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Photodissociation of HBr. 1. Electronic Structure, Photodissociation Dynamics, and Vector
Correlation Coefficients'

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 objecis3 The process has been studied in
recent years as a prototypical molecular dissociation exhibiting
electronically nonadiabatic molecular dynamics, which becomes
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Ab initio potential energy curves, transition dipole moments, and-spihit 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 atorfyBr@nd the lowest

order anisotropy parameters, 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 d?é[(ll, 0)] 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.

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

evident through the production of both excited and ground-state ©© Study thes?e%oces_ses, and itis only in the very most recent
halogen atomé:26 Of primary interest is the photodissociation experiment¥16.18that it has been possible to start studying the

process

energy dependence of the branching fraction.
The study of the polarization of the angular momentum of

HX + hv — HES) + X(?Pyy,) photofragments arising in photodissociation processes and the

5 5 dependence of these properties on the scattering direction
— H(S) + X(“Py) provides a complete description of the dynamics. These proper-
ties can be fully described by a spherical tensor expansion of

Often the halogen atom spiorbit states are referred to as X  the generalized scattering cross sectiofiThis expansion gives
and X* for the ground X{Ps/;) and excited X{Py) state atoms, yise to orientation and alignment parametef$(p), the com-

respectively. The first theoretical study of the competition or pjete set of which carry with them all possible information about
branching between the production of ground and electronically {he angular distribution of the alignment and orientation of the
excited halogen atoms in this process was carried out by oneangular momentum in question. In the present case of the
of the author’é;_on an early c_alcul_ated p_oter_1ﬁé|for 'ghe HCl photodissociation of HBr, this would be the combined spin
molecule. In this work, the spirorbit coupling interactions were orbit angular momentum of the Br atom or the spin angular
added to the computed potential energy curves in an empirical 5 yentym of the hydrogen atom. In the photodissociation of
manner. The work showed clearly the importance of examining HCI% and HBr25 it has been shown, by using such analysis of

t Part of the special issue “John C. Light Festschrift”. the dissociation process, that highly pqlarlzed hydrogen atoms
* To whom correspondence should be addressed. E-mail: Gabriel.Balint- €@n be produced through the use of circularly polarized light.

K“itg)ﬁgﬁmé}?,%fg' < ioffe rssir Ab initio theoretical studies of the photodissociation dynamics
§ E-mail- a|ex_brgwn'@ua|berté_cé_ of HFl_0 and HCH and calculations of the associated orientation
'E-mail: osv@pms.ioffe.rssi.ru. and alignment parameters have been published. Similar calcula-
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tions for HI23'based on both empirical and ab initio electronic the dynamics, that is, potential energy curves, transition dipole
structure data have also appeared in the literature. In this papermoments, permanent dipole moments, and-spibit couplings.
we present analogous calculations for the final halogen halide To determine the diabatic potential energy curves and permanent
in this series, HBr. dipole moments, complete active space self-consistent field
The paper is organized as follows. In Section 2.1., new ab (CASSCF}'#?calculations were first performed for each state
initio calculations of the potential energy curves, including separately. The active space comprised the valence space only,
spin—orbit coupling, and transition dipole moments are dis- thatis, eight electrons in five orbitals. Multireference internally
cussed. These represent the best HBr data available in thecontracted configuration interaction (MRE&}f4 calculations
literature. The theory for the photodissociation dynamics is were then carried out using the CASSCF orbitals and wave
reviewed briefly in Section 2.2. Our theoretical results for the functions. The effect of higher order excitation was estimated
total cross-section, the excited-state bromine branching fraction, using the Davidson correctidfThe total number of contracted
and the anisotropy parametg, are discussed and compared configurations was 121 518, 121 795, 73 671, and 121 671 for
to experiment and previous computations in Section 3.1. In the XI=*, A1, &1, and =" states, respectively.
Section 3.2, we report the first determination of the anisotropy  The AT — XIS+ electronic transition moment was deter-
parameters for bromine atoms resulting from HBr dissociation mined using a slightly different procedure than that used for
and compare them to the experimental measurements of Rakitzighe diabatic PECs because it is necessary to have a common

et al?>32 A short summary is given in Section 4. set of orbitals and a well-defined wave function to describe both
states involved. The state-averaged CASSCF (SA-CASSCF)

2. Theory method®42 was used for the ¥ and A1 states, and then
MRCI calculations were performed to obtain the transition

The theoretical calculation of the photodissociation process
involves two important parts: the determination of the underly- moment.
ing electronic structure, that is, potential energy curves (PECs), Finally, the spin-orbit matrix elements were determined
dipole moments, and nonadiabatic couplings, and the dynamica|USing a procedure that differed from both the calculation of the
calculations from which the photodissociation cross sections, diabatic PECs and the electronic transition dipole moment. The
the branching fractions, and the orientation and alignment SA-CASSCF method was used to calculate a common set of

parameters of the atomic photofragments can be determinedorbitals for all of the states involved in the dynamics, that is,

2.1. Ab Initio Determination of the Electronic Structure. the X'=*, A'TI, &1, and =" states. The spirorbit matrix
There have been many previous theoretical studies of the grouncelements were then computed at the CASSCF level. The
state of HBr and its associated dipole mom&n#5 However, bromine atom fine-structure splitting(*P12) — E(*Ps12), was
the number of calculations of the excited states is limife§. ~ calculated to be 3536 cm, which is within 4% of the
Therefore, we have undertaken an ab initio investigation of the €xperimental valueé of 3685 cnr™.
twelve electronic states, X" (nondegenerate}IT (double The adiabatic PECs are determined by diagonalizing a matrix

degeneratefII (sixfold degenerate) ariE™ (threefold degen- containing the (diagonal) diabatic potential energy curves and
erate), that correlate with the lowest energy asymptote the (off-diagonal) spirrorbit couplings. Both the adiabatic PECs
H(%S) + Br(®P). As in our previous work on the hydrogen and the matrixM(R), which transforms from the diabatic to
halides®112these electronic states will be referred to as the the adiabatic representation, are needed in order to perform the
diabaticbasis. When spinorbit coupling is taken into account  time-dependent wave-packet dynanfie4 The adiabatic po-

in the electronic structure calculations, there are two dissociationtential energy curves are illustrated in Figure 1. The states are

channels H{Sy) + Br(?Psj2) and HES, ) + Br(?Py) involving labeled by the case (a) diabatic state making the largest
ground state and spirorbit excited-state bromine, respectively. contribution to the adiabatic state in the Fran€iondon region
Eight adiabatic states, Xy (ground state), AlT; (two sub- and by the quantum numbg. The figure shows the adiabatic
states), d1; (two substates),3al, (two substates), andHg-, potentials for only the ground state and the optically accessible

correlate with the lowest energy asymptote, while four states, excited states, that i€2 = 0t and Q = 1 (all states shown
3% (two substates),*hlg+, and €29, correlate with the excited-  being ofe symmetry)>8 Using the transformation matriM (R),
state asymptote. The term symbols translate as a mixed Hund'stogether with the diabatic dipole moment and transition dipole
case (a)/case (c) according¥Aq. For Hund's case (c)Q moment curves, the adiabatic transition dipole moments can also
is the only good quantum number and #ie*A labels designate  be determined. Figure 2 illustrates the adiabatic transition dipole
the largest case (a) contribution within the Fran€ondon moments as a function & Unlike HF® and HCI!! where the
region. The adiabatic states of importance in the dynamics areinitial excitation is dominated by thel; — X134+ transition,
the ground state ¥, and seven optically accessible excited in HBr all optically allowed transitions can contribute. Although,
states, that is, the WI;, &I1;, &+, and ﬁzj states. The as discussed in Section 3, the dire®;t~— XX+ transition
electronic states, including sphorbit coupling, will be later contributes only at high energy because of the relative positions
referred to as thadiabaticbasis. of the potential energy curves (see Figure 1).

For the determination of the diabatic potential energy curves, Figure 3 shows the calculated spiarbit coupling matrix
the spir-orbit couplings, and the transition and permanent elements. The most interesting aspect highlighted by this figure
dipole moments, calculations have been performed using theis the rapid increase in magnitude of the spambit matrix
MOLPRO progran®’ For bromine, the small-core relativistic  elementBI1y+|Hso/'=0as a function of H-Br internuclear
pseudopotential and augmented correlation consistent polarizedseparation aroun& = 2.4 bohr. The twd2 = O* states, both
valence quintuple zeta basis set (aug-cc-pV52¥vas used. of which are ofe symmetry, are mixed by the spiorbit
This corresponds to a (16s,13p,13d,3f,2g,1h)/[7s,6p,5d,3f,2g,1h]coupling interaction. AR = 2.4 bohr, however, the energy
contraction. For the hydrogen atom, the aug-cc-pV5Z #sis, separation between the diabgfit™ and3I1y+ states is too great
with the (9s5p3d2flg)/[5s4p3d2flg] contraction, was utilized. to allow them to mix effectively. We see that the adiabatic

A sequence of electronic structure calculations have beentransition dipole moment connecting these states increases to a
carried out to determine the molecular properties required for maximum aroundR = 5 bohr (see Figure 2). At this much larger
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Figure 1. Adiabatic potential energy curves as a function of the HBr Figure 3. Spin—orbit coupling matrix elements as a function of the
internuclear distance. HBr internuclear distance, as determined by the CASSCF calculations.
08 —————S the ground-state electronic state potential energy curve with the
. J corresponding experimental quantities is evidence of its ac-
3 074 curacy.
P 1 2.2. Computation of the Photodissociation DynamicsThe
g 06+ photodissociation dynamics are computed using time-dependent
g l guantum-mechanical wave-packet metlfgdd247.48.525hased
2 °'5'_ on the new ab initio potential energy curves, spimbit
& 0.4 couplings, and dipole moments. Our first objective will be to
5 | test the quality of our ab initio calculations by comparing the
2‘5 03 computed scalar photodissociation properties, such as the total
2 1 cross section and the BRy;) branching fraction, with experi-
0.2 mentally determined quantities. We will then compute the vector
correlation and anisotropy parameters and compare these with
014 measured quantities.
00 The computation of the anisotropy parameters from time-
1 dependent wave-packet calculations of the dynamics has been
R/ bohr well-documentetf11Here we review the pertinent information
Figure 2. Adiabatic transition dipole moments from thé3- ground briefly. The photofragmentatiol matrix elements are central
electronic state to the four electronic states shown in Figure 1. to the calculation of the dynamical functions and anisotropy

parameterd? For a diatomic molecule, AB, dissociating into

atoms A and B, having angular momejtandjg, respectively,
bond length, the energy differences between the diabatic the dynamical functionf(q, o) for fragment A are related to
potential energy curves are now comparable to the magnitudethe T matrix elements as described in refs 10 and 12. The
of the spin-orbit coupling matrix element. Thus, at this larger multipole rank!? K, of the dynamical functions for a photo-
bond length the diabatic states mix much more strongly. We fragment with angular momentujg range fromkK = 0 toK =
will return to this discussion later in the paper. 2ja. For the ground-state bromine fragmeit & 3/2), the

The dissociation energyDo, calculated from the adiabatic complete set of the dynamical functions contahs- 0, 1, 2,

X1z, state is 29 316 crmt as compared to the experimedtal ~ and 3, whereas for the excited-state fragméat< 1/2) only
value of 30 210+ 40 cnt?, the difference being 3.0%. The K = 0 and 1 are required. The anisotropy parameters,
computed X35+ ground state has also been used to determine ag)(p),f"‘v55 are normalized combinations of the dynamical
the energies of the low-lying vibrational states of HBr by functions, wherep refers to the symmetry of the transition
utilizing the Fourier grid Hamiltonian methd@3°Fitting to a connecting the ground electronic state to the dissociative excited
simple anharmonic oscillator expression for the energies, the states. Thugp can be pure parallell), pure perpendicular),
harmonic frequencywe = 2636 cnt! and anharmonicity or mixed parallel/perpendiculatl,(). These anisotropy pa-
parametemweXe = 51.4 cnT! are in good agreement with the rameters provide the most detailed information possible con-
experimental valué$ of 2648.975 and 45.217 crh respec- cerning the photodissociation dynamiésThe theoretical and
tively. The good agreement of these calculated properties of experimental determination of these parameters is therefore the
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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).
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Figure 4. Theoretical and experimentélotal cross-sections for the

photodissociation of HBr. Also shown are the calculated partial cross
sections. All calculated cross sections originate from the ground 0.5 —rtr - r - r T - 1 T T T T
vibrational state.

best way to gain an in-depth understanding of the photodisso- %41 .
ciation dynamics.

For the ground -state bromine fragments, th§ (), § s
a? (D), & (0), &2 (0), &2 (), &Y (I, 0), anda? (11, O) g i
anlsotropy parameters are computed For the excited- state“é
bromine fragments, only tha(l) (I, O) parameters are deter- £ 02 A
mined. Thea (o) parameters describe incoherent perpen- § | H |
m

dicular excitation, thea (D) parameters describe coherent
perpendicular excitation, and t° (I, O) parameters, with 0.1 1
K = 1 and 3, describe coherent parallel and perpendicular
excitation. No parallel only parameteag() (1), 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 parameteal) (I, O) in terms of the dynamical Figure 6. Excited-state Br atom branching fractidh= o(Br*)/(o(Br)

+ o(Br*)), as a function of photon energy for the photodissociation of
0j

functlon§ IS glyen in the appendix because this has not been HBr. Results are from the present time-dependent wave-packet calcula-
published previously.

tions (solid line) and the experimental measurentéiffiied circles).

0.0 — 7T ‘* T ‘* T T T T T ' T T T 7
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3. Results and Discussion . .
scale of the figure. This clearly demonstrates that &g $tate

3.1. Cross-Sections, Branching Fractions, anff Param- cannot be populated via direct excitation at any of the photon
eters. Figure 4 shows the total integral cross sections for the energies of interest. The contribution of thélA partial cross
photodissociation of HBr from its ground vibrational state. The section to the total cross section is much greater, and those of
figure also shows the experimentally measured cross sectionthe 2I1; and ; are less than the corresponding partial cross
of Huebert and Martif® Our calculated total integral cross sections of the full calculation (including nonadiabatic dynam-
section compares quite well to the one measured experimentally,ics). At 193 nm, the different adiabatic states make relative direct
peaking at the same position and differing in magnitude by 4.4% contributions of 89% (Al1,), 10% (&I1;), and 1% (&1g+) to
at the peak of the cross section. The quoted error in the the total cross section. Rakitzis et 2al.have assumed a
experimental cross section is only 0.18%. Although this is contribution of 100% from adiabatic excitation to thélA state
probably reliable, we note that the cross section differs by 9% and have based their estimation of nonadiabatic transition
from the closest experimental cross section measured byprobabilities of 0.80 and 0.14 to thél&, and t=; states on
Goodeve and Tayléf 33 years earlier. The figure also shows this assumption. It would seem appropriate to reassess this
the partial cross-sections. Surprisingly, thi&la partial cross analysis in the light of our calculations.
section, which arises from an electronically nonadiabatic transi-  Figure 6 shows the Br atom excited-state branching fraction,
tion from the A1, state, makes the largest contribution to the T = o(Br*)/(¢(Br*) + o(Br)), as a function of photon energy
total cross section, while both the'H; and £2; partial cross  for the photodissociation of HBr from its lowest vibrational state.
sections make substantial contributions. The figure also shows the experimental results of Regan't al.

Figure 5 shows the results of a calculation of the partial and The agreement between the calculated and experimental branch-
total cross sections using only the adiabatic curves and leavinging fraction as a function of photon energy is quite good.
out the nonadiabatic coupling matrix elements. The results of Although both the experimental and the theoretical branching
this calculation are informative because they show the effect fractions show a definite maximum as a function of energy,
of nonadiabatic transitions on the cross sections. The partialthe position of the calculated maximum is at 41 000~&m
cross section to’E; is so small that it cannot be seen on the whereas that of the experimental maximum is at 43 000'cm
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TABLE 1: Anisotropy Parameters Obtained for Br(2P;) at
193 nn

BI’(2P3/2) Br(2P1/2)
parameter experiment (ref) theory experiment (ref) theory

p —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) 0.00t 0.10 (26)
a(()1>(g) 0.30+0.07 (25) 0.35 0.55:-0.16(25) 0.577 a
a((f)(g) -0.7+£0.2(32) —0.51 ---
agz)(m) —-0.3+£0.2(32) —0.29 -

Refel (I, 0)] 0.09+0.08 (25) 0.031 0.46:0.16(25) 0.36

aReferences for the experimental measurements are given in
brackets.

T T T T T T
40000 50000 60000 70000

The previous theoretical calculatidrtid not predict a maximum Photon Energy / cm™

in the branching fraction; in fact, they found a shallow minimum  Figure 7. Anisotropy parameterg, for the excited Br* (solid line)

near 44 000 cmt. The form of the experimental maximum fragment as a function of photon energy for the photodissociation of

seems to be “cusped,” whereas the maximum in the theoreticalHBr excited from its groundv = 0 state. Also shown are the

curve is smooth. Regan et ¥lsuggested that the presence of experimental measurements from ref 18 (filled triangles), ref 22 (open

the “cusp” is due to a cooperative effect between the two triangles), ref 24 (open squares), ref 25 (filled circle), ref 26 (open
. . . . . . diamonds), and ref 60 (open circles).

mechanisms producing excited-state bromine atoms: (1) dis-

sociation via a direct parallel transition to thd g+ state and

(2) dissociation through a perpendicular mechanism viaie t  measurements of Rakitzis et al., we agree with all of the
state, which is populated by nonadiabatic coupling from the experimental measurements of fhparameter for the B#Ps/,)
A and &I states; it cannot be populated via direct atomic fragment within the experimental error bars.

ixcnatlor;l at thgsle IOV\t’hpht?]ton etnerlgleT, slete_ Flguresf_l atr;]d tS. Figure 7 shows the calculated anisotropy paramgtefor
S we will see below, e theoretical calculations confirm thal g« 510ms a5 a function of photon energy. Only two states,

;?:r;eézgﬁgftr:) gSelPpr:r?gitir;gt:gg:gﬁo?]r%iutﬁéoghocjtg:]*:rgcérrgsy a3H9+ and £2; dissociate adiabatically to give Br* atoms. The

increases. The photon energy at which this change occurs iSpartla_ll_cross section for théldy+ state corresponds to a parallel

very sensitive to the computed relative energies of téa transition, whereas. ! hat for théZtl.ste}te corres_,ponds to a

and £, states, the transition dipole moment éTa+, and perpendlcullar transition. At low excnathn energies, the partial
' ' cross section for the 3B+ state dominates ang = 2,

nonadiabatic couplings resulting in population #tat these corresponding to a parallel transition, whereas at higher energies

low phqton energies. Hence, althOL.'gh the current ab initio tthe partial cross section foid; dominates ang = —1. Similar
calculations are very good (see Section 2.1 and the SUbsequenbehavior is seen in the calculated anisotropy parameter for

discussion in Section 3.2), they are still insufficient to reproduce . s
. - « " excited-state iodine atoms produced from the analogous HI
the details of the experimentally observed “cusp. 1o .
3.2. Anisotropy Parameters for Br@Ps) and Br(Pyy). The molecule3! Figure 7 also shows experimentally measured
cull set of ani E{’y ters d 3’.b. th v iati dvalueé8~22'2‘*26'6°ofﬁ, for the H+ Br* products. The general
Ut SEL of anisotropy parameters describing the orientation and ¢, ., of the calculate@ versus photon energy curve agrees well

2'(')?,:1?;(: g\je?gs\%é)ee:gg Ergrlla)ot%tlog}lscngigeginﬁswﬁ/;n with the experimentally measured values, but the calculated
P 9 P y gins. Y iransition from a parallel to perpendicular photodissociation

of these p"’!ra.maer;@?"e been measured experimentally at 19 rocess occurs at a slightly too low photon energy. The parallel
nm by Rakitzis et al??*?and we compare our calculated values i . - .

: . . transition amplitude is much smaller in the analogous kifd
with these measurements in Table 1. Two other experimental |, ~ 1, : ; o .
measuremetd? of the anisotro arametef, at 193 nm HCI! systems. It arises entirely through the spambit mediated

Py P ’ mixing of the diabatic X25" and &I1,+ states. As discussed in

for both product channels are also included in the table, Section 3.1 with regard to the Br* branching fraction, the exact

th Qiarzf%s% r?tee(?f ];Loem ::iorf)gtl2:ecr:?z;isorS\eCrt(l)?:r(]esssmoil:guurrsev?é photon energy at which the photodissociation process to produce
jonty P 9 P Br* changes from parallel to perpendicular is very sensitive to

a3perpendicular transition (see curves markél 4 #11;, and the details of the electronic structure for thélgr and {=;
). Thes_e pathways give nse tg@aparameter of-1. All of . __states (i.e., the positions of the potential energy curves, the
the adiabatic curves correlating with ground-state Br atoms ar'secouplings between them, and the transition dipole moment to
from Q = 0 — Q = 1 transitions (see Figure 1). Any parallel the #I1,* state) '

contribution to the anisotropy parametgyfor ground-state Br a0 o . .
atoms must therefore arise from a nonadiabatic transition during  Figure 8 illustrates the anisotropy parameters describing
the breakup process. The calculated value of the anisotropyincoherent perpendicular excitatioa)” (0, for the ground-
parameter for the ground state Br fragment is nearly0 at  state Br{Ps) photofragments from the photodissociation of HBr
all photon energies. This value gf~ —1.0 is in agreement ~ as a function of photolysis wavelength. The results are for

with experimental measurements of Regan égakl = 203, excitation from thev = 0 vibrational state. These parameters
213, 222, 233, and 243.1 nm and of Xu ef%aht 193 nm. provide information about the relative yields on th&lB and
Rakitzis et aP2 measureg = —0.88+ 0.05 at 193 nm, and al1; electronic state& information that cannot be accessed
Baumfalk et aP® find values of 5 equal to—0.9 + 0.10, via the measurement of the total cross-section, branching

—0.82+ 0.30, and—0.96 + 0.05 at wavelengths of 193, 205, fraction, or parameter. The agreement between the theoretical
and 243 nm, respectively. Therefore, except for the recent and experimental reséftat 193 nm foraf)l) (O) for HBr is
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Figure 8. Incoherent anisotropy parametel’ (0) for the produc- Figure 10. Coherent anisotropy parameters &8 (I, 0)] and
tion of ground-state B?Ps;) atoms as a function of photon energy Im[af" (11, O)] for the production of ground-state BRg;) atoms as a
following the photodissociation of HBr (solid lines) excited from its  function of photon energy following the photodissociation of HBr (solid
ground vibrational state. Also shown are the experimental measurementdines) excited from its ground; = 0, vibrational state. Also shown is

for ai” (0) (@) andal? (00) (O) of Rakitzis et aP® at 193 nm. the experimental measurement of &2[(II, 0)] (®) of Rakitzis et aks
for HBr at 193 nm.
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Figure 9. Coherent anisotropy parametdz@ (O) for the production . )
of ground-state B?Ps,2) atoms as a function of photon energy following ~ Figure 11. Coherent anisotropy parameter B3 (1, ‘0] for the
the photodissociation of HBr (solid lines) excited from its grounek; production of ground-state BRs) atoms as a function of photon
0, vibrational state. Also shown is the experimental measurement of €nergy following the photodissociation of HBr (solid lines) excited from
Rakitzis et aPs for a(zz) (0) (®) at 193 nm. its ground,v = 0, vibrational state. Also shown is the experimental

measurement of Rakitzis et%l(®). Note that as our definition of the

xcellent and the theoretical value for ) (O rameter rank 3 anisotropy parameters is tw.ic.e as large as that used by Rakitzis
excellent and the theoretical value fo tb§ (1)) paramete et al. (see appendix). We have divided our calculated parameter by

ta;isr?tyagrees with experiméhtwithin the experimental uncer- two so as to provide a valid comparison with the measured value.
The calculate(h(zK) (0) parameters are shown in Figure 9. component and, therefore, the presence of a nonadiabatic

These parameters describe the coherent perpendicular excitatiotransition from &8Il to the XX, ground state. The theoretical

of the &I1; and A, states. The agreement between theory results agree with experiment within the experimental uncer-

and experimefit for a? () is again excellent. Parameter tainty.

Photon energy / cm’

a? (D) describes the degree of coherence betweefPBs(  The real part of the{” (I, ) anisotropy parameter is shown
atoms in states with theircomponent of the angular momentum  in Figure 11 and is compared to the experimental value quoted
associated with quantum numbensandm =+ 2. by Rakitzis et af® The calculated value falls just outside the

The &Y (I, 0) parameter describing the coherent parallel rather large error bars assigned to the experimental measurement.
and perpendicular excitation for ground-state 2Bgf) is Note, however, that several assumptions were made in the
presented in Figure 10 as a function of photon energy. This @nalysis of the experimental resuitswhich might lead to an
parameter provides information about the interference betweenincorrect value for the'® (I, ) parameter. The assumptions
dissociation arising from parallel absorption pathways (i.e., made involve assuming that several anisotropy parameters,
dissociation on the X3, state potential curve populated from including in particular parametea(zs) (0), may be ignored or
a1, by nonadiabatic coupling) and dissociation arising from set to zero so as to permit the extraction of other parameters
perpendicular absorption pathways (i.e., dissociation on the from the experimental data. Our theoretical calculation of the
AT, and &l1; potential curves). Any deviation of the & (0) parameter is presented in Figure 9, which shows that
a(ll) (I, O0) parameter from zero indicates a (minor) parallel this parameter has a value of abet®.19 at 193 nm. This is



Photodissociation of HBr

08
0.7
0.6
0.5
0.4
03]
0.2]
0.1
0.0
01
02
03]
0.4
054

06
35000

Refa, (|, 1)]

Refa, (||, L)]

Imfa, (], 1)]

v

T T d T T T d T T T d T T
40000 45000 50000 55000 60000 65000 70000

Photon Energy / cm™

Figure 12. Coherent anisotropy parameters ﬁﬁ@[ (I, O] and
Im[a(ll) (11, O)] for the production of excited-state BR;;;) atoms as a
function of photon energy following the photodissociation of HBr (solid
lines) excited from its ground; = 0, vibrational state. Also shown is

the experimental measurement of Eﬂ-:’[(ll, 0)] (@) of Rakitzis et af®
for HBr at 193 nm.

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 som
of the author$859

The polarization of excited-state Bi,) photofragments is
fully described by justi = 1) orientation parametera§" (L)
andal" (II, 0). Theal? () parameter is not plotted because it
is constant and equal to its maximal value of 0.55571(«/5),
while the &’ (II, 0) parameter is illustrated in Figure 12. We
see from the figure that the calculated value of the parameter
agrees very well with the experimerffavalue at 193 nm. The
Ref" (I, 0)] and Im[{" (I, )] parameters are dependent on
the phase difference of the radial wave functions created on
the &I+ and #%; states modulated by the corresponding
transition dipole moments to these states. In light of the photon
energy dependence observed for thparameter, see Section
3.1, we might anticipate that the peaks in the exatt(!l,0)
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 spambit coupling
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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 HF%and HCI!! the increased spirorbit 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 parameierfor 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 & 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

Tsed 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 &% (I, 0) in
Terms of Dynamical Functions.The relationship between the
anisotropy parametem{g) and the dynamical functions, and
the evaluation of the dynamical functions themselves, have been
discussed in a previous papétdBelow we give an expression
for the anisotropy parametaf), which has not been published
previously.

f3(1, 0)
£,(0, 0)+ 2f,(1, 1)

242

(1.0 = - =¢

1)

The definition of the dynamical function&(q, ') has been
given by Balint-Kurti et all® where the evaluation of these
functions is also discussed. Note that our definition of the

matrix elements for the low-lying electronic states of the HBr anisotropy parameters of rank 3, as in the above equation, are
molecule. We have used the electronic structure data to examindarger by a factor of 2 than those used by Rakitzis ébal.

the photofragmentation of HBr in the ultraviolet spectral region.
Although there have been previous ab initio calculations of this
photodissociation procegsd# our paper is the first that reports
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