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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 80Tlten
branching ratio between 60 000 and 70 000 ¢ris in good agreement with the calculations of
Alexanderet al.[J. Chem. Phy€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. €995 American Institute of Physics.

The relative populations of the fine-structure states ofinuum valence states, producing a broad, structureless ab-
fragment atoms provide valuable information for understandsorption between 50 000 and 70 000 ¢mPromotion in-
ing the nonadiabatic processes involved in the dissociation aftead of a & electron to the & orbital produces the 33, *
electronically excited molecules. The two main factors whichcontinuum state and thé 3™ bound staté:* All the other
determine the product branching ratio are the structure of theurves in Fig. 1 correspond to bound Rydberg states with
excited state wave function in the Franck—Condon regiomominal (X 2IT,)nI\ configurations.
where dissociation is initiated, and the couplings between All previous work on the spin—orbit branching ratio for
potential energy surfaces at large distances where the sepdCl dealt with theA TI continuum state. It is readily shown
ration between molecular states is comparable to the fraghat theX 3", A I, a ®Il,, a °II,, anda 3II,_ states
ment spin—orbit splitting. A key dynamical parameter is thecorrelate adiabatically with S)+CI(?P5,), while the
ratio of the recoil time to the spin—orbit precession period, t 33" anda 3II,, states correlate with (S)+CI(°P,,).°
(See Table ). Since most of the oscillator strength is carried
RAEso by theA IT—X 3 transition, the adiabatic fragments are
IRV @) primarily H(2S)+CI(?P5,,). Nonadiabatic transitions to pro-
duce C(?P,,,) may nevertheless occur, singés small and
whereR is the width of the recoupling regiod\Eg is the  all of the continuum states are coupled by the rotation and
spin—orbit splitting, and¥ is the recoil velocity. If this adia-  spin—orbit terms in the Hamiltonianin the diabatic limit
baticity parameter is large, we expect the fragment atomi¢Table ), all of the states except fa *II, correlate with
spin—orbit states to correlate adiabatically with the moleculaboth spin—orbit states.
states populated by the excitation pulse, while if it is smalla A calculation performed by Givertz and Balint-Kurti
statistical(or more correctly, a diabafidlistribution is antici- ~ (GB)® ignoring rotational coupling predicted a smooth in-
pated. crease of the branching ratio
Because of the relative simplicity of its electronic struc-
ture, HCI is an ideal case for comparing theory and experi- [CI(2Py)»)]
ment. Potential energy curves for all the low-lying excited I'= [CI(2P, )]+ [CI(2P3r0)]
states of HCI are shown in Fig.?IThe leading orbital con- 12 8/2
figurations of theX 13" ground state ared#50°2" at short - -
distances, corresponding to the ionid &~ structure, and from 0.21 at 53 500 cm' to 0.31 at 75200 cmi. These

the covalent 425¢%60"27 configuration at long distances. Values may be compared with the statistical limitlof1/3,
Promotion of a 2 electron in the ionic configuration to the Which is defined as the ratio of the degeneracy oty to
60 antibonding orbital generates tree[l; and A I con- the sum of the degeneracies of both fine structure states.

Recently Alexandeet al. (APD)® reported a calculation

using more accurate potential energy functions and including
dpermanent address: DOTY Scientific, Inc, 700 Clemson Rd., Columbiarotationa| coupling between all of the states. Although they
SC 29223. '

Ypermanent address: Institute for Electronic Science, Hokkaido University‘,‘ou_nd that rptation_al coupling has a negligiblg effectlgn
Sapporo 060, Japan. their branching ratios were nevertheless considerably larger
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FIG. 1. Diabatic potential energy curves for HCI.

than those of GB. Moreover, they found thBtdecreases
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FIG. 2. Fine-structure branching ratio for the photodissociation of HCl as a
function of excitation energy. Filled circles above 60 000 ¢rwere ob-
tained by three-photon excitation. The data point 51 800 cim the cali-
bration measurement of Refs. 6, 10, and 11. The open circle is the measure-
ment of Tonokuraet al. in Ref. 6. The error bars are single standard
deviations. The solid curves labeled APD and GB are the calculations of
Alexanderet al. (Ref. 9 and Givertz and Balint-KurtiRef. 8, respectively.

The dotted line is the statistical limit.

direct photodissociation of HCI between 60 000 and 69 500

cm 1, using three photons to excite the'll state. Second,

we studied the predissociation of HCI between 77 500 and
3800 cm?, using two photons to excite discrete rotational

over the experimental range of energies, approaching the stas a5 of various Rydberg states and ¥héS * (v' =10) va-

tistical limit from above.

Experimental measurements at 51 800 ¢ni193 nm)
reported by several group¥!! gave a statistical product
ratio, which liesbetweerthe predictions of the two calcula-
tions, while measurements by Tonokueaal® at 63 700
cm ! (157 nm gave a value of'=0.47+0.04, which is
larger than the predictions of both calculations. In view of

lence state. The second set of measurements allowed us also
to study the effect of rotational angular momentum on the ClI
fine-structure branching ratio.

These experiments were performed using a pump-and-
probe apparatus, which has been described previdtisly.
Briefly, a tunable excimer-pumped dye laser was used to ex-
cite HCI, while a second tunable dye laser was used to probe

the discrepancies among the previous studies, and partiCyye neytral CI fragment by means of resonance-enhanced
larly because of the experimental evidence that at high enr'nultiple photon ionization(REMPI), using the 4 2D,

ergy I' exceeds the statistical limit, it is desirable to extend

—3p 2P, transition for C(?P5;,) and 4p P;,,—3p °Py),

the energy range of the measurements. In particular, wg, CIP,,,).2% Details specific to this experiment will be

would like to know if, as naively expected; eventually
reaches the diabatic limit at higher energy.
Previous measurements &f were limited to wave-

provided in a future publication.
The results of the first experiment are shown in Fig. 2.
These data display the high-energy behavior predicted by

lengths of 193 and 157 nm, which are readily generated withppy * converging from above to the statistical limit. For

excimer lasers. In order to extend the energy rangg, afe

R~1.5 bohr(see Fig. 6 of Ref. § £ lies in the range of

performed two types of experiments. First, we studied th‘3'3.5—0.7, which is consistent with diabatic behavior. The dis-

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

Adiabatic limit Diabatic limit
Staté CICP,),) CI(P3p) CI(?Py,) CI(Pay,)
Al (e, f) 0 1 1/3 2/3
a %] (e) 1 0 2/3 1/3
a 31, (f) 0 1 2/3 1/3
a %, (e,f) 0 1 1/3 213
a 3 ,(e,f) 0 1 0 1
t333(f) 1 0 1/3 2/3
t 337 (e,f) 1 0 1/3 2/3

% andf refer to the parity of the electronic states.

crepancy between theory and experiment at 51 800*a®+
mains unexplained.

All of the measurements in Fig. 2 were scaled to the
measured value df=1/3 at 51 800 cm.!* This calibration
is especially reliable since two of the previous measure-
ments%!! at this energy were sensitive to deviations from a
nonstatistical atomic fine-structure ratio, and none was de-
tected. Another point to be considered is our use of three
photons to excite HCIl. The rotational selection rule for a
I3, transition isAJ=0, =1 for one photon and 0+1,
+2, =3, for three photons. The larger rangeJofccessible
with three photons is unlikely to have a measurable effect on
I" because the rotational line strengths [fad|=2 and 3 are
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there were several states from which no Cl was detected in

® Fiy, O 4 *m A V(10) g either fine-structure state. For tBe'S state a strong HCI
O 5 * 1 %y vV e g parent ion signal was observed. Since this state is strongly
il 1"1 A d *n, O & a3 spin—orbit coupled to oth&d=0" states, it is surprising that
ven no Cl was observed. In the case of th#, state, the HCI
signal was very weak, and the absence of Cl| may be due
100 1 ® 1 simply to weak absorption by the molecule. The same may
~ also be true for thel °I1, state, for which we saw no HCI
g 0.76 - . parent ion signal.
S 5 A Before attempting to explain the energy dependence of
S osol % g I', it is necessary to establish the mechanism for CI produc-
3 ___________________________ é%é Eﬁ-}l 9{) * tion. In the case oF A we have shown that Cl is produced
% 025 m X 3 %f ] by indirect predissociatiol, resulting from a coupling of
2 ° F 1A to bothC I(v=2) andb II;(v=3), with the latter
000 LILIT 1 M | s_erving as gateway stat(_as to ﬁhﬁ_* and/or theA 1T con-
I L , , tinua. The other states listed in Fig. 3 are also perturbed by
776 7.80 8.2 8.3 8.4 these continua. The important point is that in each case pre-
Energy (cm~'x 107%) dissociation occurs after absorption of two photons, at the

energies shown in Fig. 3. A series of experiments was per-
FIG. 3. Fine-structure branching ratio for the predissociation of HCI as aformed to rule out possible three- and four-photon mecha-

function of excitation energy. The three classes of states are listed in thﬁisms. Those experiments which include measurement of
columns above the figure. All of the electronic states are vibrationless, ex; I

cept forV 3 ¥ (v’ =10). The dotted line is the statistical limit. the (?' reco_il speed by velocity-aligned Doppler spectroscopy
and intensity measurements of parent and fragment REMPI

peaks, will be reported in detail in a future publication. In
an order of magnitude smaller than those farJ|=11  every case, two-photon excitation was found to be the domi-

Moreover, APD showed that rotational coupling should havehant mechanism.
a negligible effect o, and any such effect would be even Itis generally agreed that for smdlthe fragment spin—
further diminished by thermal averaging at 300 K. orbit branching ratio depends on the coupling of closely ly-

Another possible consequence of using three photons #g potential energy curves at large distances. This mecha-
excitation to thea °II state. For a single-photon transition, hism is clearly demonstrated in the flux calculations of
APD showed that tha 311 state carries<0.5% of the oscil- APD.X¥What has not been established is the influence of the
lator strength. While it is conceivable that the rate of theFranck—Condon region on the final-state distribution. An
spin-forbidden transition to this state may be greater for thre@verly simple view of photodissociation would suggest that
photons, it is unlikely that this is a large effect since there ardhe dynamics at short distancés., in the Franck—Condon
no nearby states that could lend oscillator strength in a pefegion has less of an effect oh than at large distances,
turbation expansion of the transition matrix elemént. apart from determining the asymptotic recoil energy. From

The branching ratios for predissociation at high energysuch a naive perspective, predissociated Rydberg states
are shown in Fig. 3. From the data in Fig. 2 we anticipatedshould produce Cl atoms with the diabatic fine-structure
thatI” would be diabatic at still higher energwhere£<0.4). populations characteristic of the predissociating continuum
The only continuum state that intersects the bound states thatate.
we studied ist *3*. Although this state correlates with That this picture is too simple is already evident in the
CI(?P,,,), the shorter recoil time at high energy is expected tocalculations of APD, who found different high-energy behav-
produce a statistical population. In light of this reasoning, théor for HCI vs DCI excited to the same continuum stite.
data shown in Fig. 3 are very surprising. Depending on théur present results demonstrate the failure of this model
choice of the initially excited gatewaf.e., predissociating even more dramatically, where different gateway states pro-
state, nearly every type of behavior imaginable was ob#duce radically different dependencies Bfon energy and
served. rotational angular momentum.

The branching ratios plotted in Fig. 3 fall into three phe- ~ We cannot presently rationalize many of the details of
nomenological casesi) Thed °II,, d °IT,, andf 3A, states  Fig. 3. Why, for example, does®A; belong to caséi) while
exhibit statistical branching ratios, which appear to be a conf 3A, belongs to casé)? Also we do not know the cause of
tinuation of theA IT data shown in Fig. 2(ii) The C II;,  theJ-dependence of thE A state. On a less detailed level,
D I, f2A,, andF A, (at low J) states havd™ close to  however, some patterns may be recognized, usingdlie-
zero. For theC state no QPP,,) was detectable, with an batic picture. The unique behavior of thg®s, state, for
upper bound o of 10%. TheF state is anomalous in that which I" varies inversely withJ, can be explained by its
it displays a markedJ-dependence, withl" increasing parity. Since this state ha®) parity, the only continuum
smoothly from 0.1 al’ =2 to 0.4 at)’=9. (i) Theg 33,, state with which it interacts at=0 is a *1,,, which corre-
g33;, andV 3" (v'=10) states display Cl fine-structure lates adiabatically with CtP,,,).1° For J>0, S-uncoupling
population inversions. For thg 33, state there is a strong mixes theg 335 and g °3; states, and, since the latter
inverse J-dependence, witi'=1 for J’=0. In addition, couples witha °I,, both fine-structure states of Cl may be
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produced. The high GP,,,) population for the other two
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1Y.-L. Huang and R. J. Gordon, J. Chem. Phgd, 2640 (1991, and

states in grouiii) is understandable because they are both references cited therein.

mixed withg 334 for J>0.

The large population of ((ﬂPS,z) for cases(i) and (ii)
may be explained by the adiabatic correlation of eIl
anda °Il,_ , , continua. We know, for example, thBt'A is
predissociated byC I, and b 3II; via L-uncoupling and
I-mixing.” We further expect thatA T and a %I, are
strongly coupled toC I and b3, by electrostatic
interaction?®?! Direct coupling of theC and b states to
t 33", which correlates with GtP,,,), is less likely than via

the a, A states, despite large Franck—Condon overlap fac-
tors, because the configurations of these states differ by twa

orbitals. We further expect that thz TT and (C I1,b%II,)

2This figure was kindly provided by M. L. Ginter and D. L. Ginter.

SE. F. Van Dishoeck, M. C. van Hemert, and A. Dalgarno, J. Chem. Phys.
77, 3693(1982.
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261(1982.

5D. S. Ginter and M. L. Ginter, J. Mol. Spectro€if, 177 (1992.

6K. Tonokura, Y. Matsumi, M. Kawasaki, S. Tasaki, and R. Bersohn, J.
Chem. Phys97, 8210(1992.

"H. Lefebvre-Brion and R. W. Field®Perturbations in the Spectra of Di-
atomic MoleculegAcademic, New York, 1986

8S. C. Givertz and G. G. Balint-Kurti, J. Chem. Soc. Faraday Trar&2, 2

1231(1986.

M. H. Alexander, B. Pouilly, and T. Duhoo, J. Chem. Ph98, 1752

(1993.

states are coupled blymixing,'” and that the singlet and 19E, Tiemann, H. Kanamori, and E. Hirota, J. Chem. P85 2457(1988.
triplet pairs(A~a, C~b, D~d) are coupled by the spin— *J. Park, Y. Lee, and G. W. Flynn, Chem. Phys. L&8&6, 441 (1991).

orbit operator. Hence, the observation of mor¢’E},,) for

2p T. A. Reilly, Y. Xie, and R. J. Gordon, Chem. Phys. Lét78 511

the D state is justified. 13(19913- _ .
Predissociation of the Rydberg states of HCl is further géﬁ:gg”" N. Presser, D. Robie, and R. J. Gordon, Chem. Phys 1né.

complicated by interaction with the"s" state, which has an 14The ratio of ion signals that we measured at 51 800 ¢(@93 nm using

origin in the vicinity of 81 000 crm’ (Ref. 22 and undergoes
an avoided crossing with the®s " state>*?3The e state is
the only Rydberg state below 90 000 ¢hthat has never
been vibrationally resolvetand hence is not shown in Fig.
1), presumably because of its strong predissociation by the

the 4p 2D,—3p 2P3;, and 4p 2Dy, 3p 2P, , transitions is in quan-
titative agreement with the ratio reported in Ref. 6. The signal intensity
ratio measured for these transitions was multiplied by a factor of @.5

in order to obtain['=1/3, as prescribed in Table Il of Ref. 6. For the
4p 2D, 3p 2Py, and 4p 2Py,,—3p 2Py, transitions used routinely

at all photolysis wavelengths, the appropriate calibration factor is 0.85
+0.10.
153, B. Halpern, H. Zacharias, and R. Wallenstein, J. Mol. Specti#®cl
(1980.
A crude estimate of tha 3I1, triplet amplitude in the three-photon virtual
state is given by the ratio of the TI~a °TI, spin—orbit matrix element

state?® Spin—orbit interaction couple®3s] to g3,

d °,, andD I, ande 33§ to d °[,. This interaction pro-
vides a pathway to the®s.* state, which correlates adiabati-
cally to CI?P;,). From the electronic origins of these 1
states’® we estimate thab TI(v=0) is more likely to be
perturbed electrostatically b@ TI(v=2), while d 31_[0’1 are to the energy defect betweerhy (n=1or 2 and the energy oé °II, at
spin—orbit perturbed bg %% ;. These perturbations may ex-  re(X '£%)=1.27 A, namely 0.008 fon=1 and 0.020 fon=2.

p|ain Why the D and d states have different Spin_orbit 17R. Liyanage, P.T. A ReiIIy, Y.-A. Yang, R. J. Gordon, and R. W. Field,
branching ratiogFig. 3). mghe";; th' '-3“721‘; 55:‘(91993'

In conclusion, we have demonstrated that both adiabatigaT::g '39;6 stZ?e Ca:mi:\l'viﬂ; bot 15 anda %11, atj=0. Theg—V
a_md diabatic meChanllsmS are important in determlnlng the spin—orbit perturbation cannot introduceJadependence of’, but the
fine-structure population of photofragments. For direct pho- ;. gependence of theg3s;~g3S; mixing together with the
todissociation we found that the diabatic picture predicts the g 3s; ~a 311, perturbation can produce such an effect.

branching ratio. For predissociation of bound states, boti°A. W. Yencha, D. Kaur, R. J. Donovan, A. Kvaran, A. Hopink, H.
perturbations in the Franck—Condon region and adiabatic Lefebvre-Brion, and F. Keller, J. Chem. Phg, 4986(1993.
correlation play a role. By selecting the initially excited Z1The electrostatic coupling matrix element between'®é (A 227, 4s0)
sgateway” state, it is possible to control passively the out- M9 theV "X '(A*X",0¥) states is 7000 ciif (see Ref. 20 We expect

come of a photoinduced dissociation reaction the C TI(X?I1,4s0) and theA TI(X?II,o*) states to be comparably
p ’ strongly coupled; H. Lefebvre-Briofprivate communication

223 Jureta, S. Cvejanovi®. Cvejanovic M. Kurepa, and D. Gbric, J.
_ Phys. B.22, 2623(1989.
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