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A new method for calculating total and partial cross sections for photodissociation processes which
produce more than one chemical product is presented. By using negative imaginary absorbing
potentials, the method reduces the multiarrangement problem to a set of single-arrangement
problems. In this way, the state-to-state photodissociation transition amplitudes are calculated
directly using the artificial channel method coupled to an efficient log–derivative propagator. In
addition, the discrete position operator representation is used to significantly simplify the
calculations of the potential matrix elements. The method is shown to provide accurate cross
sections for the resonant photodissociation of a model CO2 system. ©2001 American Institute of
Physics. @DOI: 10.1063/1.1329642#

I. INTRODUCTION

Branching, or multiarrangement, photodissociation,
leading to a number of chemically distinct products, is the
subject of many theoretical and experimental studies. Re-
cently, interest has turned to controlling the ratio of products
of such a photodissociation process. This goal can be
achieved using quantum interference phenomena, via the
methods of coherent and optimal control.1–8

Continued progress towards this goal demands the de-
velopment of effective theoretical tools for treating multiar-
rangement photodissociation reactions. Multiarrangement
photodissociation is in essence a reactive scattering process
which occurs on an excited potential surface, accessed from
a bound state of the ground electronic state. As such, it is
subject to many of the computational difficulties associated
with multiarrangement problems, the main one being the
need to simultaneously solve the Schro¨dinger equation in all
the product arrangements. This heavy computational burden
grows roughly as the third power of the number of arrange-
ments. In spite of these difficulties, significant progress has
been made in the past few decades via the development of
efficient theoretical methods for treating the multiarrange-
ment reactive scattering problem. In particular, various
collinear9 and three-dimensional10 reactive scattering sys-
tems have been treated using both the time-dependent and
time-independent versions of the negative imaginary absorb-
ing potential~NIAP! method. In this article we make use of
this approach to develop a method of computing photodisso-
ciation amplitudes for multiarrangement photodissociation
problems.

The negative imaginary potential approach is of special
interest since it enables one to convert a multiarrangement
problem in real arithmetic into a set of~complex arithmetic!
single-arrangement problems. In this way the numerical ef-
fort grows, in principle, linearly with the number of product

arrangements, a significant reduction by comparison with the
third power law noted above. However, this reduction in
computational effort is usually accompanied by a loss of
information. In particular, in the NIAP approach to reactive
scattering one introduces absorbing potentials in order to
capture all the flux entering the products’ region. The nega-
tive imaginary potential is introduced at the entrance to the
products’ configuration subspace, while not affecting the
wave function in the reactants subspace.9 When this is
achieved, the resulting nonunitarity in theS-matrix of the
reactants subspace reflects exactly the flux arriving at the
products’ channels. In this way the~reactants!-state-to-all-
~products!-states reactiveflux can be estimated.

In this study we show how in the context of the artificial
channel method~ACM!11 it is possible to use the NIAP
method to calculatestate-to-statephotodissociation ampli-
tudes. NIAP method allows the direct calculation of the de-
tailed state-to-stateamplitudes12 because in photodissocia-
tion the initial state is a bound state of the combined system
which belongs to neither products. With the NIAP method, it
is therefore possible to separately calculate transitions from
the initial state to any of the final states of any chemical
product.

Photodissociation calculations necessitate the calculation
of dipole matrix elements from an initial bound state to a
final scattering state describing the reactive scattering pro-
cess. This task can be done very efficiently using the ACM,11

which allows for the direct evaluation of the state-to-state
transition amplitudes, without the explicit generation of the
bound or the continuum wave functions. The ACM has been
used extensively in the past and shown to be highly accurate
for single arrangement photodissociation calculations.13 It is
therefore eminently suitable, as shown below, for applica-
tions of the NIAP method.

Additional features of the methodology introduced here
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are the coupling of the efficient log–derivative propagator to
the ACM14 and the use of the discrete position operator rep-
resentation~DPOR!15 to evaluate the potential matrix ele-
ments. This representation, which falls under the class of
discrete variable representations~DVR!,16 allows for an op-
timal choice of ‘‘quadrature’’ points, which are tailored spe-
cifically to the type of target and number of channels under
consideration, thus simplifying and speeding up the calcula-
tions.

An alternative approach would be to employ wave
packet propagation techniques.17 However, wave packet
computations with realistic pulses@rather than the ultrashort
d(t2t8) pulse commonly used#, necessitate repeating the en-
tire computation for each new set of photolysis laser param-
eters. In contrast, in the ACM and other time-independent
methods, whenever the photolysis laser can be treated by
first-order perturbation theory, one needs to produce the pho-
todissociation amplitudes at each energy only once. The re-
sults can then be convoluted for any laser pulse configuration
with only minor additional computational effort.18

The theory and its implementation are described below
~Sec. II!. Applications, provided in Sec. III, are here re-
stricted for simplicity to a collinear model, that of the mul-
tiarrangement photodissociation of CO2. This model, which
has been extensively studied in the past,19–24 possesses a
rather complicated spectrum, composed of a rich resonant
structure superimposed on a smooth background continuum.
It thus provides a stringent test of the NIAP method. We note
that there are no fundamental limitations which prevent ap-
plying this procedure to three-dimensional multiarrangement
problems.

II. METHOD

Consider a polyatomic molecule initially in a vibrational
state of the ground electronic state, of total energyEi , un-
dergoing a transition to an electronically excited state by
absorbing a photon of frequencyv. For simplicity, we con-
sider the collinear triatomic molecule ABC with two possible
different product arrangements:

B1AC←ABC1\v→A1BC.

The state-to-state photodissociation cross sectionss f ,i(E)
can be written as

s f i~E!5
4pv

c
uAf ,i~E!u2, ~1!

whereE is the total energy after photon absorption (E5Ei

1\v), and Af ,i(E) are the photodissociation amplitudes,
given as

Af ,i~E!5^CE
2~ f !uduC~ i !&. ~2!

Here the2( f ) superscript represents a scattering solution
with outgoing flux in thefth channel, and the~i! superscript
denotes theith bound state. The symbold stands for the
projection of the transition-dipole along the polarization vec-
tor of the photon.

When the multiarrangement problem under consider-
ation is reduced to a set of single-arrangement problems, as

described below, one treats the final arrangement channel of
interest using its appropriate Jacobi coordinates and reduced
masses. Thus for the ABC1\v→A1BC channel, we use the
A1BC variables, etc.

The Schro¨dinger equations describing the three-body
collinear system in the ground and excited states, expressed
in (R,r )—the A1BC Jacobi coordinates, are,

F2
\2

2m

]2

]R22
\2

2m

]2

]r 2 1Wg~R,r !2Ei GC~ i !~R,r !50,

~3!

F2
\2

2m

]2

]R22
\2

2m

]2

]r 2 1We~R,r !2EGCE
2~ f !~R,r !50,

~4!

where Wg(R,r ) and We(R,r ) are the ground and excited
state potentials,m is the A2BC reduced mass,m5MA(MB

1MC)/(MA1MB1MC), andm5MBMC/(MB1MC) is the
reduced mass of the product diatom of interest.

In order to solve the two-dimensional Schro¨dinger equa-
tions, in both ground@Eq. ~3!# and excited@Eq. ~4!# mani-
folds, the total wave functionC ( i )(R,r ) or CE

2( f )(R,r ), is
expanded in a basis set of the product diatomic vibrational
states,$fn

s(r )%, s5g(ground),e(excited),

C~ i !~R,r !5 (
n51

Ng

fn
g~r !Fn

~ i !~R!,

~5!

CE
2~ f !~R,r !5 (

n51

Ne

fn
e~r !Fn

2~ f !~R!.

The number of channels (Ng or Ne) appropriate to each state
is taken sufficiently large to ensure convergence of the ex-
pansions.

Given the above expansion, the photodissociation ampli-
tudes@Eq. ~2!# are given as

Af ,i~E!5^F2~ f !u•de,g•uF~ i !&, ~6!

where uF& represents a column of ket vectors and^Fu repre-
sents a row of bra vectors. The symbolde,g denotes a rect-
angular (Ne3Ng) matrix.

The functions$fn
s(r )% are the orthonormal set of solu-

tions of the

hs~r !fn
s~r !5en

sfn
s~r !, s5g,e, ~7!

product diatomic Schro¨dinger equations in the ground or ex-
cited states.en

s are the product diatomic vibrational eigenval-
ues andhs(r ) are the product diatomic vibrational Hamilto-
nians in the ground or excited electronic states,

hs~r !52
\2

2m

d2

dr2 1vs~r !, ~8!

where vs(r )5 lim
R→`

Ws(R,r ) is the asymptotic diatomic

potential.
Taking the scalar product of Eqs.~3! and ~4! with the

$^fn
s(r )u% states, leads to the well-known coupled-channels

system of equations for theFn
(s)(R) expansion coefficients,

which can be written in compact matrix notation as
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F S 2
\2

2m

d2

dR22ED I1es1VsGF~s!~R!50, ~9!

whereF(s) is the matrix of solutions andI is the unity matrix,
both of dimensionNs3Ns . The matriceses andVs are de-
fined as

en,m
s 5en

sdn,m ~10!

and

Vn,m
s ~R!5E dr fn*

s~r !Vs~R,r !fm
s ~r !. ~11!

HereVs(R,r ) is the interaction potential defined as

Vs~R,r !5Ws~R,r !2vs~r !. ~12!

We now reduce these equations to a set of single ar-
rangement equations. To do so, we modifyVs(R,r ) by plac-
ing short-range NIAPs,UI(R,r ), well into the entrance re-
gion of all the products, save for the product of interest. A
perfectly absorbing potential, if placed sufficiently far into
the products region, will not significantly affect the wave
function in the region of the product of interest. When the
‘‘perfect absorbance’’ condition is met, the photodissociation
amplitude to the product of interest will include the loss of
flux due to transitions to all other products. By repeating the
calculations for different products of interest we can thus
extract all the state-to-state photodissociation amplitudes.

Various forms of absorbing potential can be used. The
convenient form adopted here is the linear ramp:10

UI~R,r !5H 2 iU I0

r 2r 1I

r 2I2r 1I
, r 1I<r<r 2I ,

0, otherwise,

~13!

where 0<R<`. The constantUI0 must fulfill the following
two conditions:10

\Et
1/2/~Dr IA8m!!UI0!Dr IA8mEt

3/2/\, ~14!

where,Et is the translational energy in the product of interest
arrangement,m is the reduced mass in that arrangement, and
Dr I5r 2I2r 1I . The left-hand inequality@Eq. ~14!# guaran-
tees that all the flux entering into this potential region is
absorbed, and the right-hand one guarantees that there is no
reflection off the imaginary potential.

The Ve matrix @Eq. ~11!# is now replaced by a matrix,
denotedṼe, derived from the

Ṽe~R,r !5We~R,r !1UI~R,r !2ve~r ! ~15!

potential.
With Ṽe matrix replacingVe, we now utilize Eq.~9! to

obtain the photodissociation amplitudes. To do so we utilize
the ACM, wherein one solves a combined set of coupled-
channels equations for the bound and continuum
manifolds.11 To account for the different boundary condi-
tions of the bound and continuum parts, one introduced an
additional ‘‘artificial’’ channel ~identified by subscriptsa!,
serving as a source term for the bound manifold. The result-
ant set of equations can be written as

S 2
\2

2m

d2

dR2 1en
e2EDFn

~ f !~R!1(
n8

Ṽn,n8
e

~R!Fn8
~ f !

~R!

52(
m8

dn,m8~R!Fm8
~ i !

~R!, ~16!

S 2
\2

2m

d2

dR2 1em
g 2EDFm

~ i !~R!1(
m8

Vm,m8
g

~R!Fm8
~ i !

~R!

52Vm
a ~R!Fa~R!, ~17!

S 2
\2

2m

d2

dR22E1ea1Va~R! DFa~R!50, ~18!

where the dipole matrix,dm,n(R), is given by

dm,n5E dr fm*
e~r !de,gfn

g~r !. ~19!

Equation~16! describes a continuum manifold, coupled to a
bound manifold of Eq.~17! which, in turn, is coupled to the
artificial channel introduced in Eq.~18!. The artificial chan-
nel, serving as a source term, is governed by theea

asymptotic energy, theVa potential, and the choice ofVn
a

coupling potentials. TheṼn,m
e (R) andVn,m

g (R) matrices are
given by matrix elements of Eqs.~12! and ~15!. In the
Franck–Condon approximation used here, these matrix ele-
ments are given as

dm,n5d̄e,gE dr fm*
e~r !fn

g~r !. ~20!

Although the combined set of equations is now some-
what larger than the separate set of scattering equations of
Eq. ~9!, the difference is not too large because the number of
additional equations due to the bound part is usually small.
This is more than compensated for by obviating the need to
calculate wave functions.

Equations~16!–~18! can be written in a more compact
form using matrix notation

H S 2
\2

2m

d2

dR2 1e2ED I1V~R!J F~R!50, ~21!

where the potential matrix is of the form

V~R!5S Va~R! O† O†

O Ṽe~R! de,g~R!

Va~R! O Vg~R!
D , ~22!

with e given by

e5S ea O† O†

O ee O

O O eg
D . ~23!

Here,A represents a rectangular matrix,A represents a col-
umn vector, and the † symbol denotes the Hermitian adjoint
~the complex-conjugate transpose!.

The S-matrix derived from Eq.~21! can be obtained
using a variety of multichannel propagation schemes.25 Of
greatest interest to us are the elements of theS-matrix which
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connect the artificial channel to the continuum subspace.
These matrix elements can be written, using standard expres-
sions, as

Sf ,a~E!52p i ^F2~ f !u•de,g•uF1~a!~E!&. ~24!

Here, anuA& symbol represents a column of ket vectors and
an ^Au symbol represents a row of bra vectors. The6( j )
superscript represents a scattering solution with an incoming/
outgoing flux in thejth channel.

It can be shown11,14 that with the special nonsymmetric
form of Eq. ~21! the above matrix elements become

Sf ,a~E!52p i

3(
i

^F2~ f !u•de,g•uF~ i !&^F~ i !u•VauFa
1~a!~E!&

E2Ei
.

~25!

It follows from Eq. ~25! that all the elements belonging
to theSf ,a column have poles atEi , the bound state energies

of the system, and that the residues of these poles are directly
related to the desired photodissociation amplitudes of
Eq. ~6!,

Af ,i~E!5^F2~ f !u•de,g•uF~ i !&5
1

2p i
Resi H Sf ,a~E!

ai~E! J , ~26!

where Resi is the ith residue, and

ai~E!5^F~ i !u•VauFa
1~a!~E!&. ~27!

The pole energiesEi and theai coefficients are calcu-
lated separately by replacing all the channels belonging to
the excited electronic state by a single additional artificial
channela8. Channela8 is identical in form to channela,
namely we chooseea85ea , Va85Va†, and Va85Va . The
Sa8,a matrix element resulting from this truncated set of
equations, which is identical in structure to Eq.~21!, is of the
form

Sa8,a~E!52p i(
i

^Fa8
2~a8!

~E!uVa8
•uF~ i !&^F~ i !u•VauFa

1~a!~E!&

E2Ei
52p i exp~2ida!(

i
uai~E!u2/~E2Ei !. ~28!

Henceuai(Ei)u2 are obtained as

uai~Ei !u25U 1

2p
Resi Sa8,a~E!U, ~29!

and Ei are obtained as the corresponding poles positions.
These poles can be located very efficiently26 using only a
few iterations~see Appendix A of Ref. 26!.

Onceai(Ei) and Ei are known, the desired bound-free
matrix elements are computed directly from Eq.~25!. A
simple shift ofE2Ei in the definition of theea asymptotic
energy guarantees that it suffices to solve Eq.~29! only once,
i.e., that the value ofai(Ei) may be used for all energies.11

The above procedure guarantees11 that the results for the
final bound-free matrix elements are insensitive to the exact
form of Va(R) andVn

a(R). The only limitation on the choice
of Va(R) andVn

a(R) is imposed by the requirement that the
artificial wave functionFa overlaps well with the bound
wave functions. In the present application we have chosen
Va to be of the form,Va(R)5V0 exp(2aR), with the value
of a fixed so as to guarantee a good overlap with the bound
manifold.

The calculations are then repeated in a similar fashion
for each of the products of interest by placing the negative
imaginary potential at the entrance to other products.

The numerical method used by us to solve Eq.~21! and
to obtain theSf ,a(E) matrix elements is the log–derivative
propagation method.25 The method converges rapidly and
eliminates instability problems which can arise when the in-
tegration is started deep inside the classically forbidden
region.25,27

In addition, in order to speed up the computations we
have used the DPOR15 to calculate the potential matrix ele-
ments. According to this method, the matrix elements
Vn,m(R) are calculated using a quadrature of the form

Vm,m8
g

~R!5(
j 51

Ng

Cm, j
g Vg~R,r j

g!Cm8, j
g , m,m851,...,Ng ,

~30!

Ṽn,n8
e

~R!5(
j 51

Ne

Cn, j
e Ṽe~R,r j

e!Cn8, j
e , n,n851,...,Ne ,

whereCn,i
s , s5g,e, are the eigenvectors,r j

s being the eigen-
values, of the position operator matrix,r,

rn,m
~s! 5E

2`

`

dr fn*
s~r !rfm

s ~r !, s5g,e. ~31!

If the basis is complete,Cn,i
s also diagonalizes the poten-

tial matrix V(R,r ), since the potential matrix can be
written15 as a function of ther matrix, V(R,r). This is the
justification for Eqs.~30!. With the points and weights cho-
sen in this way, even a small number of quadrature points
can give highly accurate evaluation of the potential matrix.15

III. THE CO2\CO¿O PHOTODISSOCIATION

To test the utility and efficiency of this method we
have examined the photodissociation of the well-
studied19,20,22–24 case of collinear CO2 photodissociation,
where the photodissociation branches to two identical
products,

OC1O←OCO→CO1O.
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At the vacuum ultraviolet~VUV ! photon energies of interest,
the absorption spectrum consists of a sequence of resonances
superimposed on a smooth continuum. From a semiclassical
perspective, these structures reflect to underlying unstable
periodic orbits on the excited electronic surface.28 The large
background is due to the dominant direct dissociation. We
compute photodissociation into one product channel, the to-
tal photodissociation probability being twice that obtained
for one channel.

In this case theWe(R,r ) @Eq. ~4!# is given by the
Kulander–Light LEPS potential surface,19 a surface which
has a saddle point atr CO52.41 a.u., which is somewhat dis-
placed from the ground state equilibrium position of 2.2 a.u.
The ground state surface was composed of Morse functions
in both bond-stretching coordinatesr CO and r OC:29,30

Wg~R,r ![Wg~r CO,r OC!

5vMorse~r CO!1vMorse~r OC!. ~32!

Here,

vMorse~r !5De$exp@22a~r 2r CO
e !#

22 exp@2a~r 2r CO
e !#%, ~33!

wherea51.641a0
21, De55.453 eV, andr CO

e 52.2a0 . In this
case, parameters of the Morse function were fitted to the
equilibrium distances and force constants for the ground PES
taken from the harmonic potential of Kulanderet al.22 The
relevant reduced masses chosen are defined as,m
5mOmCO/(mC12mO) andm5mCmO/(mC1mO).

We consider the transition from the ground vibrational
state of CO2 to energies ranging from 1.4 to 3.7 eV above
the CO1O dissociation threshold. The eigenfunctions
$fn

s(r )% of the Eq.~7! with v(r )5 limR→`We
LEPS(R,r ) were

used as a basis for both the initial and final CO2 states. The
vibrational eigenenergies and the corresponding eigenfunc-
tions of the product diatomic potentials were obtained via the
renormalized Numerov method31 and a Simpson-type
quadrature was used to obtain the Franck–Condon transition
matrix @Eq. ~20!#. The potential parametersUI0 and Dr
5(r 2I2r 1I) were chosen to satisfy the inequalities, Eq.~14!,
that guarantee no reflected flux from ther .r 1I region. Note

that the conditions in Eq.~14! must be satisfied for all trans-
lational energies at given dissociation energyE. Note also
that with increasing dissociation energyE the number of
open channels increases as well and more basis wave func-
tions have to be included in the expansion of Eq.~5! in order
to achieve convergence.

The specific choice ofr 1I was found to be quite impor-
tant to the quality of the results. It was obtained by starting
close to the reaction region, andgradually increasingr 1I

until furthersmall incremental increases did not influence the
results. Sample results are shown in Figs. 1–3 forDr I

52 a.u., UI050.05 a.u., and the fixed number of channels
@Eq. ~5!# Ne580. When r 1I is too small (r 1I52.5 a.u.,
shown in Fig. 1! the structure atop the broad background is
almost absent. In this case the absorbing boundary interferes
with the oscillatory wave packet motion that produces the
diffuse structure, so that the peaks are suppressed. Asr 1I is
increased the spectra begin to display the proper diffuse vi-
brational structure. For example, the results forr 1I

53.0 a.u.~solid line! andr 1I53.25 a.u.~dashed line! are pre-
sented in Fig. 2 and show the convergence of the spectra.
~Note, however, that complete convergence for the chosen
number of channels is still not achieved for the dissociation

FIG. 1. The CO2 absorption spectrum withr 1I52.5 a.u.
FIG. 2. The CO2 absorption spectra obtained withr 1I53.0 a.u.~solid line!
and r 1I53.25 a.u.~dashed line!.

FIG. 3. The CO2 absorption spectrum as obtained withr 1I55.0 a.u.
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energies above 3 eV. In this case one would need larger
values ofNe for convergence, since more channels become
open as the dissociation energy increases.!

Finally, when the absorbing potential is too far from the
reaction region~as Fig. 3 forr 1I55 a.u.), we obtain noncon-
verged results for the number of channels used. In this case,
substantially more channels would be required for conver-
gence. Thus, choosingr 1I too large (r 1I.4.9 a.u.) results in
a poor representation of the diffuse background, whereas
choosingr 1I too small (r 1I,3.0 a.u.) led to poor results for
the vibrational structure.

Considerations of this kind led to the best parameter
choice of r 1I53.0 a.u.,Dr I52 a.u., andUI050.05 a.u. For
each r 1I , full convergence with respect to the number of
vibrational statesNe in the basis for the excited state was
reached forE,3 eV. The final results of our calculations of
the resonant CO2 spectrum are given by the solid line in Fig.
2. The spectrum obtained displays the series of irregular
peaks, peaking at 2.36 eV, in good agreement with the re-
sults of Kulander and Light,19 with small differences being a
result of the extreme sensitivity of the results to the ground
state potential.21,23 The vibrationally resolved partial prob-
abilities into the first three final vibrational quantum numbers
(v f50,1,2) are presented in Fig. 4. Our results show that
partial cross sections display the similar diffuse resonant

structure as the total probabilities, and are in good agreement
with previous results.19,23

IV. CONCLUSIONS

In this article we have introduced a new fully quantum-
mechanical method of calculating photodissociation cross
sections for triatomic molecules with more than one product
arrangement. A short range imaginary absorbing potential
has been added to the Hamiltonian operator, reducing a mul-
tiarrangement photodissociation problem to a set of single
arrangement photodissociation problems. The resulting
single-arrangement photodissociation is solved with the arti-
ficial channel method, utilizing an efficient log–derivative
propagator. The method has been successfully applied to the
photodissociation of collinear CO2 and the diffuse vibra-
tional structure of the CO2 photoabsorption spectrum has
been successfully reproduced in good agreement with the
previous results.

This study can be readily generalized to the full three-
dimensional problem. Work to that end is in progress. Ap-
plications of this method to the coherent control of collinear
CH2IBr photodissociation are the subject of a forthcoming
article.32
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