If we do the half-Fourier transform of the time evolved |¢(0)) before taking
the overlap with the initial state, we can — in the limit of no non-adiabatic
coupling — also express Eq. (61) in the form (compare Eq. (33)):

Prod)) = 5,5 <9(0) [, ()

i.e., an overlap between the initial state and the real part of |#) — the stationary
state created in the cw limit. A more conventional expression in terms of a set of
stationary states is obtained if we use Eq. (45):

Y
Piolw) == 2 KGO Efym—> P (63)
Note, however, that in the two last expressions for the absorption probability
the explicit reference to molecular dynamics is lost.
4. Final product distributions

So far we have not explored the fact that the molecule might dissociate and free
fragments can show up when it is excited electronically. The formulas derived in
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the previous sections are, in fact, also valid in situations where the molecule does
not dissociate at all. In the preceding section we calculated the total probability
associated with the transition from the left- to the right-hand side in the
equation:

ABC
A+ BC
C+A4B
A+B+C

Now we want to calculate the probability associated with the channels which
corresponds to bond breaking and focus on the chemical composition of the
fragments as well as more detailed questions concerning the exact quantum state
of the fragments.

4.1. Detailed final product distribution

The state of the fragments in arrangement channel «, is given by:
A}|Ei,n,)=E|Ei,n,) (65)

where A? is the nuclear Hamiltonian of arrangement channel a [20] and
electronic state i (=2 or 3). n, is a collective symbol for the vibrational and
rotational quantum numbers and the momentum vector associated with the
relative motion of the fragments. Using Eq. (26), we get the following expression
for the probability of finding fragments in these states:

KE 20O 1| o) —pvn o W T<E 2, n,]
__ d/ iE;rih 4 o
[|<E,3,na|x9>(t)>|2 a2 |), 4N (B3 n

(2, e[

In order to simplify, let us neglect the non-adiabatic coupling terms and
focus on the nuclear dynamics associated with electronic state 2. Dissociation
implies [20]:

2

(66)

lim exp(—iH, /1) |$4(0)) =§ exp( —iH51 /1) [ (67)

Thus:
W5 > =Q7164(0)> (68)

where:
Q= tlinolo exp(iH, t /h) exp(—iH%t/h) (69)

is the channel Moller operator for channel « [20]. Equation (67) expresses the
fact that after dissociation (f — o) freely moving fragments can show up in the
different arrangement channels.

We assume that the light pulse interacts with the molecule in a finite, but
possibly very long, time #,. Thus, a(¢") =0 for ¢/ > t,. The product distribution is
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then calculated for ¢ — oo, which in practice means that ¢ — ¢, > 1y, ie.,
t >ty +t,. Using Egs. (65) and (67) we get:

hm [<E.2,n,|xP@>F =

J dt' e~ 1= (' z|<E 2|0 OF (70)
where the second factor is a constant and Egs. (68) and (69) give:

LIKE 2,m, W5 >P = lim [<E, 2, n, | exp( — il 1) |0 (71)

Thus, the probability of finding a product in the state |E, 2,n,) is:

P, 2,m) =L i (.2, exp( - 60D ()
where:
e(w) = Jrl dt’ e~ a(t’) (73)
0

and w = (E, — E)/h.
This result can be considered for different forms of the light pulse.
In the §-function limit:

|e(@) P =]e= ™[ =1 (74)

Thus, product states with various energies can be formed. The energies are
determined by the energetic width of the asymptotic form of the wave packet. In
practice, this limit is obtained when the energetic width of the light pulse is much
larger than the energetic width of the wave packet. In time space this implies,

tl < tdiss‘
i
J dt’ e~
0

In the ew limit:
lim |e(w) [/, = hm 4 sin*(wt,/2) [(w?t)) = 2ndé(w) = 2rnhd(E, — E) (76)

>0

2

|e(w) |* = = 4 sin*(wt,[2) |w? (75)

and

Thus, for sufficiently long times, the accessible product states have an energy
which is determined by the energy of the photon. In practice, this limit is
obtained when ¢, > 1.

An intermediate case given by the Gaussian pulse shape defined in Eq. (54)

gives:
/4
= (ﬁ)l J dt’ e ¢ yt2

For some given y and ¢, large, we get:

|e(@)

=erf (/2y1)) Jl e "2 gl dy (T7)

—1

= 1\t
1 2 —yu2/2 iowu — — w22y
tlhjrzo le(w) | J_m e e dy =2n <—_27W> e (78)

which for small y approach 2zd(w), i.e., the cw limit. We observe from Eq. (72):
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The detailed final product distribution is expressed in terms of the real-time
dynamics of the molecule as created in the 4-function limit.

The dynamics is mapped out in the product region.

Measurement of the final product distribution is accordingly a way to get
information about the dynamics all the way from the Franck—Condon
region to the product region.

The results of this section show in addition that the product distribution is
affected by the form of the light pulse. A form of control of the outcome of the
reaction can accordingly be performed in this way. However, the product
distribution obtained with a d-function pulse can also be obtained in the cw limit
if the frequency of the light is varied. In addition, it is clear that at a given
energy, the form of the light pulse will not affect the relative probabilities of
obtaining the different (degenerate) channels. Real control of the outcome
requires, at least, two laser pulses! [25].

4.2. Branching between chemically distinct products

The most detailed information obtainable from photodissociation dynamics is
the state-to-state probabilities calculated in the previous section. However, often
less detailed information suffices. This can, of course, be obtained by appropriate
summation over the detailed state-to-state information — but a more direct
calculational approach can be available — as illustrated in the present section for
the branching between chemically distinct products. Thus, we calculate here the
probability of forming given chemical products irrespective of the particular
quantum state of the product [10].
Assume now that two different arrangement channels are open, e.g.:

A+ BC(ny)
C + AB(n,)

For the wave packet dynamics inherent in Eq. (72), this situation implies
according to Eq. (67):

lim exp( —if,1/1)|$4(0)> = exp(—iH5t /1) [ 4 > + exp(—iH3t/R) Y5 > (80)

ABC(n) + ho, q{ (79)

where |¢1,> and |¥2,)> denote the asymptotic form of the state vector in

out

channels 1 and 2, respectively. Now the probability of finding the system in, say,
arrangement channel 1 in the eigenstate |E, 2, n,) is (Eq. (72)):

P(E,2,n) =% llinoqo [<E, 2, n,| exp(—iH,t/h)|$,(0)>?
=G |<E 2, m|Y (D> + G KE 2, m Y2, (0>
+ Y (D |E, 2, m )<E, 2, m[§2,.(0)
+ G (D |E, 2, 1 )<E, 2, m|Y b (D)) (81)
where
| 5 (D)> = exp(—iHt/B) | L > (82

and

W2 (0)> = exp(—iH3t/0) |y 2, > (83)
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and % denotes |e(w) |*/4h>. The assumption of no overlap between the eigenstates
of the two arrangement channels is now introduced, i.e.:

<E5 25 nllE, 27 n2> = 0 (84)

this implies that <E, 2, n,|¥2,,(#)> = 0. Thus, the last three terms of Eq. (81) all
disappear under this assumption. Another way to state the implications of Eq.
(84) is that interference terms between |y}, (f)> and |§2,.(r)) disappear in the
probability amplitude associated with the total wave function.

The probability of finding the system in arrangement channel 1 irrespective
of the particular quantum state n; and integrated over the total energy E, gives
the absorption probability into arrangement channel 1 as a function of the
photon frequency. Using a well-known derivation [26], we get in the cw limit for
the electromagnetic radiation (E, = hw, + ¢,):

b .
Puon) = 3 | ZICE 2| x| 1O POCE — i)

T
“E J‘z KE, 2, nl“//Lut)‘zé(E —E))dE

r oo
L ZJ dr "B = EXMCE, 2, m| b, > dE

1/ Rl R
1 ([« (™ . N
=7 |2 J dr &1y | exp(—iH T ) |E, 2, ny y<m, 2, E|Y 5 > dE
JnpJ—o©
1 (= "
=z | €TV exp(—iHyt W) o > de (85)

where the completeness of the eigenstates of H) was used, i.e.:

jZ\E,z,n1><nl,2,E|dE=f (86)

ny

Note, in actual calculations what is known is not |y}, > but (compare Eq.

(80):

W bur(t) > = exp(—iH 31, /h) Y b (87)
where ¢ is the final propagation time. However:
1 = . A
Pi@) =gz | dee ™yl | exp(— B /)Y >
1 [ ik t/h 1 1

= th B dre™ <l//out(tf ) |lllout(tf + t)>

1 (= .
=7 || R T Y1) Wbty + ) (88)

A completely equivalent formula can, of course, be derived for products in
arrangement channel 2:

T [ .
Prlo) =55 L dt Re{e™"" Y2, (t,) |2ty + 00} (89)
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The ratio P,(w,;)/P,(w,;) gives the branching ratio between the two chemically
distinct products as a function of the photon frequency w,. The two wave
packets [y}, (z;)> and |y2,(s)) are according to Eq. (80) given as the part of
the initial state evolving into channels 1 and 2, respectively. They are easily
identified in pratice [11, 12]. The correlation functions for these wave packets will
decay to zero very fast due to the translational motion of the fragments.

The interpretation of the form of Egs. (88) and (89) is simple. The Fourier
transform of the autocorrelation function gives the energy spectrum of the state.
For each of the states, |y/1,,(¢,)> and |y2,.(t)), Eqs. (88) and (89), respectively,
gives the probability of finding the component of the state at energy
E, = hw, + ¢,. Thus, the branching ratio, at energy E, =hw, + ¢,, is the ratio
between the probabilities of finding the component of the states |y,,,(z,)) and
l2,.(t,)> at this energy.

5. Semi-classical description via the Wigner phase space representation

Our intuition about dynamics is strongly connected to classical mechanics. In
order to get a better feel for the results of Sects. 3 and 4, we now turn to a
description using classical mechanics for the time evolution.

A convenient way to make contact with classical mechanics is to use the
Wigner phase space representation of quantum mechanics [27-29]. This is an
exact representation of quantum mechanics which has the appealing feature of
containing many elements which appear to be very close to a classical descrip-
tion. Thus, operators are represented by functions on phase space and quantum
mechanical states are represented by the so-called Wigner function [27]. This is
a function defined on phase space which makes the proper transition from the
classical description of the state, given by a single point in phase space, to the
quantum mechanical description where uncertainty relations, etc. have to be
obeyed.

The phase space equivalent of the expectation value of an operator is:

YO = “a(u DI (p, g, 1) dp dq (90)

where a(p, q) is the classical function corresponding to the operator 4. a(p, ¢) is
defined by:

a(p, q) =(2)Nfdn<q —n|4|g +n) exp(2ip - w/h) (91

and I'(p, q, ©) is the Wigner function defined by:

1 N
I'p,q,9) = (;g) JdII(‘I — |y (@) X<¥()|q +n) exp(2ip - n/h)

1 N
=(;ﬁ> f dny(q +n, *¥(g —n, 1) exp(2ip - n/h) (92)

where (g, 1) = {q|¥(z)> and N is number of degrees of freedom. A comparison
of Eqgs. (91) and (92) shows that the Wigner function is the phase space function
associated with the projection operator, (2rh) ~V ||//(t)>(¢(t)|.
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The time evolution of the Wigner function is given by:

I(p, q, 1) = exp(—iLt/WI(p, q, 0) (93)

where I'(p, ¢, 0) is the Wigner function at time zero and exp(— iLt/h) is the phase
space counterpart to the time evolution operator. L is the quantum Liouville

operator:
E=2isin[—g<ai{-i——é—f—l'i>j| (94

where H is the classical Hamiltonian corresponding to H. L is a complicated
operator containing derivatives in p and ¢ of infinite-order. However, the power
of this equation lies in its potential for making contact with classical mechanics.
If we at each phase space point neglect all anharmonic terms in the potential
(i.e., a local harmonic approximation), the quantum Liouville operator reduces
to the classical Liouville operator and each phase space point evolves according
to classical mechanics. This approximation has been studied in some detail in the
literature [30, 31]. Its validity is limited to short times and situations where
anharmonicities are unimportant.

Now, let us consider the form of Egs. (61), (72), and (88) in the phase space
representation.

5.1. Total absorption probability

Using Eqgs. (61) and (38) or (63) and Eq. (90) in order to get the phase space
equivalent of a projection operator, we find [32]:

Pual) = 55 <9(0)| r exp{i(E, — Hy)ufh} du|(0)>

= % alin {H(0)|E), n— Y E,, n—|¢(0)>
= Zlh (Znh)N J‘ Opze:" Ff’(P, DI (p, q,0)dp dq (95)

where I'(p, g, 0) is the Wigner function associated with |¢(0)> and I'Z/(p, ¢) is the
Wigner function associated with the state |E;, n— ).

We can consider approximations to the sum over Wigner functions or,
equivalently, approximations to the phase space equivalent of the operator
{® o exp{i(E, — H,)u/h} du. The approximations derived in [32] are especially
well suited for fast dissociation processes:

open

@ni)™ Y I'3p, q) = 0(H(p,q) — E;) +- - (96)

n

Thus, Eq. (95) takes the form:

Py(@)) = J J 5(Hy(p, 9) — ENT(p, 4, 0) dp dg ©7)

The delta function selects those points in phase space which have a classical
energy equal to E, =#hw, +¢;. The probability becomes accordingly the sum
(integral) of weights (given by I'(p, ¢, 0)) for these phase space points.
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5.2. Branching between chemically distinct products

In order to write down the phase space equivalent of Eq. (88), we proceed in the
same way as for the total absorption [10]. We get a simple exact phase space
expression for the partial probability P,(w,), if we make explicit reference to the
eigenstates of H). Thus, we use:

exp(—iH}t/h)y = | Y |E 2,n,){(n,, 2, E| e ~"F/* dE (98)
ny
and Eq. (88) takes the form:
i) =g V)| | expliE— Az eyt

open

Z <wout(tf)|Ela 2 n1><n1= 2 Elhbout(tf)>

= 2£h(277:h)NJ‘ Ozen F (p, q)réut(p; q’ tf) dp dq (99)

where I'},, (¢, ) is the Wigner function associated with ||pou,(tf)> and '} is the
Wigner function associated with the state | E;, 2, n,; ). The summation runs over
all open (degenerate) states at energy FE,.

We can now make contact with classical mechanics. First, classical mechanics
for the time evolution gives:

Il.(p q t)={exp(—iLot;/WI(p, q,0)}, (100)

where I'(p, ¢, 0) denotes the Wigner function associated with |$(0)>, fQ is the
classical Liouville operator given by the first term in the expansion of the sin[ ]
function of Eq. (94), and { }, indicates that we look at the trajectories which
show up in channel 1. Thus, Eq. (99) with the approximation of Eq. (100), tell
us that in order to find the probability of having a product in channel 1 at the
energy E, = hw, + €,, we have to run a swarm of trajectories with weights chosen
according to the initial Wigner function I'(p, ¢, 0). TraJectorles which end up in
channel 1 are subsequently weighted by the function Z r;t, and the result is
obtained as a sum (integral) over all such weights associated with trajectories in
the swarm. This summation will contain trajectories “‘off the energy shell”, i.e.,
trajectories with energies different from E,.

Second, we can consider approximations to the sum over final state Wigner
functions or, equivalently, approximations to the phase space equivalent of the
operator j“" exp{i(E, — Hl)t/h} dr. We use the same analysis which gave Eq.
(96), this is completely applicable in the present situation when the free transla-
tional motion of the fragments is fast:

open

Qe Y. T (p, q) = 6(H (P, g) —E)) +- - (101)
1
Note that there is no reference to the quantum number #, on the right-hand side

of this equation. Thus, using the approximations in Eqgs. (100) and (101), Eq.
(99) takes the form:

Pi(o) =5 J f S(H}P. @) — E){exp(—iLot;/ (0. 0.0} dp dg (102)
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The delta function selects those trajectories in channel 1 which have the specified
energy (E;). The probability becomes accordingly the sum (integral) of weights
(given by I'(p, q, 0)) for these trajectories. Using that energy is conserved for a
classical trajectory, this probability can also be calculated as the sum of weights
for trajectories which at ¢ = 0 have the energy E, and which sooner or later will
move into channel 1. Thus, with the approximations introduced above the
equation for the probability of having a fragment in channel 1 at energy E,, takes
a simple and intuitive form. The derivations leading to Eq. (102) have shown the
nature of approximations involved in this equation. Therefore, it is possible to
estimate the validity of this expression and correction terms can be included
systematically, e.g., by considering higher order terms in Eq. (101) as discussed
in [32].

5.3. Detailed final product distribution

Equation (72) takes the form:

P(E,2,n,) —‘ ghzl |<E 2, n,| exp( —iH,t/h) | $(0) > P
2
= ’62‘(;;)2| <l//aut(tf) lEa 2; n, ><E, 2, n, |'//out(tf )>
L o [[regorae g wa a0

where I',,,(p, q, t;) is the Wigner function associated with the state:

|Wourlty )> = exp(—iHst,/1) | $(0) ) (104)

and ¢, is the final propagation time.
We can now introduce approximations. Classical mechanics for the time
evolution:

Fout(pa q, tf) = eXp(_iigtf/h)F(Pa q, 0) (105)

etc.

Finally, the origin of the vertical transition idea for positions and momenta
(classical Franck—Condon principle), used in classical formulations [33, 34]
should be clear from the discussion above. It is already present in the phase
space equations before classical approximations are introduced, accordingly it is
a consequence of the basic approximations — the adiabatic approximation and
the use of first order perturbation theory for the light-matter interaction.
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