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The yield, Y, the spin—orbit branching ratid,, and the angular anisotropyd,, of Cl atoms
produced by predissociation of tie'S " andg 33, Rydberg states of HCI and DCI are reported
as functions of the rotational angular momentiint-or theE state,Y increases witlJ for HCIl and
decreases witll for DCI, wheread™ and 3, are independent af for both isotopomers. For thgy
stateY increases witld, wheread™ and 3, both decrease with for both isotopomers. The different
dynamical behavior of these two'@symmetry states belonging to the same zero-order electronic
configuration is explained in terms of their diabatic characters.1998 American Institute of
Physics[S0021-960808)00503-0

INTRODUCTION EXPERIMENTAL METHODS AND RESULTS

The diabatic model is a powerful tool for interpreting the ~ The (Gexper'imental methods have been described
electronic spectra of molecules. The central assumption dfreviously” Briefly, - two coulnterpropagatlng excimer- I
this model is that an effective, zero-order Hamiltonian de_pumped pump and probe dye lasers are used to excite HC

scribes the essential properties of the electronic states of (gr DCh molecu_les and to probe their fragments. Two pho-
.tons from the first laser transfer population to a Rydberg

molecule, and that the complexity observed in its spectrum is . . . . X
db rturbations arising from terms omitted from th tate, which either predissociates to yield ground state H and
caused by perturbations arsing from terms omitted ro a I(?P;) atoms or absorbs a third photon to reach a superex-

Ha_mlltoman. These pert_urpatlons,_ such as the spln—orblt, '%ited state. The latter can either autoionize to producetHCl
fcatlonal, and electrostatic interactions, are readily expre;s r DCI*) or (pre)dissociate to yield one excited and one
in terms of a small number of molecglar.parameters, Wh'C'bround state atom. The excited atofmit not the ground
can be used to represent and explain diverse spectroscopigate atormjsare subsequently ionized by the pump laser. The
effects such as\-doubling and intensity anomaliesThe  second laser is used to detect the ground Sfatbfragment
central point of this paper is that the same deperturbatioatoms, again by 2 1 REMPI./ The experiment is performed
technigues used to interpret the molecular spectrum can al$g a vacuum chamber filled witk-2x107° Torr of HCI or
explain thedynamicalbehavior of a molecule. DCI. The product ions are detected by time-of-flight mass
Here, we present data on several aspects of the photodispectroscopy, using Wiley—McLarérlectrodes, a micro-
sociation dynamics of thg 3%, andE 13" Rydberg states channel plate detector, and a boxcar signal averager.
of HCI and DCI>~* These states are interesting because they Two types of measurements are performed. In the first
have the same nominal electronic structures, namelpa 4 experiment the spin—orbit branching ratio of the fragment
Rydberg electron bound to X1, ionic core, but very dif- ground state (B> ?P;) Cl atom is measured as a function of
ferent spectroscopic properties. Our goal is to show how théotational quantum numberof the parent molecule. A delay
distinct diabatic characters of these states can be used 8 50 ns is introduced between the pump and probe lasers to
interpret their dynamics. In previous papers we reported indistinguish between Cl produced by the pump or by the
tensity anomalies in the resonance-enhanced multiphotoplrObe laser. Thg laser jitter In both exper|m_entst|$0 ns.
ionization(REMP)) spectra of thé S * X 1S * transition | e PuUmp laser is tuned to differe@tbranch lines of either
of HCI and DCI? and the CI spin—orbit branching ratio for theg *35 X "7 or theE "37 X “37 (0-0) transition,

. - 3w and the probe laser is tuned alternately to the
the predissociation of thg 33, state of HCF In the present Cl(4p 2D 45— CI(3p® 2Py,) transition centered at 235.338

paper we extend our dynamical studies of these states and or to the Cl(4 2P,)« Cl(3p 2P,;,) transition at

compare their behavior systematically. Other+statels E)elong235_204 nm. The relative yield,

ing to the same Rydberg complex are #é>*, G 13,

F 1A, andf 3A states. The spectroscopy and dynamics of | |

the last two states were explored in previous publicatforfs. Yo [Clul+ [+C 372l )
[HCIT] '

dpresent address: Department of Chemistry, University of Utah, Salt Lake . .

City, UT 84112. and the branching ratio
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o 1 23 5 6 7 8 FIG. 2. Spin-orbit branching ratiod") of the Cl fragment for(a) the
J EIS*—XIS* (0-0 and(b) the g 35, X S* (0-0 transition. Solid
FIG. 1. Linewidths and dissociation yields for the’S; X 'S* (0-0) tran- 3gilr;;sti§rr1e for HCI and open points are for DCI. Error bars are one standard

sition of (a) DCI and(b) HCI. The straight lines are linear least-squares fits
included to guide the eye.

predissociation yields of thg, states of both HCI and DCI
[Clyy] increase wiFhJ, yvhereas preyious?ywe found that for thée
= [Clyal + [Clag] (2)  state the yield increases with for HCI and decreases for
U 3 DCI. Although both theg, andE states havé’ values(Fig.
are determined from the pump (HGland probe(Cly, and  2) larger than the statistical ratio of 1/3, for tEestate this
Cl3,) signals. In the yield measurements the relative intensiratio is nearly independent df whereas forg, it decreases
ties of the atomic and molecular ion signals were not cali-with J. There is a similag, vs E dichotomy for the Doppler
brated, whereas for the branching ratio the relative ionizatiomrofiles(Figs. 3—5. Both states have Doppler profiles with a
efficiency factor derived from the data of Witteg al®°was  maximum at the center foi=1 (the lowestd measurefl
used. The yields for thg, state are plotted in Fig. 1 along For theg, state, however, the Doppler profiles are increas-
with the linewidths of the parent ion signal. Previodslye  ingly split at higherJ. Since the polarization vector of the
reported intensity anomalies of ttie state, which are pro- pump laser is perpendicular to the propagation direction of
portional toY. The branching ratios for both tHe andg, the probe laser, an unsplit Doppler profile indicates that the
states are shown in Fig. 2. In an earlier stbdge reported a  fragments recoil along an axis parallel to the transition dipole
value of '=1 for thegy(J=1) state of HCI; however, re- vector, whereas a split profile indicates that the recoil is per-
measurement of the branching ratio for this state revealed gendicular to the transition dipole vector.
small CI¢P5,) yield that was previously undetected. A key factor for understanding the disparate behavior of
In the second experiment the angular anisotropy of thehese two states is the recoil energy of the fragments. The
recoiling atoms is measured using the method of velocitymolecule may dissociate after absorbing either two or three
aligned Doppler spectroscof? ADS).112 Again, only Q- photons. Because one of the fragments from the three-photon
branch transitions are studied. In this case the delay betwedBw) process is electronically excite@E =82 303 cm* for
the two lasers is set at 60 ns. The etalon narrowed probd(n=2) or 74 221 cm? for CI(4s 2P5,), which is larger
laser, with a nominal bandwidth of 0.04 chof the dye than the one-photon energy of 41 544 ¢nfior the g, state
fundamental, scans the Cl#D3,) < CI(3p° 2P3y,) transi-  the recoil velocity for this case is much smaller than for the
tion for each pumped state. The results for DCI are shown inwo-photon (2w) process. Ground state Ci8 2P;) atoms
Fig. 3 for theg, state and in Fig. 4 for th& state. Similar  originating from a & process can be produced either as the
data for HCI obtained over a narrower rangeJofalues(J  partner of the HG=2) fragment(“the H* channel’) or as
=1-5 for theg, state andJ=2-3 for theE statg are the result of fluorescent decay of an excited Cl fragment
plotted in Figs. 5 and 4, respectively. (“the CI* channel’). For both theg, andE states, we ob-
served an H signal produced by the pump laser, presumably
by nonresonant ionization of KHE2). This observation
proves that at least some of the Cl atoms detected by the
The data show a number of striking differences betweemrobe laser are produced by thé tdhannel.
the dynamics of thg, andE states. Figure 1 shows that the A quantitative measure of the recoil velocitycan be

DISCUSSION
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FIG. 3. Doppler profiles of CP3,) produced by predissociation of tige®S,, state of DCI. The smooth curves and {Bevalues were obtained by the fitting
method described in the text, assuming a two-photon mechanism. Also shown b+ thelata is the simulated profile for the three-photch &hd CF
mechanisms. The vertical arrows in the:6 scan indicate the velocities of ER5,,) atoms produced by either two photofis313 m/$ or by three photons
via the H* channel(479 m/s.

obtained from the Doppler profil®(w/v), wherew is the  procedure was to assume a semiclassical valtef g,~

projection ofv along the probe direction, angd=|v|. For  —5/7 forJ=6 and 8 and to determine the instrument param-

coaxial geometry, the Doppler profile for two-photon excita-eters(p=30+2 um and §v=0.21+0.02 cmi' ) by a least-

tion is given by* squares fit oD (w/v). The instrument parameters were as-
D(W/v)=1—18,Po(W/v)+ 2B,P4(Wiv), (3) sumed to have the same values for lowerfor which 3,

here P L d | ial d th isot was obtained by a least-squares fit.
Wherers are Legencre polynomiais, an © anisotropy pa- g yata in Figs. 3 and 5 show a progression from par-
rametersB, are functions of the initial and final rotational llel to perpendicular recoil with increasida In the case of
and electronic quantum numbers. The experimental profil(g1 p. P ) L Hg
perpendicular recoil, the splitting of the VADS peaks pro-

depends also on the resolution of the pump la8grand the ) - ’ e
rms spot size of the two focused laseps,which are only vides a direct measure of the fragment velocity, as indicated

approximately known. Compared with the uncertainty inby the vertical arrows in Fig. 3. For tig, state of HCI and
these quantitiesd, has only a minor effect on the shape of DCI, the observed splitting shows that Cl is produced almost
the profile, and it is unlikely that higher order anisotropy €xclusively by 2, a result which is confirmed by the least-
terms resulting from absorption of three or more photonssquares fit of the profile. Further evidence that Cl is produced
would have a significant effect in this experiment. Our fittingmostly by 2v is our observation that the intensity depen-
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FIG. 4. Doppler profiles of CRP3,) produced by predissociation of tEe'S, " state of(a) DCI and(b) HCI. The smooth curves are the fitted Doppler profiles
for theg 33, (J=1) state, which are shown for comparison.

dence of the H signal (which necessarily arises from a3 The J-dependent dynamics of tigg state strongly indi-
proces$ has a larger power-law exponent, than that of the ~ cate a rotational perturbation by some state at tdeel.
ClI* signal produced by the probe las@r=2.1+0.03 vs  Consider firsi’. We pointed out previousfythat the prepon-
1.6+0.03, both exponents referring to the pump intensity derance of CI(® 2P, atJ=0 could be explained by the
For theE state, where there is no VADS splitting(w/v) is  fact that thee symmetry of theg 33, state does not allow it
~10% narrower than fogy(J=1) (see Fig. 4, indicating to couple to any of the continuum states other than the
that a significant fraction of the probed Cl atoms are pro-a 3I1,+ state. This continuum state correlates adiabatitlly
duced by ®. with CI(?P4,,) and diabatically’ with 2/3 CI(?P,;,) and 1/3

In an earlier studwe showed that the dissociation yield Cl(?P5,,). Our measured values &f=0.91+0.02 for DCI
of the E state is determined by Rydberg-valence mixing ofand 0.79-0.01 for HCI lie between these limits. The same
the E andV 137 states at the @ level. The mixing coeffi- argument explains the large valueldfor the E state. In the
cients vary withJ and are different for the two isotopomers. case of theg, state, as] increases, rotational coupling to
The opposite] dependencies of the intensity anomalies incontinuum states that correlate to an excess ofRG)
the REMPI spectra of HCI and DCI are the result of disso-caused” to decrease.
ciation at the @ level, which is determined by the state We can understand thliedependence df in more detail
character at thea level!® The identity of the predissociat- by examining the diabatic state characters of ghestate.
ing statés), however, and henck, is independent of. The  The characters were calculated by adjusting the parameters
J independence oB, for the E state, at least for the few in an effective Hamiltonian by a least-squares fit of the term
rotational levels that we examined, is consistent with the facvalues for all observed levelsof Rydberg states with
that theE andV states have the samé @haracter. (X 2I)4pos and (X °II)4pm configurations® The
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FIG. 5. Doppler profiles of CRP3,) produced by predissociation of tige®s,, state of HCI.

C I1/b 31 states were not included in this analysis becausef both HCI and DCl is readily explained by our finding that
of the large uncertainty of the term values for the stronglyits g, character increases withfor both isotopomers.
predissociated, vibrationally excited levels. For thestate The photofragment anisotropy of thgg state may be

of DCI, the five leading contributor@ccounting for~98%  explained by the same coupling mechanism used to explain
of the total state characjeare go(v=0), E(v=0), g:(v the J dependence df andY. Since a3, « 37 transition
=0), V(v=13), andV(v=14). ForJ=1, the percent con- is dipole forbidden, they, state must borrow its intensity
tributions of these states are 76, 201, <1, and<1. As

shown in Fig. 6, the contribution af; increases monotoni-

cally with J, growing to 8% forJ=8. A similar trend is 25 T l T I
observed for HCI in Fig. 7, for which the dominant diabatic ¢ E3EO (x0.2)

contributions are from thgy(v=0), E(v=0), g,(v=0), B 9%, (x02)

and V(v=9,10,11) states. Again thg, character grows §20 KR ]
monotonically withJ, increasing from 1% fod=1 to 7% g v V)

for J=5. Theg, state is more strongly predissociated than "3 15 | g gy " = 4
0o, as is evident from the broad, diffuse lines that we ob- ® n n -
served forJ=1-3 of HCI. The decreasing values bBffor 8

the g, state of HCI and DCI are therefore attributed to in- ¢ 10 |- A
creased rotational coupling to tlig state, which is in turn o A
spin—orbit coupled to continuum statés strongly predis- S A

sociated statgsthat correlate with an excess of €Rg),) ? 5t ®we o & % ° ° P
atoms. The zero-ordey,, E, andV states are spin—orbit “

coupled only to thea 3I1,+ continuum statgwhich gives 0 JZZX Y v IV VI v

mostly CI¢P,,,)], whereas the zero-ordey, state is spin—
orbit coupled to thea 3I1,, A I, andt 3] continuum
states, each of which correlates diabatically to a statistical

. . . 2
distribution of C'(_ P;) States- _ FIG. 6. Diabatic state character of tige®S, state of DCI. Note that the
The observation thaY increases with) for the gy state  characters of th& andg, states are multiplied by 0.2.
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J(J+1)
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25 , , | , , 0o—0; interaction introduces new transition charactgp),
1+ different product branchingl’), and an increased dissocia-
® E'r; (x0.2) . - : ;

m g% (02) v tion rate (Y). These findings illustrate the more general idea
=~ 20 | A 9320_ ’ 1 that a global understanding of both the spectroscopy and
) 91 . dynamics of a molecule may be obtained from a simple,
° 15 v VL effective Hamiltonian model.
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