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Electronic control of the spin–orbit branching ratio in the
photodissociation and predissociation of HCl
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The fine structure branching ratio of chlorine atoms produced in the photodissociation and
predissociation of HCl was measured for excitation energies between 51 800 and 83 800 cm21. The
branching ratio between 60 000 and 70 000 cm21 is in good agreement with the calculations of
Alexanderet al. @J. Chem. Phys.99, 1752~1993!#, converging to the statistical limit at high energy.
Predissociation of electronically excited bound states display a surprisingly rich behavior,
demonstrating that the nature of the predissociating continuum state has a large effect on the atom
fragment branching ratio. ©1995 American Institute of Physics.

LETTERS TO THE EDITOR
The Letters to the Editor section is divided into four categories entitled Communications, Notes, Comments, and Errata.
Communications are limited to three and one half journal pages, and Notes, Comments, and Errata are limited to one and
three-fourths journal pages as described in the Announcement in the 1 July 1995 issue.
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The relative populations of the fine-structure states
fragment atoms provide valuable information for understan
ing the nonadiabatic processes involved in the dissociation
electronically excited molecules. The two main factors whi
determine the product branching ratio are the structure of
excited state wave function in the Franck–Condon reg
where dissociation is initiated, and the couplings betwe
potential energy surfaces at large distances where the s
ration between molecular states is comparable to the fr
ment spin–orbit splitting. A key dynamical parameter is t
ratio of the recoil time to the spin–orbit precession period

j5
RDESO

v\
, ~1!

whereR is the width of the recoupling region,DESO is the
spin–orbit splitting, andv is the recoil velocity.1 If this adia-
baticity parameter is large, we expect the fragment atom
spin–orbit states to correlate adiabatically with the molecu
states populated by the excitation pulse, while if it is smal
statistical~or more correctly, a diabatic! distribution is antici-
pated.

Because of the relative simplicity of its electronic stru
ture, HCl is an ideal case for comparing theory and expe
ment. Potential energy curves for all the low-lying excite
states of HCl are shown in Fig. 1.2 The leading orbital con-
figurations of theX 1S1 ground state are 4s25s22p4 at short
distances, corresponding to the ionic H1Cl2 structure, and
the covalent 4s25s16s12p4 configuration at long distances
Promotion of a 2p electron in the ionic configuration to the
6s antibonding orbital generates thea 3P i and A

1P con-
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tinuum valence states, producing a broad, structureless a
sorption between 50 000 and 70 000 cm21. Promotion in-
stead of a 5s electron to the 6s orbital produces thet 3S1

continuum state and theV 1S1 bound state.3,4 All the other
curves in Fig. 1 correspond to bound Rydberg states with
nominal ~X 2P i)nll configurations.5

All previous work on the spin–orbit branching ratio for
HCl dealt with theA 1P continuum state. It is readily shown
that theX 1S1, A 1P, a 3P2 , a

3P1 , and a
3P02 states

correlate adiabatically with H~2S!1Cl~2P3/2!, while the
t 3S1 anda 3P01 states correlate with H~2S)1Cl~2P1/2).

6

~See Table I.! Since most of the oscillator strength is carried
by theA 1P←X 1S1 transition, the adiabatic fragments are
primarily H~2S!1Cl~2P3/2). Nonadiabatic transitions to pro-
duce Cl~2P1/2) may nevertheless occur, sincej is small and
all of the continuum states are coupled by the rotation and
spin–orbit terms in the Hamiltonian.7 In the diabatic limit
~Table I!, all of the states except fora 3P2 correlate with
both spin–orbit states.

A calculation performed by Givertz and Balint-Kurti
~GB!8 ignoring rotational coupling predicted a smooth in-
crease of the branching ratio

G5
@Cl~2P1/2!#

@Cl~2P1/2!#1@Cl~2P3/2!#
~2!

from 0.21 at 53 500 cm21 to 0.31 at 75 200 cm21. These
values may be compared with the statistical limit ofG51/3,
which is defined as the ratio of the degeneracy of Cl~2P1/2! to
the sum of the degeneracies of both fine structure states.

Recently Alexanderet al. ~APD!9 reported a calculation
using more accurate potential energy functions and includin
rotational coupling between all of the states. Although they
found that rotational coupling has a negligible effect onG,
their branching ratios were nevertheless considerably large
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6812 Letters to the Editor
than those of GB. Moreover, they found thatG decreases
over the experimental range of energies, approaching the
tistical limit from above.

Experimental measurements at 51 800 cm21 ~193 nm!
reported by several groups6,10,11 gave a statistical produc
ratio, which liesbetweenthe predictions of the two calcula
tions, while measurements by Tonokuraet al.6 at 63 700
cm21 ~157 nm! gave a value ofG50.4760.04, which is
larger than the predictions of both calculations. In view o
the discrepancies among the previous studies, and par
larly because of the experimental evidence that at high
ergy G exceeds the statistical limit, it is desirable to exte
the energy range of the measurements. In particular,
would like to know if, as naively expected,G eventually
reaches the diabatic limit at higher energy.

Previous measurements ofG were limited to wave-
lengths of 193 and 157 nm, which are readily generated w
excimer lasers. In order to extend the energy range ofG, we
performed two types of experiments. First, we studied t

FIG. 1. Diabatic potential energy curves for HCl.

TABLE I. Adiabatic and diabatic correlation of the continuum states of HC

Statea

Adiabatic limit Diabatic limit

Cl~2P1/2! Cl~2P3/2! Cl~2P1/2! Cl~2P3/2!

A 1P1(e, f ) 0 1 1/3 2/3
a 3P0

1(e) 1 0 2/3 1/3
a 3P0

2( f ) 0 1 2/3 1/3
a 3P1(e, f ) 0 1 1/3 2/3
a 3P2(e, f ) 0 1 0 1
t 3S0

1( f ) 1 0 1/3 2/3
t 3S1

1(e, f ) 1 0 1/3 2/3

ae and f refer to the parity of the electronic states.
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direct photodissociation of HCl between 60 000 and 69 50
cm21, using three photons to excite theA 1P state. Second,
we studied the predissociation of HCl between 77 500 an
83 800 cm21, using two photons to excite discrete rotationa
levels of various Rydberg states and theV 1S1(v8510) va-
lence state. The second set of measurements allowed us a
to study the effect of rotational angular momentum on the C
fine-structure branching ratio.

These experiments were performed using a pump-an
probe apparatus, which has been described previously12

Briefly, a tunable excimer-pumped dye laser was used to e
cite HCl, while a second tunable dye laser was used to pro
the neutral Cl fragment by means of resonance-enhanc
multiple photon ionization~REMPI!, using the 4p 2D3/2
←3p 2P3/2 transition for Cl~

2P3/2! and 4p
2P1/2←3p 2P1/2

for Cl~2P1/2!.
13 Details specific to this experiment will be

provided in a future publication.
The results of the first experiment are shown in Fig. 2

These data display the high-energy behavior predicted b
APD, converging from above to the statistical limit. For
R'1.5 bohr ~see Fig. 6 of Ref. 9!, j lies in the range of
0.5–0.7, which is consistent with diabatic behavior. The dis
crepancy between theory and experiment at 51 800 cm21 re-
mains unexplained.

All of the measurements in Fig. 2 were scaled to th
measured value ofG51/3 at 51 800 cm21.14 This calibration
is especially reliable since two of the previous measure
ments10,11 at this energy were sensitive to deviations from a
nonstatistical atomic fine-structure ratio, and none was d
tected. Another point to be considered is our use of thre
photons to excite HCl. The rotational selection rule for a
P←S transition isDJ50, 61 for one photon and 0,61,
62, 63, for three photons. The larger range ofJ accessible
with three photons is unlikely to have a measurable effect o
G because the rotational line strengths foruDJu52 and 3 are

FIG. 2. Fine-structure branching ratio for the photodissociation of HCl as
function of excitation energy. Filled circles above 60 000 cm21 were ob-
tained by three-photon excitation. The data point 51 800 cm21 is the cali-
bration measurement of Refs. 6, 10, and 11. The open circle is the measu
ment of Tonokuraet al. in Ref. 6. The error bars are single standard
deviations. The solid curves labeled APD and GB are the calculations
Alexanderet al. ~Ref. 9! and Givertz and Balint-Kurti~Ref. 8!, respectively.
The dotted line is the statistical limit.
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an order of magnitude smaller than those foruDJu51.15

Moreover, APD showed that rotational coupling should ha
a negligible effect onG, and any such effect would be eve
further diminished by thermal averaging at 300 K.

Another possible consequence of using three photon
excitation to thea 3P state. For a single-photon transition
APD showed that thea 3P state carries,0.5% of the oscil-
lator strength. While it is conceivable that the rate of t
spin-forbidden transition to this state may be greater for th
photons, it is unlikely that this is a large effect since there a
no nearby states that could lend oscillator strength in a p
turbation expansion of the transition matrix element.16

The branching ratios for predissociation at high ener
are shown in Fig. 3. From the data in Fig. 2 we anticipat
thatG would be diabatic at still higher energy~wherej<0.4!.
The only continuum state that intersects the bound states
we studied ist 3S1. Although this state correlates with
Cl~2P1/2!, the shorter recoil time at high energy is expected
produce a statistical population. In light of this reasoning, t
data shown in Fig. 3 are very surprising. Depending on
choice of the initially excited gateway~i.e., predissociating!
state, nearly every type of behavior imaginable was o
served.

The branching ratios plotted in Fig. 3 fall into three ph
nomenological cases:~i! Thed 3P0, d

3P1, and f
3D2 states

exhibit statistical branching ratios, which appear to be a c
tinuation of theA 1P data shown in Fig. 2.~ii ! TheC 1P1,
D 1P1 , f

3D1, andF
1D2 ~at low J! states haveG close to

zero. For theC state no Cl~2P1/2! was detectable, with an
upper bound onG of 10%. TheF state is anomalous in tha
it displays a markedJ-dependence, withG increasing
smoothly from 0.1 atJ852 to 0.4 atJ859. ~iii ! Theg 3S0

2 ,
g 3S1

2 , andV 1S1(v8510) states display Cl fine-structur
population inversions. For theg 3S0

2 state there is a strong
inverse J-dependence, withG51 for J850. In addition,

FIG. 3. Fine-structure branching ratio for the predissociation of HCl a
function of excitation energy. The three classes of states are listed in
columns above the figure. All of the electronic states are vibrationless,
cept forV 1S1(v8510!. The dotted line is the statistical limit.
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there were several states from which no Cl was detected
either fine-structure state. For theE 1S0

1 state a strong HCl1

parent ion signal was observed. Since this state is stron
spin–orbit coupled to otherV501 states, it is surprising that
no Cl was observed. In the case of thef 3D3 state, the HCl

1

signal was very weak, and the absence of Cl may be d
simply to weak absorption by the molecule. The same m
also be true for thed 3P2 state, for which we saw no HCl1

parent ion signal.
Before attempting to explain the energy dependence

G, it is necessary to establish the mechanism for Cl produ
tion. In the case ofF 1D we have shown that Cl is produced
by indirect predissociation,17 resulting from a coupling of
F 1D to bothC 1P(v52) andb 3P i(v53), with the latter
serving as gateway states to thet 3S1 and/or theA 1P con-
tinua. The other states listed in Fig. 3 are also perturbed
these continua. The important point is that in each case p
dissociation occurs after absorption of two photons, at th
energies shown in Fig. 3. A series of experiments was pe
formed to rule out possible three- and four-photon mech
nisms. Those experiments, which include measurement
the Cl recoil speed by velocity-aligned Doppler spectroscop
and intensity measurements of parent and fragment REM
peaks, will be reported in detail in a future publication. In
every case, two-photon excitation was found to be the dom
nant mechanism.

It is generally agreed that for smallj the fragment spin–
orbit branching ratio depends on the coupling of closely ly
ing potential energy curves at large distances. This mech
nism is clearly demonstrated in the flux calculations o
APD.18What has not been established is the influence of t
Franck–Condon region on the final-state distribution. A
overly simple view of photodissociation would suggest tha
the dynamics at short distances~i.e., in the Franck–Condon
region! has less of an effect onG than at large distances,
apart from determining the asymptotic recoil energy. Fro
such a naive perspective, predissociated Rydberg sta
should produce Cl atoms with the diabatic fine-structu
populations characteristic of the predissociating continuu
state.

That this picture is too simple is already evident in th
calculations of APD, who found different high-energy behav
ior for HCl vs DCl excited to the same continuum state.18

Our present results demonstrate the failure of this mod
even more dramatically, where different gateway states pr
duce radically different dependencies ofG on energy and
rotational angular momentum.

We cannot presently rationalize many of the details o
Fig. 3. Why, for example, doesf 3D1 belong to case~ii ! while
f 3D2 belongs to case~i!? Also we do not know the cause of
theJ-dependence of theF 1D state. On a less detailed level
however, some patterns may be recognized, using theadia-
batic picture. The unique behavior of theg 3S0

2 state, for
which G varies inversely withJ, can be explained by its
parity. Since this state has~e! parity, the only continuum
state with which it interacts atJ50 is a 3P01, which corre-
lates adiabatically with Cl~2P1/2!.

19 For J.0, S-uncoupling
mixes the g 3S0

2 and g 3S1
2 states, and, since the latter

couples witha 3P , both fine-structure states of Cl may be

a
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x-
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produced. The high Cl~2P1/2! population for the other two
states in group~iii ! is understandable because they are bo
mixed withg 3S0

2 for J.0.
The large population of Cl~2P3/2! for cases~i! and ~ii !

may be explained by the adiabatic correlation of theA 1P
anda 3P02,1,2 continua. We know, for example, thatF 1D is
predissociated byC 1P1 and b 3P1 via L-uncoupling and
l -mixing.17 We further expect thatA 1P and a 3P1 are
strongly coupled toC 1P and b 3P1 by electrostatic
interaction.20,21 Direct coupling of theC and b states to
t 3S1, which correlates with Cl~2P1/2!, is less likely than via
the a, A states, despite large Franck–Condon overlap f
tors, because the configurations of these states differ by
orbitals. We further expect that theD 1P and (C 1P,b3P1)
states are coupled byl -mixing,17 and that the singlet and
triplet pairs~A;a, C;b, D;d) are coupled by the spin–
orbit operator. Hence, the observation of more Cl~2P3/2! for
theD state is justified.

Predissociation of the Rydberg states of HCl is furth
complicated by interaction with thee 3S1 state, which has an
origin in the vicinity of 81 000 cm21 ~Ref. 22! and undergoes
an avoided crossing with thet 3S1 state.3,4,23The e state is
the only Rydberg state below 90 000 cm21 that has never
been vibrationally resolved~and hence is not shown in Fig
1!, presumably because of its strong predissociation by tht
state.24 Spin–orbit interaction couplese 3S1

1 to g 3S1
2 ,

d 3P1, andD
1P1, ande

3S0
1 to d 3P0. This interaction pro-

vides a pathway to thet 3S1 state, which correlates adiabat
cally to Cl~2P1/2!. From the electronic origins of thes
states,25 we estimate thatD 1P(v50) is more likely to be
perturbed electrostatically byC 1P~v52!, while d 3P0,1 are
spin–orbit perturbed bye 3S0,1

1 . These perturbations may ex
plain why the D and d states have different spin–orbi
branching ratios~Fig. 3!.

In conclusion, we have demonstrated that both adiab
and diabatic mechanisms are important in determining
fine-structure population of photofragments. For direct ph
todissociation we found that the diabatic picture predicts
branching ratio. For predissociation of bound states, b
perturbations in the Franck–Condon region and adiaba
correlation play a role. By selecting the initially excite
‘‘gateway’’ state, it is possible to control passively the ou
come of a photoinduced dissociation reaction.

We wish to thank Professor He´lène Lefebvre-Brion for a
number of helpful discussions. We also wish to thank P
fessor Marshall Ginter and Dr. Dorothy Ginter for providin
us with Fig. 1. Support by the National Science Foundati
under Grant Nos. CHE-9408801 and PHY-9206064 is gra
fully acknowledged.
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