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Spin–orbit branching in the photodissociation of HF and DF.
I. A time-dependent wave packet study for excitation from vÄ0

Alex Browna) and Gabriel G. Balint-Kurtib)

School of Chemistry, University of Bristol, Bristol BS8 1TS, United Kingdom

~Received 15 March 2000; accepted 4 May 2000!

The photodissociation dynamics of HF and DF, followingA 1P←X 1S1 electronic excitation, are
examined using time-dependent wave packet techniques. The calculations are based on new
multireference configuration interaction calculations of the potential energy curves and complete
active space self-consistent field calculations of the off-diagonal spin–orbit coupling matrix
elements. The calculated branching fraction for the formation of excited state fluorine, F* (2P1/2),
following excitation from the ground vibrational state (v50) of HF, agrees well with the value of
0.4160.08 measured experimentally at 121.6 nm by Zhanget al. @J. Chem. Phys.104, 7027
~1996!#. Predictions are made for the excited spin–orbit state branching fraction for both HF and DF
over a wide range of photon excitation energies. The results for HF and DF are discussed in context
with the corresponding results for the photodissociation of HCl and DCl. ©2000 American
Institute of Physics.@S0021-9606~00!01529-4#
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I. INTRODUCTION

The hydrogen halides~HX, X5F, Cl, Br, I!, and the
corresponding deuterated species, provide model system
studying molecular photodissociation dynamics on multi
coupled potential energy curves~PECs!. The photodissocia-
tion process involves two inter-connected processes:~i! ini-
tial excitation to one~or more! of the PECs, and~ii ! nona-
diabatic transitions between the excited PECs as
molecule fragments. The roles of these two processes ca
investigated experimentally by measuring the relative con
butions of the two spin–orbit states which can be produ
from this photodissociation process,

HX1hn→H~2S!1X~2P3/2!

→H~2S!1X~2P1/2!, ~1!

and the photofragment angular distributions. Using the c
tomary nomenclature, the halogen atom spin–orbit states
designated asX andX* for X(2P3/2) andX(2P1/2), respec-
tively.

Neglecting spin–orbit coupling, four electronic state
1S1, 1P, 3P, and 3S1, correlate with the lowest energ
asymptote, H(2S)1X( 2P). Only the X 1S1 state is bound
for the hydrogen halide molecules. The photodissociation
curs after initial excitation to the1PV51 , 3P1 , 3P0 , and
3S1

1 states. When the spin–orbit constant in the halog
atom is small, i.e., F or Cl, the initial excitation primaril
occurs from the bound state to theA 1P state. However, for
the other halogen atoms, Br and I, where the spin–orbit c
stant is large, the excitation process is more complica
since~spin-forbidden! transitions to the3P1 , 3P0 , and3S1

1

states can occur more readily. As the HX molecule fra
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ments, the initial populations of these states can redistrib
among all of the accessible electronic states to yield halo
atoms in both ground,X, and excited,X* , spin–orbit states.

The relative yield of the two product spin–orbit states
characterized by the excited state,X* , branching fraction

G5
s~X* !

s~X!1s~X* !
, ~2!

wheres(X) and s(X* ) are the cross-sections for the pr
duction of ground and excited state halogen atoms.

The hydrogen halides HCl,1–13 HBr,14–21 and HI22–31

have received extensive experimental and theoretical in
tigation. However, there has been only one experimental
vestigation of the spin–orbit branching in HF.32 The main
reason for the lack of study is due to the experimental di
culties in dealing with HF; namely, its highly corrosive n
ture and an absorption that lies in the vacuum ultravio
~VUV !.33–35But while it is experimentally difficult to inves-
tigate, HF provides an ideal system to investigate theor
cally.

Wittig and co-workers32 have used the Rydberg time-o
flight technique for hydrogen atoms to obtain the spin–or
state distribution of the fluorine fragment for H
photodissociation.32 Using a photoexcitation wavelength o
193.3 nm, the branching fraction of excited state fluor
from the v53 state was determined to be 0.4260.02
@branching ratios(F* )/s(F)50.7160.03#. As a by-product
of this work, a branching fraction of 0.4160.08 ~branching
ratio50.6960.14) was also determined for the photodiss
ciation from the ground vibrational state (v50) of HF using
a photoexcitation wavelength of 121.6 nm. Note that the
certainty associated with the branching fraction from thev
50 level is much greater than that associated with that fr
the v53 level. These two branching fractions represent
of the available experimental data for HF and no studies a

-
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0 © 2000 American Institute of Physics

IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



a

n–
I

w
an
-

-
e
rv
ti

a-
re
tw
th
e
e
nd
e
n
C
ee
om

tio
e

s
f
ng
e

ju

ar

n
ss
by

,

c

t
qu

e

the

on,

of
he

, it
ss-
lcu-

tate

no
be

ed
tum
tic
th-

uld

g a
-

n,
of

ree
on-

1871J. Chem. Phys., Vol. 113, No. 5, 1 August 2000 Photodissociation of HF and DF. I
function of photolysis wavelength have been carried out
has been done for HCl,1,2 HBr,15 and HI.22,23

This article reports the first theoretical study of the spi
orbit branching in the photodissociation of HF. Section
details how the time-dependent wave packet technique
used to determine the total and partial cross-sections,
subsequently, the F* branching fraction over a large excita
tion energy region. Newab initio calculations of the poten
tial energy curves and the spin–orbit coupling between th
states are reported in Sec. III. These potential energy cu
and couplings have then been used to study the dissocia
dynamics following photoexcitation from the ground vibr
tional (v50) state for both HF and DF. The results are
ported in Sec. IV and a comparison is made between the
species. The HF branching fraction is compared with
only available experimental result32 and predictions are mad
for the branching fraction as a function of photolysis wav
length. Vibrationally mediated photodissociation of HF a
DF, for the initial statesv51, 2, and 3, is discussed in th
following article of this volume. A comparison betwee
HF/DF photodissociation and the photodissociation of H
DCl is drawn, and possible reasons for differences betw
the fluorine and chlorine species are discussed. Finally, s
brief conclusions are drawn in Sec. V.

II. PHOTODISSOCIATION DYNAMICS: THEORY

The time-dependent treatment of the photodissocia
dynamics is based on the solution of the time-depend
Schrödinger equation

i
]C~R,t !

]t
5Ĥ~R!C~R,t !, ~3!

where the time-independent Hamiltonian,Ĥ(R), is the sum
of the nuclear kinetic energy operator,T̂, the electronic po-
tential energy,V(R), and the spin–orbit Hamiltonian,Hso,

Ĥ~R!5T̂1V~R!1Hso~R!5T̂1Vtot~R!. ~4!

Previous time-independent calculations for the photodis
ciation of HCl2,7 and HBr5,14 have included the effects o
rotation. However, the effect of rotation on the branchi
fraction has been shown to be negligible, and, for the tim
dependent calculations considered in this article, we feel
tified neglecting the rotational coupling.

Within the time-dependent framework,36,37 the photodis-
sociation dynamics on multiple potential energy curves
followed after setting up initial wave functions~wave pack-
ets! given by the product of the transition dipole mome
functions with the bound state initial wave function. Expre
ing this in matrix form, the initial wave packets are given

F~R,t50!5m~R!C~R!, ~5!

where F(R,t50) represents ann-state column vector
@f1(R,t50),f2(R,t50), . . . ,fn(R,t50)#T of the wave
packets associated with each of the excited state surfa
C(R) is the ground state wave function, andm(R) is a col-
umn vector representing the transition moments between
ground state and the excited states. In the form that the e
tions are presented here,m(R) is a single component of a
Downloaded 19 Jun 2002 to 130.160.100.89. Redistribution subject to A
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vector function. Spherical vectors38 are used because thes
are consistent with the use of theV quantum number.

The resulting wave functions are then propagated on
excited state surfaces in a series of short time steps.37 After
each time step, a contribution to the autocorrelation functi

A~ t !5E
Rmin

Rmax
F* ~R,t50!F~R,t !dR

5(
i 51

n E
Rmin

Rmax
f i* ~R,t50!f i~R,t !dR, ~6!

is calculated and accumulated.
The total cross-section as a function of the frequency

the incident radiation is given by the Fourier transform of t
autocorrelation function as a function of time.36,37 The total
integral cross-section in SI units is

s tot~n!5
2pn

3c«0\ E
0

`

exp@ i ~Ei1hn!t/\!]A~ t !dt. ~7!

However, in order to determine the branching fraction
is necessary to determine the partial absorption cro
sections. The partial absorption cross-sections can be ca
lated by examining the wave packet on each excited s
surface at a large internuclear separation (R`) such that the
wave packet is in the asymptotic region where there is
longer coupling between the excited states. It can
shown37,39 that the partial cross-section for channeln as a
function of photon energy,sn(n), is given by

sn~n!5
4p3nkn

3c«0m
uAn~R` ,E!u2, ~8!

where

An~R` ,E!5
1

2p E
0

`

fn~R` ,t !exp@ i ~Ei1hn!t/\#dt,

~9!

m is the reduced mass of the two photofragments, andkn is
the magnitude of the wave vector of the relative motion.

The calculations are performed using uniformly spac
grids for both the internuclear coordinate and the momen
conjugate to it.37 As the wave packets reach the asympto
region of the coordinate grid, they must be damped out, o
erwise the periodic nature of the Fourier transforms wo
cause them to reappear at the smallR end of the grid. There-
fore, the asymptotic wave functions were damped usin
complex absorbing potential.37,40We have used a cubic com
plex absorbing potential defined by

Vdamp~R!5H 0.0, R,Rdamp

2 iAdampS R2Rdamp

Rmax2Rdamp
D 3

, Rdamp<R<Rmax
,

~10!

whereRdamp is the point where the damping is switched o
and Adamp is an optimized parameter giving the strength
the damping.

The photodissociation of HF can be treated as a th
~excited! state problem, where the states which must be c
sidered are1PV51 , 3PV51 , and3SV51 . We have neglected
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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1872 J. Chem. Phys., Vol. 113, No. 5, 1 August 2000 A. Brown and G. G. Balint-Kurti
the direct excitation to the3PV501 state since theab initio
calculations~see next section! revealed that its contribution
was negligibly small.

Two different electronic bases are used:~i! a diabatic
basis, in whichL, S2, andS are good quantum numbers an
the spin–orbit interaction has off-diagonal matrix eleme
coupling the states, and~ii ! a fully adiabatic basis in which
the spin–orbit interaction is diagonal and the coupling
tween the states is due to off-diagonal terms in the kin
energy. The initial column wave function, see Eq.~5!, in the
diabatic basis is given by

S f1~R,t50!

f2~R,t50!

f3~R,t50!
D 5S 0

m2~R!x~R!

0
D , ~11!

where m2(R) is the A 1P←X 1S1 transition moment and
x(R) is the ground vibrational state wave function as det
mined using the Fourier grid Hamiltonian method.37,41 In the
diabatic basis, there are no direct transitions to the3P1 and
3S1 states as both of these transitions are spin-forbidden

The relationship between the fully adiabatic basis a
the diabatic basis can be expressed as

fad~R!5M ~r !fdiab~R!, ~12!

whereM (R) is the matrix which continuously diagonalize
the total potential energy matrix, in our case,Vtot(R)5V(R)
1Hso(R), at each value of the internuclear separation.
other words, the fully adiabatic wave function for a particu
state can be written as a superposition over the diabatic s
which can contribute to it, i.e.,

f j
ad~R!5(

i
mji ~R!f i

diab~R!, ~13!

where the mji (R) are the elements of the diabatic-t
adiabatic transformation matrixM (R).

From the fully adiabatic wave functions, we can defi
the fully diagonal adiabatic potential energy curves,

Vad~R!5M ~R!Vtot~R!MT~R!. ~14!

Expressing the matrix explicitly for the 333 problem under
consideration, we have

S V1
ad 0 0

0 V2
ad 0

0 0 V3
ad
D 5M ~R!S V1

diab Hso
12 Hso

13

Hso
21 V2

diab Hso
23

Hso
31 Hso

32 V3
diab
D MT~R!,

~15!

where 1[ 3PV51 , 2[ 1PV51 , and 3[ 3SV51 , and we
have dropped the explicit dependence upon the internuc
distanceR. It should be noted that the labels1P, 3P, 3S
used in the adiabatic representation only refer to the m
contributing diabatic state in the Franck-Condon region, i
the diabatic state with the largest coefficientmji , see Eq.
~13!, for R,3 bohr. The only good quantum number in th
fully adiabatic representation isV.

The photodissociation dynamics are performed using
fully adiabatic representation as the primary representat
The Chebychev propagation scheme42 was used to solve the
time-dependent Schro¨dinger equation. In order to properl
Downloaded 19 Jun 2002 to 130.160.100.89. Redistribution subject to A
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account for the nonadiabatic kinetic energy coupling of
three adiabaticV51 surfaces considered here, a modifi
Chebychev propagation scheme must be used. When a
with the kinetic energy part of the Hamiltonian, the modifie
Chebychev method requires~i! two transformations,M (R)
and MT(R), to change between the diabatic basis and
fully adiabatic basis, see Eq.~12!, and ~ii ! two fast Fourier
transforms to switch between the coordinate representa
and the momentum representation. The fast Fourier trans
mations are needed to act with the kinetic energy opera
which is diagonal in the momentum representation but no
the coordinate representation. Note that the Fourier trans
mation is performed in the diabatic basis in which the kine
energy operator is diagonal. The other transformations
needed to act with the total potential energy,Vad(R), which
is diagonal in the fully adiabatic basis but is not diagonal
the diabatic basis. The physically meaningful results
those obtained in the fully adiabatic basis. Therefore,
wave packets which are analyzed using Eq.~9! are the
fn

ad(t)’s.

III. AB INITIO CALCULATIONS

There have been many previous theoretical studies
both the ground state, see, for example, the benchmark
culations of Dunning and co-workers,43 and also of the ex-
cited states44–47 of HF. In this study, we are only intereste
in those states,1S1, 1P, 3P, 3S1, which correlate with the
lowest energy asymptote, H(2S)1F(2P).

The calculations of the diabatic potential energy curv
have been carried out using the augmented correlat
consistent valence quintuple zeta (av5z) basis set of Dun-
ning et al.48 For the hydrogen atom, the (9s5p3d2 f 1g)/
@5s4p3d2 f 1g# contraction was used and for the fluorin
atom, the (15s9p5d34f 3g2h)/@6s5p4d3 f 2g1h# contrac-
tion was employed. Using thisav5z basis resulted in a tota
of 146 contracted functions.

In order to determine the potential energy curves, co
plete active space self-consistent field~CASSCF!
calculations49,50 were first performed. The active space com
prised eight electrons in five orbitals~the 1s orbital on the
fluorine atom was excluded!. The CASSCF optimization was
performed for each state separately in order to obtain
‘‘best’’ representation. These CASSCF orbitals and wa
functions were then used as a starting point for multiref
ence internally contracted configuration interacti
~MRCI!51,52 calculations, again excluding the 1s orbital of
fluorine. The effect of higher-order excitation was estima
using the Davidson correction.53 The reference spaces con
sisted of 8, 3, 3, and 3 configuration state functions for
1S1, 1P, 3P, and3S1 states, respectively. While a large
number of reference configurations has been used in stu
including the low-lying Rydberg states,44,45the small number
of CSFs used here provides an adequate description o
low-lying valence states at the CASSCF level, especially
the important asymptotic region. The total number of co
tracted configurations was 116 462, 116 653, 117 158,
116 615 for the1S1, 1P, 3P, and3S1 states, respectively
All calculations reported in this article were performed usi
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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1873J. Chem. Phys., Vol. 113, No. 5, 1 August 2000 Photodissociation of HF and DF. I
the MOLPRO ab initio molecular electronic structur
program.54

As with HCl,2,7 the fine-structure splitting in HF will be
strongly influenced by the shape of the potential ene
curves in the asymptotic region, where the energy sep
tions of the diabatic states are of comparable magnitud
the spin–orbit splitting in the F atom (404.1 cm21). There-
fore, it is of utmost importance to obtain an accurate rep
sentation of the energies in this region. In order to achi
this goal, we include the standard counterpoise correction
basis set superposition error55 to the calculated interaction
energy. This counterpoise correction can be written as

DEcp~R!5DEH~R!1DEF~R!, ~16!

whereEi(R) is the energy of atomi determined in the full
orbital space of the supermolecule at the same internuc
distanceR minus the energy computed using the basis fu
tions associated only with that atom. Also, we include a c
rection for the remaining size consistency error of the MR
calculations

DEsc5EHF~`!2EH~`!2EF~`!. ~17!

This correction was determined to be113.8 cm21 for the (
states and212.1 cm21 for the P states. For the H atom
these energies were computed at the restricted Hartree–
level of theory. From these calculations, the total interact
energy can be expressed as

V~R!5EMRCI~R!2EH~`!2EF~`!2DEcp~R!2DEsc.
~18!

Figure 1 illustrates the resulting potential energy curv
for the lowest four states of HF. These potential ene
curves will be referred to as the diabatic states. In this r
resentation, the only optically allowed transition is from t
ground state to theA 1P state. From the potential energ
curves, the vertical excitation energy to theA 1P state atR

FIG. 1. Potential energy curves for theX 1S1, 1P, 3P, and 3S diabatic
states of HF as determined byab initio MRCI calculations.
Downloaded 19 Jun 2002 to 130.160.100.89. Redistribution subject to A
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51.7375 bohr, is 84 205 cm21. This result agrees to within
3% with several other calculated vertical excitation energ
from the ground state to theA 1P state, see Table I. The
comparison includes results44,45 which have used a much
larger number of reference configurations for the MCS
part of the calculation. We can conclude that the more li
ited number of reference configurations used in the pres
calculation has provided a good representation of theX 1S1

andA 1P states.
The computedX 1S1 ground state has been used to d

termine the energies of the lowest four vibrational states
HF by utilizing the Fourier grid Hamiltonian method.37,41

The computed energies are compared with results wh
have been determined previously from fitting experimen
data,56,57see Table II. From the excellent agreement obtain
with these results, we believe that we have an accurate
resentation of the ground state potential energy curve.

TheA 1P←X 1S1 electronic transition moment was ob
tained using a slightly different procedure than that used
the computation of the potential energy curves while util
ing the sameav5z basis set. In order to compute a transitio
moment, it is necessary to have a common set of orbi
and a well-defined wave function to describe both sta
involved. Therefore, the state-averaged CASS
~SA-CASSCF! method49,50was used to obtain a single set
CASSCF orbitals for the singletS and P states. From this
starting point, MRCI calculations were performed to obta
the transition moment.

The A 1P←X 1S1 transition moment as a function o
HF bond distance is illustrated in Fig. 2. As expected,
transition moment in HF demonstrates qualitatively simi
behavior to the transition moment in HCl.7,13 The increase in
the transition moment as the internuclear distance decre

TABLE I. Vertical excitation energies to theA 1P state.

Calculation Energy~cm21! % Differencea

Present calculation 84 205
Ref. 44b,c 85 172 21.1
Ref. 44b,d 83 962 10.3
Ref. 45b 87 083 23.4
Ref. 46b 86 301 22.5

aDetermined as (84 2052E)* 200/(84 2051E).
bResults forR51.7329 bohr.
cMR-CI result.
dFull CI estimation.

TABLE II. Vibrational energy levels for theX 1S1 ground state of HF.
Values are measured from the minimum on the ground state potential en
curve and are given in cm21.

Vibrational state Present calculationa Ref. 56b Ref. 57c

0 2057.4 2046.69 2046.82
1 6034.1 6005.25 6008.25
2 9841.1 9784.05 9797.66
3 13 483.7 13 383.08 13 419.85

aObtained using the Fourier grid Hamiltonian method~Refs. 37, 41!.
bObtained by fitting experimental data.
cObtained by simultaneously fitting the HF and DF experimental data.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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is a feature of all of the hydrogen halides and arises from
increase in the ionic character of the groundX 1S1 state at
smaller bond lengths.

Finally, the spin–orbit matrix elements were determin
using a procedure which differed from both the calculat
of the potential energy curves and the electronic transi
moment. In order to describe singlet–singlet, singlet–trip
and triplet–triplet coupling, it is necessary to have a comm
set of orbitals for all states. Therefore, the SA-CASS
method was used to calculate a common set of orbitals
the 1S1, 1P, 3P, and3S1 states. These orbitals and wav
functions were then used to compute the spin–orbit ma
elements at the CASSCF level. At this level of theory, t
fluorine atom fine-structure splitting,E(2P1/2) –E(2P3/2),
was calculated to be 401.4 cm21 which is within 1% of the
experimental value58 of 404.1 cm21. For the spin–orbit cal-
culations, the basis set had to be restricted
(9s5p4d3 f )/@5s4p3d2 f # for the H atom and
(15s9p5d4 f )/@6s5p4d3 f # for the fluorine atom.

The spin–orbit coupling between the various singlet a
triplet diabatic states as a function of the HF internucl
distance is illustrated in Fig. 3. The couplings between
3S1

1 and 1P1 states and between the1P1 and 1P1 states
have been shifted by plus and minus 10 cm21, respectively,
for clarity. The couplings for HF as calculated using t
CASSCF wave functions have a nearly identical form to
calculations for HCl, see Fig. 2 in Ref. 7, which employed
simplified treatment of the orbital angular momentum.

From the diabatic potential energy curves and the sp
orbit couplings, the fully adiabatic potentials are determin
by diagonalizingVtot of Eq. ~4!. The fully adiabatic poten-
tials and the matrix,M (R), which transforms from the di-
abatic to the adiabatic representation, are both needed i
der to perform the time-dependent wave packet dynam

FIG. 2. TheA 1P←X 1S1 electronic transition moment as a function of th
HF bond distance, as determined by the MRCI calculations. The trans
moment is given in atomic units.
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The fully adiabatic energies are illustrated in Fig. 4. T
states are labeled by the case~a! diabatic state making the
largest contribution to the fully adiabatic state in the Franc
Condon region and by the quantum numberV. The figure
shows the adiabatic potentials forV50, V51, andV52.
The figure is in two parts, corresponding toe and f parity
states59 for the caseJ50. Only theV51 curves are used in
the dynamical calculations reported below.

IV. PHOTODISSOCIATION DYNAMICS: RESULTS AND
DISCUSSION

The initial photoexcitation of the HF molecule is treate
as a two-state problem involving the groundX 1S1 and ex-
cited A 1P diabatic states. However, as the molecule fra
ments, the initial excitation is redistributed on to the oth
accessible states. When the molecule is fully dissociated
fragments end up on one of the two accessibleadiabatic
asymptotes. How this redistribution occurs depends i
mately upon the dynamics of the process. However, by
amining the diabatic-to-adiabatic transformation matr
M (R), details of the redistribution can be elucidated. In F
5, the diabatic-to-adiabatic transformation matrix has be
illustrated by plotting the modulus ofmji for each resulting
adiabatic state. From Fig. 5, it is clear that there is no app
ciable mixing of the singlet and triplet states forR,3 bohr,
so the assumption that the initial excitation can be treated
a two state problem is valid. The mixing of the stat
changes drastically over the region 3<R<9 bohr. It is
within this region that the important dynamics will tak
place.

Using the calculated adiabaticab initio potentials and
the diabatic-to-adiabatic transformation matrices, the met
outlined in Sec. II has been used to obtain the photodisso
tion cross-sections. The solid line in Fig. 6 illustrates t

n

FIG. 3. The spin–orbit coupling matrix elements as a function of the
bond distance as determined by the CASSCF calculations. For clarity
couplings between the3S1

1 and 1P1 diabatic states and between the1P1

and 1P1 diabatic states have been shifted by plus and minus 10 cm21, re-
spectively.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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calculated total photodissociation cross-section for HF.
the best of the authors’ knowledge, this represents the fi
calculation of the HF absorption spectrum, although th
have been previous determinations of the oscillator stren
of this transition.33,44,47Also displayed are the experiment
values of Hitchcocket al.33 and Neeet al.34 The experimen-
tal results of Nee are a factor of two smaller than the res
of Hitchcock but no explanation for this experimental d
crepancy has been given.34 Our total cross-sections calcu
lated at 121.6 nm (82 237 cm21) and 145 nm (68 966 cm21)
are 3.1310218cm2 and 0.5310218cm2, respectively, as
compared to the values reported in Ref. 34 of 3
310218cm2 and 1.7310218cm2. The calculated total cross
section supports the experimental results of Nee and
workers but it would be beneficial to resolve the experim
tal discrepancies.

Included in Fig. 6 is the total photodissociation cros

FIG. 4. The fully adiabatic potential energy as a function of the HF bo
distance. Figure 4~a! shows the even parity ore state potential energy curve
for J50, while Fig. 4~b! shows the odd parity orf curves.
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FIG. 5. The contributionumji u2 of the diabatic states to the fully adiabati
states,f j

ad(R)5( imji (R)f i
diab(R), as a function of internuclear separatio

for the adiabatic states~a! 3P1 , ~b! 1P1 , and~c! 3S1 . The fully adiabatic
states are labeled with the diabatic state which contributes the most w
the Franck–Condon region and with the good quantum numberV.
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section for the deuterated fluorine species, DF~dashed line!.
The total absorption cross-section for DF has not been m
sured experimentally, but the relationship between the ca
lated HF and DF cross-sections is very similar to that
tween those measured for HI and DI.31 In both cases, the
deuterated species has a total cross-section which peaks
higher energy~due to the change in the initial vibrationa
energy!, a larger peak magnitude, and a slightly narrow
profile.

The calculated branching fractions, see Eq.~2!, for both
HF and DF as a function of the excitation energy are illu
trated in Fig. 7 for excitation from the ground vibration
state (v50). For a wavelength of 121.6 nm (82 237 cm21),
the calculated value of 0.37 compares quite well with
experimentally measured value of 0.4160.08.32 Both the HF
and the DF results show a maximum value in the produc
of F* for low excitation energies. The branching fractio
maximum for HF is 0.46 and occurs at approximate
57 000 cm21. For DF, the peak value is 0.53 and occurs
approximately 56 500 cm21. The HF and DF branching frac
tions are then quite similar across the rest of the illustra
excitation energy range except at very high energ
(.90 000 cm21) where the branching fraction for HF begin
to decrease while that for DF increases. These high en
results should be interpreted with a great deal of cau
as previous experiments33 and calculations44,45 have shown
that other excited electronic states are accessible at t
energies.

Several simplified models have been discussed for e
mating the excited state branching fraction. These may
categorized as the ‘‘sudden’’ model, the ‘‘strong coupling
model, and the ‘‘adiabatic’’ model. In the sudden model, t

FIG. 6. The total photodissociation cross-section forA 1P←X 1S1 disso-
ciation out of thev50 vibrational level for HF~solid line! and DF~dashed
line! as a function of photon energy. Also, shown are the experime
values of Hitchcocket al. ~Ref. 33! ~circles! and Neeet al. ~Ref. 34!
~squares!. The experimental results have been illustrated with error bar
610%.
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atoms are pictured as separating very rapidly, and it is
sumed that there is insufficient time for the electronic str
ture to change slowly so as to follow the adiabatic corre
tion diagram~Fig. 4!. This model has also been called th
‘‘diabatic’’ model.18 The hydrogen halides form the be
candidates for complying with this model as the speed of
H atom recoil is enhanced by its light mass relative to
mass of its halogen atom partner. Figure 8~a! shows the com-
ponent of the1P diabatic state, as a function of the intern
clear separation, for each of the three fully adiabaticV51
states which are involved in the dynamics. This figure
useful in discussing the three models mentioned above.
three curves are identified with the labels F or F* to indicate
the asymptotic energies of the corresponding adiabatic sta
The asymptotic values of the lines in Fig. 8~a! give the sud-
den model limit for the population of the excited and grou
spin–orbit states. The sudden limit, which has been d
cussed by Matsumiet al.18 and by Singer and Freed,60 results
in one third of the population in the F* excited state and two
thirds in the ground spin–orbit state. In the strong coupl
limit, also referred to as the ‘‘statistical’’ limit, it is assume
that the states are so strongly coupled by the interaction
all accessible states are equally populated. It also resul
one-third of the population in the excited spin–orbit state a
two-thirds in the ground state. In contrast, the adiaba
model assumes that the fragments part slowly and that, a
molecule passes through each avoided curve crossing, i
mains in a single adiabatic state. In the present case, as
initial excitation is to the1P1 adiabatic state@equal to the1P
diabatic state in the Franck–Condon region, see Fig. 5~b!#,
all of the population would end up in the lower spin–orb

al

f

FIG. 7. The F atom excited state branching fraction,G5s(F* )/@s(F* )
1s(F)#, as a function of photon energy for the photodissociation of
~solid line! and DF ~dashed line! out of thev50 vibrational state. Also,
shown is the experimental value for HF of Wittig and co-workers~Ref. 32!
for the wavelength 121.6 nm (82 237 cm21).
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level ~see Fig. 4!, corresponding to an excited state branc
ing fraction of zero.

The actual computed excited state branching fract
~Fig. 7! varies with energy and does not conform to the s
tistical limit, which would be predicted by both the sudd
and the strong coupling models, or to the adiabatic limit. T
energy dependence of this ratio is a sensitive diagnostic
the details of the dynamics of the system and constitute
stringent test of the correctness of the potentials and the
pling matrix elements used as well as of the methodolo
employed. It is interesting to note from Fig. 8~a! that the
contribution of the1P1 diabatic state to the3S1 adiabatic
state peaks atR54.325 bohr, having a value of 0.46 at th
point.

When comparing the branching fractions for HF vs. D
to the corresponding results for HCl and DCl,2,7 a remarkable

FIG. 8. A plot of the contribution of the1P diabatic state to the fully
adiabatic states as a function of the bond distance, see Eq.~13!, for ~a! HF
and ~b! HCl. The HCl results are based on the potential energy curves
off-diagonal couplings calculated in Ref. 7.
Downloaded 19 Jun 2002 to 130.160.100.89. Redistribution subject to A
-

n
-

e
or
a
u-
y

difference is seen. While the branching fractions for HF a
DF are very similar over the entire excitation energy ran
the branching fraction for DCl is much lower than that f
HCl. The branching fraction for HCl shows a maximum as
function of energy similar to that displayed by HF and D
but the branching fraction for DCl has no such maximum2

Alexander and co-workers2,7 explain the differences betwee
the HCl and DCl branching fractions by ‘‘the reduced te
dency for the system with heavier reduced mass to unde
nonadiabatic transitions, especially at lower values of
excitation frequency, where the relative velocity of the n
scent fragments will be smaller.’’ Based upon this simp
qualitative argument, similar results would have been
pected in DF relative to HF. Contrary to this, the calculatio
show that the DF results are very similar to those for HF a
in particular, exhibit an excited state branching fracti
larger than the one for HF at low excitation energies. Fig
8~b! shows the component of the1P diabatic state in each o
the three fully adiabaticV51 states for HCl as determine
using the diabatic potential energy curves and correspon
off-diagonal spin–orbit couplings of Alexander an
co-workers.7 If this figure is compared with Fig. 8~a!, we see
that the maximum in theu^1P1

diabu3S1
adiab&u2 coefficient curve

is absent for HCl. It seems clear that this mixing coefficie
and its variation with internuclear separation, plays an i
portant role in the nonadiabatic dynamics of the photodis
ciation process.

V. CONCLUSIONS

Accurate potential energy curves and transition dip
moment functions have been calculated for the low-lyi
states of HF. These have been used to compute both abs
absorption cross-sections and excited spin–orbit s
branching fractions for both HF and DF from their groun
vibrational states. The excited spin-orbit state branch
fraction is found to be nonstatistical. Both the statistical a
the sudden limit models predict a branching fraction of 1
The calculated branching fractions are higher than this
vary with photon energy. This shows clearly that nonad
batic dynamical effects play an important role in the pho
dissociation dynamics. For both HF and DF, the calculatio
predict a peak in the branching fraction at low photon e
ergy. A similar peak has been predicted and observed exp
mentally for HCl2,7 but is determined, both theoretically7 and
experimentally,8–10not to be present for DCl. In contrast, D
is predicted to have a larger peak in the branching fraction
photon energy curve than HF. While it will be experime
tally difficult, there is clearly a need to determine the branc
ing fraction for HF following excitation from the ground
vibrational state more precisely and for a wider range
excitation energies than are presently available. We a
hope that the theoretical results presented here will stimu
an experimental confirmation, or refutation, of the interest
behavior, as a function of photon energy, in the branch
fraction for DF, relative to its DCl counterpart.

d
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