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Ab initio potential energy curves, transition dipole moments, and spin-orbit coupling matrix elements are
computed for HBr. These are then used, within the framework of time-dependent quantum-mechanical wave-
packet calculations, to study the photodissociation dynamics of the molecule. Total and partial integral cross
sections, the branching fraction for the formation of excited-state bromine atoms Br(2P1/2), and the lowest
order anisotropy parameters,â, for both ground and excited-state bromine are calculated as a function of
photolysis energy and compared to experimental and theoretical data determined previously. Higher order
anisotropy parameters are computed for the first time for HBr and compared to recent experimental
measurements. A new expression for the Re[a1

(3) (|, ⊥)] parameter describing coherent parallel and
perpendicular production of ground-state bromine in terms of the dynamical functions is given. Although
good agreement is obtained between the theoretical predictions and the experimental measurements, the
discrepancies are analyzed to establish how improvements might be achieved. Insight is obtained into the
nonadiabatic dynamics by comparing the results of diabatic and fully adiabatic calculations.

1. Introduction

The photodissociation of hydrogen halides is important in
the study of the atmospheric chemistry of the Earth and of other
solar and stellar objects.1-3 The process has been studied in
recent years as a prototypical molecular dissociation exhibiting
electronically nonadiabatic molecular dynamics, which becomes
evident through the production of both excited and ground-state
halogen atoms.4-26 Of primary interest is the photodissociation
process

Often the halogen atom spin-orbit states are referred to as X
and X* for the ground X(2P3/2) and excited X(2P1/2) state atoms,
respectively. The first theoretical study of the competition or
branching between the production of ground and electronically
excited halogen atoms in this process was carried out by one
of the authors4 on an early calculated potential27 for the HCl
molecule. In this work, the spin-orbit coupling interactions were
added to the computed potential energy curves in an empirical
manner. The work showed clearly the importance of examining

the energy dependence of the branching fraction for the
production of the excited electronic state halogen atom fragment
and demonstrated that if the hydrogen halide was initially
vibrationally excited then the energy dependence of this
branching fraction would display particularly interesting features.
Most experiments have utilized fixed-frequency ultraviolet lasers
to study these processes, and it is only in the very most recent
experiments15,16,18that it has been possible to start studying the
energy dependence of the branching fraction.

The study of the polarization of the angular momentum of
photofragments arising in photodissociation processes and the
dependence of these properties on the scattering direction
provides a complete description of the dynamics. These proper-
ties can be fully described by a spherical tensor expansion of
the generalized scattering cross section.28,29This expansion gives
rise to orientation and alignment parameters,aQ

(K)(p), the com-
plete set of which carry with them all possible information about
the angular distribution of the alignment and orientation of the
angular momentum in question. In the present case of the
photodissociation of HBr, this would be the combined spin-
orbit angular momentum of the Br atom or the spin angular
momentum of the hydrogen atom. In the photodissociation of
HCl30 and HBr,25 it has been shown, by using such analysis of
the dissociation process, that highly polarized hydrogen atoms
can be produced through the use of circularly polarized light.

Ab initio theoretical studies of the photodissociation dynamics
of HF10 and HCl11 and calculations of the associated orientation
and alignment parameters have been published. Similar calcula-
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tions for HI,12,31based on both empirical and ab initio electronic
structure data have also appeared in the literature. In this paper,
we present analogous calculations for the final halogen halide
in this series, HBr.

The paper is organized as follows. In Section 2.1., new ab
initio calculations of the potential energy curves, including
spin-orbit coupling, and transition dipole moments are dis-
cussed. These represent the best HBr data available in the
literature. The theory for the photodissociation dynamics is
reviewed briefly in Section 2.2. Our theoretical results for the
total cross-section, the excited-state bromine branching fraction,
and the anisotropy parameter,â, are discussed and compared
to experiment and previous computations in Section 3.1. In
Section 3.2, we report the first determination of the anisotropy
parameters for bromine atoms resulting from HBr dissociation
and compare them to the experimental measurements of Rakitzis
et al.25,32 A short summary is given in Section 4.

2. Theory

The theoretical calculation of the photodissociation process
involves two important parts: the determination of the underly-
ing electronic structure, that is, potential energy curves (PECs),
dipole moments, and nonadiabatic couplings, and the dynamical
calculations from which the photodissociation cross sections,
the branching fractions, and the orientation and alignment
parameters of the atomic photofragments can be determined.

2.1. Ab Initio Determination of the Electronic Structure.
There have been many previous theoretical studies of the ground
state of HBr and its associated dipole moment.33-35 However,
the number of calculations of the excited states is limited.14,36

Therefore, we have undertaken an ab initio investigation of the
twelve electronic states, X1Σ+ (nondegenerate),1Π (double
degenerate),3Π (sixfold degenerate) and3Σ+ (threefold degen-
erate), that correlate with the lowest energy asymptote
H(2S) + Br(2P). As in our previous work on the hydrogen
halides,8,11,12 these electronic states will be referred to as the
diabaticbasis. When spin-orbit coupling is taken into account
in the electronic structure calculations, there are two dissociation
channels H(2S1/2) + Br(2P3/2) and H(2S1/2) + Br(2P1/2) involving
ground state and spin-orbit excited-state bromine, respectively.
Eight adiabatic states, X1Σ0+ (ground state), A1Π1 (two sub-
states), a3Π1 (two substates), a3Π2 (two substates), and a3Π0-,
correlate with the lowest energy asymptote, while four states,
t3Σ1 (two substates), a3Π0+, and t3Σ0-, correlate with the excited-
state asymptote. The term symbols translate as a mixed Hund’s
case (a)/case (c) according to2S+1ΛΩ. For Hund’s case (c),Ω
is the only good quantum number and the2S+1Λ labels designate
the largest case (a) contribution within the Franck-Condon
region. The adiabatic states of importance in the dynamics are
the ground state X1Σ0

+ and seven optically accessible excited
states, that is, the A1Π1, a3Π1, a3Π0+, and t3Σ1

+ states. The
electronic states, including spin-orbit coupling, will be later
referred to as theadiabaticbasis.

For the determination of the diabatic potential energy curves,
the spin-orbit couplings, and the transition and permanent
dipole moments, calculations have been performed using the
MOLPRO program.37 For bromine, the small-core relativistic
pseudopotential and augmented correlation consistent polarized
valence quintuple zeta basis set (aug-cc-pV5Z-PP)38,39was used.
This corresponds to a (16s,13p,13d,3f,2g,1h)/[7s,6p,5d,3f,2g,1h]
contraction. For the hydrogen atom, the aug-cc-pV5Z basis,40

with the (9s5p3d2f1g)/[5s4p3d2f1g] contraction, was utilized.
A sequence of electronic structure calculations have been

carried out to determine the molecular properties required for

the dynamics, that is, potential energy curves, transition dipole
moments, permanent dipole moments, and spin-orbit couplings.
To determine the diabatic potential energy curves and permanent
dipole moments, complete active space self-consistent field
(CASSCF)41,42calculations were first performed for each state
separately. The active space comprised the valence space only,
that is, eight electrons in five orbitals. Multireference internally
contracted configuration interaction (MRCI)43,44 calculations
were then carried out using the CASSCF orbitals and wave
functions. The effect of higher order excitation was estimated
using the Davidson correction.45 The total number of contracted
configurations was 121 518, 121 795, 73 671, and 121 671 for
the X1Σ+, A1Π, a3Π, and t3Σ+ states, respectively.

The A1Π r X1Σ+ electronic transition moment was deter-
mined using a slightly different procedure than that used for
the diabatic PECs because it is necessary to have a common
set of orbitals and a well-defined wave function to describe both
states involved. The state-averaged CASSCF (SA-CASSCF)
method41,42 was used for the X1Σ and A1Π states, and then
MRCI calculations were performed to obtain the transition
moment.

Finally, the spin-orbit matrix elements were determined
using a procedure that differed from both the calculation of the
diabatic PECs and the electronic transition dipole moment. The
SA-CASSCF method was used to calculate a common set of
orbitals for all of the states involved in the dynamics, that is,
the X1Σ+, A1Π, a3Π, and t3Σ+ states. The spin-orbit matrix
elements were then computed at the CASSCF level. The
bromine atom fine-structure splitting,E(2P1/2) - E(2P3/2), was
calculated to be 3536 cm-1, which is within 4% of the
experimental value46 of 3685 cm-1.

The adiabatic PECs are determined by diagonalizing a matrix
containing the (diagonal) diabatic potential energy curves and
the (off-diagonal) spin-orbit couplings. Both the adiabatic PECs
and the matrix,M (R), which transforms from the diabatic to
the adiabatic representation, are needed in order to perform the
time-dependent wave-packet dynamics.47,48 The adiabatic po-
tential energy curves are illustrated in Figure 1. The states are
labeled by the case (a) diabatic state making the largest
contribution to the adiabatic state in the Franck-Condon region
and by the quantum numberΩ. The figure shows the adiabatic
potentials for only the ground state and the optically accessible
excited states, that is,Ω ) 0+ and Ω ) 1 (all states shown
being ofesymmetry).5,8 Using the transformation matrixM (R),
together with the diabatic dipole moment and transition dipole
moment curves, the adiabatic transition dipole moments can also
be determined. Figure 2 illustrates the adiabatic transition dipole
moments as a function ofR. Unlike HF8 and HCl,11 where the
initial excitation is dominated by the A1Π1 r X1Σ0+ transition,
in HBr all optically allowed transitions can contribute. Although,
as discussed in Section 3, the direct t3Σ1 r X1Σ0+ transition
contributes only at high energy because of the relative positions
of the potential energy curves (see Figure 1).

Figure 3 shows the calculated spin-orbit coupling matrix
elements. The most interesting aspect highlighted by this figure
is the rapid increase in magnitude of the spin-orbit matrix
element〈3Π0+|HSO|1Σ+〉 as a function of H-Br internuclear
separation aroundR ) 2.4 bohr. The twoΩ ) 0+ states, both
of which are of e symmetry, are mixed by the spin-orbit
coupling interaction. AtR ) 2.4 bohr, however, the energy
separation between the diabatic1Σ+ and3Π0+ states is too great
to allow them to mix effectively. We see that the adiabatic
transition dipole moment connecting these states increases to a
maximum aroundR) 5 bohr (see Figure 2). At this much larger
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bond length, the energy differences between the diabatic
potential energy curves are now comparable to the magnitude
of the spin-orbit coupling matrix element. Thus, at this larger
bond length the diabatic states mix much more strongly. We
will return to this discussion later in the paper.

The dissociation energy,D0, calculated from the adiabatic
X1Σ0

+ state is 29 316 cm-1 as compared to the experimental18

value of 30 210( 40 cm-1, the difference being 3.0%. The
computed X1Σ0+ ground state has also been used to determine
the energies of the low-lying vibrational states of HBr by
utilizing the Fourier grid Hamiltonian method.49,50 Fitting to a
simple anharmonic oscillator expression for the energies, the
harmonic frequency,ωe ) 2636 cm-1 and anharmonicity
parameterωexe ) 51.4 cm-1 are in good agreement with the
experimental values51 of 2648.975 and 45.217 cm-1, respec-
tively. The good agreement of these calculated properties of

the ground-state electronic state potential energy curve with the
corresponding experimental quantities is evidence of its ac-
curacy.

2.2. Computation of the Photodissociation Dynamics.The
photodissociation dynamics are computed using time-dependent
quantum-mechanical wave-packet methods8,11,12,47,48,52,53based
on the new ab initio potential energy curves, spin-orbit
couplings, and dipole moments. Our first objective will be to
test the quality of our ab initio calculations by comparing the
computed scalar photodissociation properties, such as the total
cross section and the Br(2P1/2) branching fraction, with experi-
mentally determined quantities. We will then compute the vector
correlation and anisotropy parameters and compare these with
measured quantities.

The computation of the anisotropy parameters from time-
dependent wave-packet calculations of the dynamics has been
well-documented10,11Here we review the pertinent information
briefly. The photofragmentationT matrix elements are central
to the calculation of the dynamical functions and anisotropy
parameters.10 For a diatomic molecule, AB, dissociating into
atoms A and B, having angular momentajA andjB, respectively,
the dynamical functionsfK(q, q′) for fragment A are related to
the T matrix elements as described in refs 10 and 12. The
multipole rank,12 K, of the dynamical functions for a photo-
fragment with angular momentumjA range fromK ) 0 to K )
2jA. For the ground-state bromine fragment (jA ) 3/2), the
complete set of the dynamical functions containsK ) 0, 1, 2,
and 3, whereas for the excited-state fragment (jA ) 1/2) only
K ) 0 and 1 are required. The anisotropy parameters,
aQ

(K)(p),54,55 are normalized combinations of the dynamical
functions, wherep refers to the symmetry of the transition
connecting the ground electronic state to the dissociative excited
states. Thus,p can be pure parallel (|), pure perpendicular (⊥),
or mixed parallel/perpendicular (|, ⊥). These anisotropy pa-
rameters provide the most detailed information possible con-
cerning the photodissociation dynamics.12 The theoretical and
experimental determination of these parameters is therefore the

Figure 1. Adiabatic potential energy curves as a function of the HBr
internuclear distance.

Figure 2. Adiabatic transition dipole moments from the X1Σ0+ ground
electronic state to the four electronic states shown in Figure 1.

Figure 3. Spin-orbit coupling matrix elements as a function of the
HBr internuclear distance, as determined by the CASSCF calculations.
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best way to gain an in-depth understanding of the photodisso-
ciation dynamics.

For the ground-state bromine fragments, thea0
(1) (⊥),

a0
(2) (⊥), a0

(3) (⊥), a2
(2) (⊥), a2

(3) (⊥), a1
(1) (|, ⊥), and a1

(3) (|, ⊥)
anisotropy parameters are computed. For the excited-state
bromine fragments, only thea1

(1) (|, ⊥) parameters are deter-
mined. Thea0

(K) (⊥) parameters describe incoherent perpen-
dicular excitation, thea2

(K) (⊥) parameters describe coherent
perpendicular excitation, and thea1

(K) (|, ⊥) parameters, with
K ) 1 and 3, describe coherent parallel and perpendicular
excitation. No parallel only parameters,aQ

(K) (|), are computed
because only a single state accessed by parallel excitation
correlates with both the ground and excited-state asymptotes,
and, therefore, these parameters are zero. An expression for the
anisotropy parametera1

(3) (|, ⊥) in terms of the dynamical
functions10 is given in the appendix because this has not been
published previously.

3. Results and Discussion

3.1. Cross-Sections, Branching Fractions, andâ Param-
eters. Figure 4 shows the total integral cross sections for the
photodissociation of HBr from its ground vibrational state. The
figure also shows the experimentally measured cross section
of Huebert and Martin.56 Our calculated total integral cross
section compares quite well to the one measured experimentally,
peaking at the same position and differing in magnitude by 4.4%
at the peak of the cross section. The quoted error in the
experimental cross section is only 0.18%. Although this is
probably reliable, we note that the cross section differs by 9%
from the closest experimental cross section measured by
Goodeve and Taylor57 33 years earlier. The figure also shows
the partial cross-sections. Surprisingly, the a3Π1 partial cross
section, which arises from an electronically nonadiabatic transi-
tion from the A1Π1 state, makes the largest contribution to the
total cross section, while both the A1Π1 and t3Σ1 partial cross
sections make substantial contributions.

Figure 5 shows the results of a calculation of the partial and
total cross sections using only the adiabatic curves and leaving
out the nonadiabatic coupling matrix elements. The results of
this calculation are informative because they show the effect
of nonadiabatic transitions on the cross sections. The partial
cross section to t3Σ1 is so small that it cannot be seen on the

scale of the figure. This clearly demonstrates that the t3Σ1 state
cannot be populated via direct excitation at any of the photon
energies of interest. The contribution of the A1Π1 partial cross
section to the total cross section is much greater, and those of
the a3Π1 and t3Σ1 are less than the corresponding partial cross
sections of the full calculation (including nonadiabatic dynam-
ics). At 193 nm, the different adiabatic states make relative direct
contributions of 89% (A1Π1), 10% (a3Π1), and 1% (a3Π0+) to
the total cross section. Rakitzis et al.25 have assumed a
contribution of 100% from adiabatic excitation to the A1Π1 state
and have based their estimation of nonadiabatic transition
probabilities of 0.80 and 0.14 to the a3Π1 and t1Σ1 states on
this assumption. It would seem appropriate to reassess this
analysis in the light of our calculations.

Figure 6 shows the Br atom excited-state branching fraction,
Γ ) σ(Br*)/(σ(Br*) + σ(Br)), as a function of photon energy
for the photodissociation of HBr from its lowest vibrational state.
The figure also shows the experimental results of Regan et al.18

The agreement between the calculated and experimental branch-
ing fraction as a function of photon energy is quite good.
Although both the experimental and the theoretical branching
fractions show a definite maximum as a function of energy,
the position of the calculated maximum is at 41 000 cm-1,
whereas that of the experimental maximum is at 43 000 cm-1.

Figure 4. Theoretical and experimental56 total cross-sections for the
photodissociation of HBr. Also shown are the calculated partial cross
sections. All calculated cross sections originate from the ground
vibrational state.

Figure 5. Theoretical total and partial cross-sections for the photo-
dissociation of HBr as determined from an adiabatic calculation (see
the text for details).

Figure 6. Excited-state Br atom branching fraction,Γ ) σ(Br*)/(σ(Br)
+ σ(Br*)), as a function of photon energy for the photodissociation of
HBr. Results are from the present time-dependent wave-packet calcula-
tions (solid line) and the experimental measurements18 (filled circles).
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The previous theoretical calculations7 did not predict a maximum
in the branching fraction; in fact, they found a shallow minimum
near 44 000 cm-1. The form of the experimental maximum
seems to be “cusped,” whereas the maximum in the theoretical
curve is smooth. Regan et al.18 suggested that the presence of
the “cusp” is due to a cooperative effect between the two
mechanisms producing excited-state bromine atoms: (1) dis-
sociation via a direct parallel transition to the a3Π0+ state and
(2) dissociation through a perpendicular mechanism via the t3Σ1

state, which is populated by nonadiabatic coupling from the
A1Π1 and a3Π1 states; it cannot be populated via direct
excitation at these low photon energies, see Figures 1 and 5.
As we will see below, the theoretical calculations confirm that
there is a change in mechanism for the production of Br* atoms
from parallel to perpendicular absorption as the photon energy
increases. The photon energy at which this change occurs is
very sensitive to the computed relative energies of the a3Π0+

and t3Σ1 states, the transition dipole moment to a3Π0+, and
nonadiabatic couplings resulting in population of t3Σ1 at these
low photon energies. Hence, although the current ab initio
calculations are very good (see Section 2.1 and the subsequent
discussion in Section 3.2), they are still insufficient to reproduce
the details of the experimentally observed “cusp.”

3.2. Anisotropy Parameters for Br(2P3/2) and Br(2P1/2). The
full set of anisotropy parameters describing the orientation and
alignment of Br(2P3/2) and Br(2P1/2) atomic fragments was
computed over a wide range of photolysis wavelengths. Many
of these parameters have been measured experimentally at 193
nm by Rakitzis et al.,25,32and we compare our calculated values
with these measurements in Table 1. Two other experimental
measurements22,26 of the anisotropy parameter,â, at 193 nm
for both product channels are also included in the table.

As may be seen from the partial cross sections in Figure 4,
the vast majority of the photofragmentation process occurs via
a perpendicular transition (see curves marked A1Π1, a3Π1, and
t3Σ1). These pathways give rise to aâ parameter of-1. All of
the adiabatic curves correlating with ground-state Br atoms arise
from Ω ) 0 f Ω ) 1 transitions (see Figure 1). Any parallel
contribution to the anisotropy parameter,â, for ground-state Br
atoms must therefore arise from a nonadiabatic transition during
the breakup process. The calculated value of the anisotropy
parameter for the ground state Br fragment is nearly-1.0 at
all photon energies. This value ofâ ≈ -1.0 is in agreement
with experimental measurements of Regan et al.18 at λ ) 203,
213, 222, 233, and 243.1 nm and of Xu et al.22 at 193 nm.
Rakitzis et al.32 measuresâ ) -0.88 ( 0.05 at 193 nm, and
Baumfalk et al.26 find values of â equal to -0.9 ( 0.10,
-0.82( 0.30, and-0.96( 0.05 at wavelengths of 193, 205,
and 243 nm, respectively. Therefore, except for the recent

measurements of Rakitzis et al., we agree with all of the
experimental measurements of theâ parameter for the Br(2P3/2)
atomic fragment within the experimental error bars.

Figure 7 shows the calculated anisotropy parameter,â, for
Br* atoms as a function of photon energy. Only two states,
a3Π0+ and t3Σ1 dissociate adiabatically to give Br* atoms. The
partial cross section for the a3Π0+ state corresponds to a parallel
transition, whereas that for the t3Σ1 state corresponds to a
perpendicular transition. At low excitation energies, the partial
cross section for the a3Π0+ state dominates andâ ) 2,
corresponding to a parallel transition, whereas at higher energies
the partial cross section for t3Σ1 dominates andâ ) -1. Similar
behavior is seen in the calculated anisotropy parameter for
excited-state iodine atoms produced from the analogous HI
molecule.31 Figure 7 also shows experimentally measured
values18,22,24-26,60 of â, for the H+ Br* products. The general
form of the calculatedâ versus photon energy curve agrees well
with the experimentally measured values, but the calculated
transition from a parallel to perpendicular photodissociation
process occurs at a slightly too low photon energy. The parallel
transition amplitude is much smaller in the analogous HF8 and
HCl11 systems. It arises entirely through the spin-orbit mediated
mixing of the diabatic X1Σ0

+ and a3Π0+ states. As discussed in
Section 3.1 with regard to the Br* branching fraction, the exact
photon energy at which the photodissociation process to produce
Br* changes from parallel to perpendicular is very sensitive to
the details of the electronic structure for the a3Π0+ and t1Σ1

states (i.e., the positions of the potential energy curves, the
couplings between them, and the transition dipole moment to
the a3Π0+ state).

Figure 8 illustrates the anisotropy parameters describing
incoherent perpendicular excitation,a0

(K) (⊥), for the ground-
state Br(2P3/2) photofragments from the photodissociation of HBr
as a function of photolysis wavelength. The results are for
excitation from theV ) 0 vibrational state. These parameters
provide information about the relative yields on the A1Π1 and
a3Π1 electronic states;10 information that cannot be accessed
via the measurement of the total cross-section, branching
fraction, orâ parameter. The agreement between the theoretical
and experimental result25 at 193 nm fora0

(1) (⊥) for HBr is

TABLE 1: Anisotropy Parameters Obtained for Br( 2PJ) at
193 nma

Br(2P3/2) Br(2P1/2)

parameter experiment (ref) theory experiment (ref) theory

â -0.88( 0.10 (32) -0.21( 0.10 (25)
-1.0 (22) -0.99 -1.0 (22) -0.78
-0.9( 0.10 (26) 0.00( 0.10 (26)

a0
(1) (⊥) 0.30( 0.07 (25) 0.35 0.55( 0.16 (25) 0.577

a0
(2) (⊥) -0.7( 0.2 (32) -0.51 ‚‚‚ ‚‚‚

a2
(2) (⊥) -0.3( 0.2 (32) -0.29 ‚‚‚ ‚‚‚

Re[a1
(1) (|, ⊥)] 0.09( 0.08 (25) 0.031 0.46( 0.16 (25) 0.36

a References for the experimental measurements are given in
brackets.

Figure 7. Anisotropy parameters,â, for the excited Br* (solid line)
fragment as a function of photon energy for the photodissociation of
HBr excited from its groundV ) 0 state. Also shown are the
experimental measurements from ref 18 (filled triangles), ref 22 (open
triangles), ref 24 (open squares), ref 25 (filled circle), ref 26 (open
diamonds), and ref 60 (open circles).
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excellent and the theoretical value for thea0
(2) (⊥) parameter

also agrees with experiment32 within the experimental uncer-
tainty.

The calculateda2
(K) (⊥) parameters are shown in Figure 9.

These parameters describe the coherent perpendicular excitation
of the a3Π1 and A1Π1 states. The agreement between theory
and experiment32 for a2

(2) (⊥) is again excellent. Parameter
a2

(2) (⊥) describes the degree of coherence between Br(2P3/2)
atoms in states with theirzcomponent of the angular momentum
associated with quantum numbersm andm ( 2.

The a1
(1) (|, ⊥) parameter describing the coherent parallel

and perpendicular excitation for ground-state Br(2P3/2) is
presented in Figure 10 as a function of photon energy. This
parameter provides information about the interference between
dissociation arising from parallel absorption pathways (i.e.,
dissociation on the X1Σ0 state potential curve populated from
a3Π0 by nonadiabatic coupling) and dissociation arising from
perpendicular absorption pathways (i.e., dissociation on the
A1Π1 and a3Π1 potential curves). Any deviation of the
a1

(1) (|, ⊥) parameter from zero indicates a (minor) parallel

component and, therefore, the presence of a nonadiabatic
transition from a3Π0 to the X 1Σ0 ground state. The theoretical
results agree with experiment within the experimental uncer-
tainty.

The real part of thea1
(3) (|, ⊥) anisotropy parameter is shown

in Figure 11 and is compared to the experimental value quoted
by Rakitzis et al.25 The calculated value falls just outside the
rather large error bars assigned to the experimental measurement.
Note, however, that several assumptions were made in the
analysis of the experimental results,25 which might lead to an
incorrect value for thea1

(3) (|, ⊥) parameter. The assumptions
made involve assuming that several anisotropy parameters,
including in particular parametera2

(3) (⊥), may be ignored or
set to zero so as to permit the extraction of other parameters
from the experimental data. Our theoretical calculation of the
a2

(3) (⊥) parameter is presented in Figure 9, which shows that
this parameter has a value of about-0.19 at 193 nm. This is

Figure 8. Incoherent anisotropy parametersa0
(K) (⊥) for the produc-

tion of ground-state Br(2P3/2) atoms as a function of photon energy
following the photodissociation of HBr (solid lines) excited from its
ground vibrational state. Also shown are the experimental measurements
for a0

(1) (⊥) (b) anda0
(2) (⊥) (O) of Rakitzis et al.25 at 193 nm.

Figure 9. Coherent anisotropy parametersa2
(K) (⊥) for the production

of ground-state Br(2P3/2) atoms as a function of photon energy following
the photodissociation of HBr (solid lines) excited from its ground,V )
0, vibrational state. Also shown is the experimental measurement of
Rakitzis et al.25 for a2

(2) (⊥) (b) at 193 nm.

Figure 10. Coherent anisotropy parameters Re[a1
(1) (|, ⊥)] and

Im[a1
(1) (|, ⊥)] for the production of ground-state Br(2P3/2) atoms as a

function of photon energy following the photodissociation of HBr (solid
lines) excited from its ground,V ) 0, vibrational state. Also shown is
the experimental measurement of Re[a1

(1) (|, ⊥)] (b) of Rakitzis et al.25

for HBr at 193 nm.

Figure 11. Coherent anisotropy parameter Re[a1
(3) (|, ⊥)] for the

production of ground-state Br(2P3/2) atoms as a function of photon
energy following the photodissociation of HBr (solid lines) excited from
its ground,V ) 0, vibrational state. Also shown is the experimental
measurement of Rakitzis et al.25 (b). Note that as our definition of the
rank 3 anisotropy parameters is twice as large as that used by Rakitzis
et al. (see appendix). We have divided our calculated parameter by
two so as to provide a valid comparison with the measured value.
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not an inconsiderable value, and setting this to zero in the
analysis process might lead to errors. Alternative methods of
analyzing such experimental data have been proposed by some
of the authors.58,59

The polarization of excited-state Br(2P1/2) photofragments is
fully described by just (K ) 1) orientation parameters,a0

(1) (⊥)
anda1

(1) (|, ⊥). Thea0
(1) (⊥) parameter is not plotted because it

is constant and equal to its maximal value of 0.577 () 1/x3),
while thea1

(1) (|, ⊥) parameter is illustrated in Figure 12. We
see from the figure that the calculated value of the parameter
agrees very well with the experimental25 value at 193 nm. The
Re[a1

(1) (|, ⊥)] and Im[a1
(1) (|, ⊥)] parameters are dependent on

the phase difference of the radial wave functions created on
the a3Π0+ and t3Σ1 states modulated by the corresponding
transition dipole moments to these states. In light of the photon
energy dependence observed for theâ parameter, see Section
3.1, we might anticipate that the peaks in the exacta1

(1) (|,⊥)
curves would be shifted to somewhat higher photon energies
than those shown in Figure 12.

4. Conclusions

We have presented new calculations of the potential energy
curves, transition dipole moments, and spin-orbit coupling
matrix elements for the low-lying electronic states of the HBr
molecule. We have used the electronic structure data to examine
the photofragmentation of HBr in the ultraviolet spectral region.
Although there have been previous ab initio calculations of this
photodissociation process,7,14 our paper is the first that reports
a comparison of the calculated and experimental absolute value
of the photodissociation cross section for the system. As
demonstrated in Figure 4, our calculated cross section peaks at
the same photon energy as the experimental cross section and
differs by only a few percent in magnitude from it. This clearly
demonstrates the basic reliability of our calculations.

We also present the branching fraction for the production of
Br* atoms. We compare these with the available experimental
results18,22,26,32 and find that there is a reasonable level of
agreement (see Figure 6). The calculated values agree with the
experimental ones to within the experimental uncertainty for
about half of the measured points and lying just outside the

quoted experimental error bars for the other points. The
experimental branching fraction curve seems to display a cusp
that is absent from the theoretical curve; although the theory
predicts a maximum at nearly the same wavelength as the cusp.

The anisotropy and vector correlation and alignment param-
eters for the system are also presented and discussed. Unlike in
the case of HF8,10and HCl,11 the increased spin-orbit coupling
present in the case of HBr leads to a more readily measured
parallel component of the photodissociation cross section (see
Figures 2, 4 and 7). The predicted parallel component is,
however still very small and is highly sensitive to the finer
details of the electronic structure calculations. One consequence
of this sensitivity is that the anisotropy parameter,â, for the
excited Br* atom changes from that of a parallel to that
corresponding to a perpendicular transition at slightly too low
a photon energy as compared to the experimental measurements
(see Figure 7).

Nearly all of the computed vector correlation and alignment
parameters are found to agree with the few existing measure-
ments of Rakitzis et al.25 within the experimental error.

Acknowledgment. A.G.S. acknowledges support from IN-
TAS, Grant N 03-55-1277. A.B. thanks the Natural Sciences
and Engineering Research Council of Canada and the University
of Alberta for financial support, and we thank HEFC and the
EPSRC for the provision of funds to purchase the computers
used in this work. We are grateful to Professors M. N. R.
Ashfold and A. J. Orr-Ewing for helpful discussions and for
providing us with some of their experimental data. We also
thank Dr. Shiyang Zou for helpful discussions.

Appendix

Expressions for Anisotropy Parameter a1
(3) (|, ⊥) in

Terms of Dynamical Functions.The relationship between the
anisotropy parametersaQ

(K) and the dynamical functions, and
the evaluation of the dynamical functions themselves, have been
discussed in a previous papers.10,11Below we give an expression
for the anisotropy parametera1

(3), which has not been published
previously.

The definition of the dynamical functions,fK(q, q′) has been
given by Balint-Kurti et al.,10 where the evaluation of these
functions is also discussed. Note that our definition of the
anisotropy parameters of rank 3, as in the above equation, are
larger by a factor of 2 than those used by Rakitzis et al.25
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