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Diabatic analysis of the electronic states of hydrogen chloride

Rohana Liyanage® and Robert J. Gordon
Department of Chemistry (m/c 111), University of Illinois at Chicago, 845 West Taylor Street, Chicago,
lllinois 60607-7061

Robert W. Field
Department of Chemistry, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139

(Received 1 June 1998; accepted 14 July 1998

An effective Hamiltonian method was used to deperturb tXe’Il;)4po and (X 2I1,)4pm

Rydberg states and the 13 * valence state of HCI and DCI. A least-squares fit of the eigenvalues

of the Hamiltonian to the experimental term energies was performed, and the zero-order diabatic
characters of the basis states were determined. These deperturbed states were used to fit the
observedA-doublings, to predict the energies of unknown states, to model spectroscopic intensity
anomalies, and to explain the spin-orbit branching ratio for predissociationl998 American

Institute of Physics.S0021-96068)00939-9

I. INTRODUCTION drogen chloridé3 A simplifying property of this molecule
is its atomlike nature. Most of its orbitals are dominated by

Rydberg states of molecules with closed-shell groundcy atomic orbitals whose propertigs.g., the spin-orbit cou-
states are described by the interaction of one Rydberg elegjjing constant and the radial nodal struciuaes well known.
tron and one valence hole. This electron/hole combinatiorrpe equilibrium configuration of the groun& (= *) elec-
gives rise to clusters of several closely spaced and stronglyonic state of HCI is 4250227, which corresponds to a
interacting states, producing an electronic spectrum of appag,sed—shell HCI™ ionic structure. Promotion of an elec-
er_1t com_plexiFy. 'I_'he simpl_est way to analyze such sp_ectra i?ron from a 27 valence orbital to the & antibonding orbital
with a diabatic picture, using a Hund's cag Hamiltonian 5 inally a transition from a hydrogers brbital to a chlo-

to provide a convenient, zero-order description of the MOtine 3p orbita) generates tha 31, and A I repulsive

lecular eigenstates. This picture may be further simplified bystates. Promotion instead of an electron fromeavalence

insisting that all Rydberg states built on the same ion-hole rbital to the & antiboding orbital produces the repulsive

electronic state have identical potential energy curves anﬁ32+ and the bound IS * valence states. The valence, or
i - L

molecular constants. In such a zero-order picture, the simple . i ; :

. . .1on-pair state, has a covalent configuration at short internu-
structure behind the apparent complexity of the spectrum IEQ’:Iear distances and an ionic configuration at long distances
produced by the interactions between only two orbitals, ex-P i t these 2 or 5o elect 9 to hiaher-| 9 bit '
pressed in terms of Coulomb and exchange integrals of the'omoton of theseéz or oo electrons 1o higner-lying orbit-

interelectronic repulsion operator als results in Rydberg states with eitherrfII;(o?#°) or

Real molecules are more complex because of interac" A *X " (o) fonic core. A primary issue is the strength
tions between the zero-order states caused by terms in tf the interactions of the Rydberg electron with the hole in
Hamiltonian that are neglected in the diabatic picture. Thigh® partly filled ion core. In this paper we are concerned
complexity is only apparent, however. By understanding thé&Xclusively with Rydberg states having a ground state core,
nature of these interactions, it is possible to recover from th&€:» With an ZHi)n/_k nominal configuration. The spe-
observed spectrum the underlying simplicity of the zero-Cific states that we will deal with are the 13+ valence
order, electron/hole description of the molecule. Instead oftate, theb *IT; and C *TI Rydberg states, for which the
dealing with the complex spectrum of many electronic statesPromoted electron is in thesé orbital, thed *IT; andD *1I
it is sufficient to describe the molecule at an orbital level,Rydberg states with the promoted electron in thgr4or-
considering only one- and two-electron interactions. Condbital, and thee °3;", E '=%, g 37, G '3, f %A, and
versely, starting from a zero-order picture and knowing the® *A Rydberg states, where the promoted elecron is in the
values of all relevant coupling matrix elements of the Hamil-4p electron orbital.
tonian, it is possible to predict all desired observables rel- The atomic character of HCl is evident from its adiabatic
evant to both frequency and time domain experiments. Ipotential energy curveswhich consist of relatively compact
this paper we present an analysis of a representative case dlusters of states, with each cluster corresponding to occu-
which this minimalist view successfully accounts for a broadpancy of a different Rydberg orbital. The compactness of the
range of spectroscopic and dynamic properties of a moleculelusters is symptomatic of the weakness of the interaction

The molecule that we have chosen for this study is hybetween core and Rydberg electrons, which is the primary
basis for the apparent complexity of the spectrum. The
dpresent address: Department of Chemistry, University of Utah,SimpIe atomic picture is complicated by the existence of dif-
Salt Lake City, UT 84112. ferent A states(whereA is the projection of the orbital an-
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gular momentum along the internuclear axd the inter- Oppenheimer approximatidn,in which the nuclei are as-
actions among them. Specific examples of perturbationssumed to be clamped at internuclear distaRcso that the
which were analyzed in previous papers, Areloubling of  eigenfunctions of7® may be factored into products of elec-
the F *A staté and theJ-dependent predissociation of the tronic functions,®;(r;R), and nuclear(vibration—rotation

F 1A state>™' the E '3 * state! the g 33, state® and the  functions,y, ;(R). The former are obtained by diagonalizing
C 1 state? Our goal in this paper is to provide quantitative either.77® or .77°'+ 775° by means of a suitable variational
explanations for these perturbations in the spectra of HCl andalculation at a grid of internuclear distances. In the more
DCI, and, in so doing, to uncover the underlying zero-ordecommon nonrelativistic treatment used in this papef! is
structure which could be used to account for other spectrodiagonalized, yielding as its eigenfunctions the adiabatic
scopic and dynamic effects. wave functionsb?{(r;R) and as itgR-dependenteigenval-
ues the nonrotating Born—Oppenheimer potential energy
curves, VEO(R). The adiabatic potential energy curves,
V3{R), may be obtained by addingb?{TN|®2%, diagonal
"matrix elements to/2°(R). (The subscript indicates inte-

Il. DEPERTURBATION SCHEME

The overall approach to this problem is to diagonalize a
effective Hamiltonian matrix and to fit its eigenvalues to all

) : ration over all electronic coordinatgs.
of the observed term values of states in a particular energg The adiabaticor Born—Oppenheimgmpotential energy
region. In this section we review the method used for con-

fructing thi i d define th { . ¢ curves may be used to construct a set of coupled nuclear
structing this matrix and definé the Spectroscopic parame er§chr"aiinger equations, which may in turn be solved for the

that are fit to the data. Throughout, the notation is close WQotal energy and the adiabatic nuclear wave functions

tr;att %Sed .'tr.' thfh bo|_<|)k b|¥ L_ef[e]z?l?))/re-?r?on and thﬁe%We Xﬁf’J(R). In order to uncouple these equations we define the
start by writing the HamiltoniatZ as the sum of three op- projection operatoP, such that

erators,
=708 TN+ 7°. (1)

The first operator is the clamped-nucleiBorn—
Oppenheimerelectronic Hamiltonian

TE=TE(r)+V(r,R), (2

whereT¢ is the electronic kinetic energy(r,R) is the po- (8

tential energy of the nuclei and electrofisjs the internu- | the Born—Oppenheimer approximation the—(2)TV'B
clear distance, and represents the electronic coordinates.operatOr which is nondiagonal in th@ﬁdj iad basis. is ne-

The potential energy can be broken into electron—nucleayjected. The remaining diagonal termsTi lead to the un-
nuclear—nuclear, and electron—electron interactions, coupled nuclear Schdinger equation

V(r,R)=VeN(r,R) +VNN(R)+ Veqr),

PTN=20 [4[) T, @)
which is used to further partition the nuclear kinetic energy
operator,

TN=PTVB 4 (1-P)TVB 4+ 7ROT,

©)

The second term in Eql) is the nuclear kinetic energy
operator, TN, which consists of vibrational and rotational or
terms(see Ref. 1D

N _TVIB 5/ROT,
TR, 8,6)=T™(R)+ Z77(R. 0. 4), @ \which can be solved foE and x2%(R).

where 6 and ¢ are the orientation angles of the bond afas Because configuration interaction is built inta®, the

relative to the laboratory coordinate system with its origin atadiabatic(or Born—Oppenheimgipotential curves for states

the molecular center of mass. The rotational Hamiltoniarof the same symmetry necessarily repel each other. Instead

may be further partitioned into terms containing the totalof using these noncrossing curves and the associated adia-

angular momentuml, the electronic orbital angular momen- batic electronic and vibrational wave functions, we choose to

tum, L, and the spinsS, transform to a diabati¢crossing basis, following the phe-
~ROT_ ) > 2 > nomenological procedure described in Ref. 10. The assump-
AT =BRILIT= ) (LT L) +(S ﬁ) tions required for this transformation afig¢ the existence of

a complete set of diabatic wave function&i‘,’(r;R), which

are linear combinations ab?{(r;R) [Eq.(2.3.13 of Ref. 10

for the two-state cage and (ii) the existence of a set of

(PIPTVE+ ZROTL VAYR) — E| 62, x24(R) =0, (9a)

[TVB+(7ROT), + VAR) — E]x2%(R) =0, (9b)

+(L*S +L"SH-J*S +J°SY)
—(JTL4+J7Lh], (5)

where J=, L=, and S* are ladder operators, ari@lis an
R-dependent operator. The last term in Eb.is the relativ-
istic Hamiltonian, 72", which includes the spin-orbit, spin-
spin, and spin-rotation operators

= 75O+ 7755+ /R, (6)

well-behaved, intersecting, diabatic potential energy curves,
VI(R) [EY(R) in Eq. (2.3.12 of Ref. 10. In the two-state
limit, these cross at internuclear distanRg. Because by
assumptionvd(Rc) =VI(R¢), the coupling matrix element

in the diabatic basig$,(R)=(®%|.7%|®3%, , has the abso-
lute value 1/2V3(Rc) — Va{R.)| at the crossing poirt An

For all but the simplest systems, it is very difficult to auxiliary assumption, thdt{,(R) is independent oR in the
diagonalize the full Hamiltonian directly. The usual starting interaction region, completes the prescription for transform-

point for calculating the eigenstates o¥ is the Born—

ing from one basis to the other. The resulting diabatic poten-
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tial energy curves may be inserted into the nuclear Schrowe collect the key results and indicate the approximations

dinger equation to solve for the total energy and the diabatithat have been made in our analysis. Consider first the con-

nuclear wave functions(S,J(R). tribution of each term in Eq10) to the expectation value of
The adiabatic and diabatic wave functions are alternative’Z,. The matrix elements of the first two terms are evaluated

zero-order approximations of the true eigenstates. Both forms

a complete basis set in which the eigenstates may be ex-

panded. The advantage of the diabatic model is its simplicity){QASEU‘”TVIB +VAR)IQASEVY)

especially when the off-diagonal matrix elements are all =Eg,+(v'+1/2)we— (v’ +1/2)%weXe
small relative to typical vibrational spacings within each , 3 ,
electronic state. The diabatic eigenfunctions are Hund’s case (v +1/2) weYe T [Be~ ag(v’ +1/2) X, (12

(@) wave functions|QASY), whereA andX are, respec- whereEg , is the electronic term valué.e., the potential
tively, the projections of. andS along the internuclear axis, - energy minimum of the upper electronic state at internuclear
andQ=A+3. Our task is to express” as a matrix in this  separationR,, relative to the zero of energy of the ground
representation. In constructing this matrix, it is convenient tostate atR?, written in spectroscopic notation ds), v’ is

partition.77 into a zero-order terms#7,, given by the vibrational quantum numbeX=J'(J'+1), and the
F=TVB L VIR)+B(RN(JI2—J2) +B(RW(SP— other symbols have their usual meantign cases where

0 (R)+B(RYX o+ BRI(S - S only the ground vibrational level is includedT"'®) is ab-
+B(R)(L2=L2),+ A A(R){L,S),, (100  sorbed intcEg 5 . The third and fourth terms in E¢LO) have

an expectation value
(QASS0I|. 77RO QO ASS v I)

and a nondiagonal perturbation term,

H'=7+B(RY{LTS +L"S"),

=B X—02%+5(S+1)—32), 13
—B(R)(JTL™+J L"), —B(R)(J"S +J S%), 0.5A S(S+1)—27) (13
SO /S5, /SR where B, s, =(QAS2v|B(R)|QASZv).** In addition, a
(A0 Agp 5 A (RINLSy) +. 755 75, contribution from centrifugal distortion, incorporating the ef-

(12) fects of Av #0 matrix elements oB(R) (within each elec-

tronic state into the Av=0 blocks in the Hamiltonian, is

. included in{.777°T).1° Because the expectation valuelot

vary SlOWIY \.N.'th R . L . is undefined, the contribution of the fifth term is incorporated
By definition,.7 is diagonal in this representation, and into Eg . The last term in Eq(10) is the diagonal part of

its eigenvalues are the energies of the zero-order diaba'u[%e spin-orbit operator; its expectation value is

states. We assign a single, leading electronic configuration to
each eigenstate, and write down analytic expressions for the (QASSvJI|As)L,S|QASSvI),=A, sAAS, (14
ma:tr(;x elementts ofi/h in terrp{fs of eflfsett_ of Ehys'll('ia”{i;?f?“- WhereAU's,A=(QASEleS,A(R)|QASEv>.14

valed parameters. 1he resuiting ettective Hamiitoniait,’, We turn now to the terms in E@11), which are respon-

IS d|agonal|zed_, and |t_s_ parameters are optimized by fIttIr]%ible for interactions between different zero-order states. The
the calculated line positions to the ones in the observed SPeGict term is the interelectronic repulsion, which is respon-

terft;gt;”;? (sj'gct‘fsn2tr:$i:]te§fffr?ocr?1vtehelsb:§?sdstgtlrr]r?:aéitir;litlltjz(z ible for configuration interaction between states of the same
y ,A symmetry. Here it produces the Rydberg—valence inter-

by thg use of a yan Vleck transformation, which mtroducesaction between the& 'S+ andV IS+ states. Its matrix ele-
additional effective molecular constanisee Ref. 10 and

: -~ ment is the product of a constant electronic tétfh_,, and a

Eqs. (25)-(27) b_elovv]. What emerges from th's. calculatlon vibrational overlap factor. The second term is a spin-
is a representation of the true eigenstates as linear combina: . ; A
) . . . electronic operator, which connects states with different val-
tions of zero-order, diabatic, wave functions. We refer to the . .
- AN . e .ues of A andZ, but with the same value dd. The third term
squares of the coefficients in this expansion as the “diabatic . : S
Y is theL -uncoupling operator, which connects states with dif-

state characters” of the observed states.

To express the matrix elements. af<" it is necessary to ferentA and() but the samé& and>.. The fourth term is the
P ' . y .S-uncoupling operator, which connects states with different
evaluate the molecular constants that appear in each of |§ and . In evaluating the matrix elements &F, one must

and for the interactions between the states. To do so herr%um“or.1 rulesi.e., the raising a_nd lowering roles of and
would require over 100 adjustable parameteré This approagh. are interchanged In evaluating the matrix elements of
' = (Ref. 10, we correct for the fact that the actual Rydberg

is not only unacceptably cumbersome, it fails to provide theelectrons are not in states of pure orbital angular momentum,

simple zero-order picture that we seek. Instead, we introducF To account phenomenologically for the actuahixing

a much smaller set of parameters consisting of one- and twg- . .
; P 9 ) caused by the nonspherical nature of the ion core and also
electron matrix elements among the two or three incom;

letely filled orbitals which we assume to be common to aIIby the choice of the coordinate origin at the center of mass
tphe st)r:ltes of interest rather than at the Cl atomic nuclei}s® we introduce a

Calculation of the matrix elements of the effective parametedb,
Hamiltonian is discussed in detail in Ref. 10. In what follows ~ b=(4pw|l~|4po). (15

where the spin-orbit operatorss ,(R) and Ag s s A/ (R)
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In the limit of “pure-precession” of ap-orbital, b= (l(l TABLE I. Zero-order wave functions.
+ 1))1/2: 21/2

The fifth term in Eq.(11) is the nondiagonal part of the Elzctgfemc Wave function
spin-orbit operator, which may be written in terms of single-
electron operatot8 as E'3g V| m* am, Bl=|w" Ba; a|=|n~ Bm a|+|7"am Bl]
9%, VZ|m*am Bl+|n" Bm, a|—|m” B al—|7" am/ Bl]
HSO= &yl sy + a8 + 1280 (1 s + 1 sth) 9335, 27V |7t am; a|— |7 am a|] or
A 2 Y| m* gy Bl = |7 B Bl]
+ 1728515 s+ ST (16) D'M.; 2 Y{|="ac,B|-|m"Boal] or

. o 2 Y| 7" ao B~ |7 Boal]
whereay; anday; operate on the core and Rydberg electron, 4 °1.,, 2- Y| 7t ao, Bl +| 7" Bo,al] or

respectively. In generad, is an operator that acts only on the 27Y|m" Boal+| 7 ao ]

radial part of the wave function. The operafdy is defined d°M., |7 aoa| or|m Bofl

aéo d 3. ? | Bo B or |77_a’0'r‘_y|
i f 2At1 \77*1/,871'&8| 0r+|7'r’ar71'L af N
ali= 3 (@?12)(Zegr k /75 ik (17) A 2 Zil,;[f';j; f,l;\j' f,g;,l]ﬁﬁf

wherel is the orbital angular momentum of electrioabout f3A., |7t am ol or |7~ Bw; Bl

nucleusk, Z.k is the effective charge of thith nucleus, FlA., 2’1’j:[1|/7r*cv7m*[{|*\fﬁf?ail] or

anda is the fine-structure constant. o 1/22[|wj[L:*iaTr—ﬂ:LZ%ﬁﬂ]*ﬁw*a|—|w*omr*/3\]
The sixth term in Eq(11) is the spin-spin operatd?, . 325 V| a8+ | B || Bl + | Bl]
55— CA(SZ—3S§). (18) ess?,; 27V | mtam; al+ |7 am al] or

27 |m* B, Bl+ |7 B/ Bl

The diagonal matrix element of#5Sis
aThe wave functions foe/f lambda-type doublets of the °TI, state are

(QASS|.7754QASS)=C,[S(S+1)—332]. (19 linear combinations of these Slater determinatBge Ref. 10.

The nondiagonal matrix elements of this operator are small
and were ignored in this work. Finally, the last term in Eq.
(1) is the spin-rotation operator, which has the effective  Near degenerate vibrational levels of unseen states could

form™° conceivably cause larg&dependent level shifts of the ob-
FFR=y(J-L-9)-S (20 served states. From second-order perturbation theory, the en-
) ergy level shift is given by

The diagonal matrix elements o¥SR are
lag X SE~VZ/AE,, (22

WS = 2_
(QASSZPOASE)=2° - S(S+1)]. @D whereV is a coupling matrix element antlE is the differ-

The off-diagonal part of7°R connects some of the same ence between sankterm values of the interacting states.
basis states as the spin-orbit &dncoupling operators, and The width of the perturbed state is givenliby
has the same guantum number dependencies, but with an

q P Fe~(VIAE) Ty, (23

opposite sigrt/
where the mixing fraction, \(/AE;)2, expresses how the
width of the perturbing state is borrowed by the perturbed

lIl. DEPERTURBATION OF THE SPECTRUM OF state, and’, ¢ is the width of the perturbing state. Substitut-
HYDROGEN CHLORIDE ing Eq.(22) into Eq. (23) gives

The effective Hamiltonians for HCl and DCI were con- OE~TeAE/Thc. (24
structed using the methods outlined in the previous sectiork-rom the widths of the observed spectral lines we estimate
The two-electron Slater determinants for the states includethat I'e~0.3 cm !, and, inasmuch as the perturbing levels
in our analysis are listed in Table |, and their matrix elementshave not been observed, we estimate fhgg>100 cm *.
are listed in Table Il. Included in our analysis are theForAE;/I'y c<1, the level shifts produced by nearby vibra-
(X 2I1))4po and (X °I1;)4pw Rydberg states and the tional levels are accordingly negligible. Remote vibrational
V 13 * (v’ =8-12 for HCl andv’' =12—-15 for DC) valence levels and continua of unseen states, however, can collec-
state, spanning the energy range of 81 600—85 300 for HQlvely produce appreciable level shifts that mimic the effects
and 82 900—85 300 cnt for DCI. of the spin-spin and spin-rotation interactions. These effects

Excluded from our basis set are a number of states thatre absorbed into large effective spin-sgi@) and spin-
are so broadened by predissociation that they have not beeatation(y) constants.
observed in the spectra recorded so far. Important examples States excluded from our basis set are the above-
are theb °II(v’ =3) and theC II;(v' =2) stateS of HCI,  mentionecb 3IT; andC 1T states(for which thev’'>1 lev-
which couple to thé= *A andf 3A; states and are the cause els required for our energy range are absent in the spegtrum
of a J-dependent intensity loss in the ionization sighdl. the e 32& state (which has never been obseryethe J’
Because the present fit is primarily of the observed term=0-8 levels of theG 13~ state(which are not seen in the
values, it is necessary to assess what effect the urs@en spectrum), and thet 33", A I, and a I continuum
otherwise ignoredstates might have on the energy levels. states.
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TABLE Il. Matrix elements of the effective Hamiltonian.

Liyanage, Gordon, and Field

Definitions of some integrals and constdnts

By or=(v'|1i%(2uR?)|v")
an=<027'r3|én|a'2'n'3) Or<7771|én|7771>
a;-[:<4p7r|é{—l|4p77> 0r<77r|él'l|77r>
Ap=ap/2

A= (ag+ap)/4
a+:<4p77|éh|+|4p‘7> or <7Tr‘él'[|+|0'r>
b=(4p(I”|4po)

Diagonal matrix elements

(P FHS g ) =Erg+ + Big+ X— D1y + X?

(5o [H|*S g )=Eg- +Biy-X—Dug-X?

(33 HIPS g )=Esy - +Bsg - (X+2)— 2y5 + 2Cs — Dag - (X?+ 8X +4)
(337 ,e|H|®3] ,e)=Ess- +Bsg-X— ys — Cs — Dag - (X?+2X)

(37 fIH?S] ,f)=Ess-+Bsg-X— y5 — Cy — Dag - X2

(D MI|H|D M) =Eiy+ Biy(X—1)—Dip(X?—2X+1)

(d 3M,|H|d ®TI,) = Esy+ Bsy; (X— 3)+ Ap— Ci— 7y — Dsp(X2— 4X+5)+ B (X—2)

(d M, ,e[H|d M ,e)=Esy+ Bsy(X+ 1)+ 2C;— 2y — Dap( X2+ 6X —3) + Aj

d °TI,,f|H|d 3, ,f)=Esy+ Bay(X+1)+2Cy — 2y — Dap(X2+ 6X—3) + A + 2B X
0 0
d °TI,,e|H|d ®TTy,e)=Esy+ Bsy (X+1)— Ay — Cpy— vy — D (X2 +4X+ 1)+ BS X
0
(d 3M,, f|H|d ®TIy,f)=Esy+Bsy(X+1)— Ag— Cp— v — Dsp( X2+ 4X+ 1)+ By X+ 2Ag

(f 3A4[H|f 3A,)=Esy+BsyX—2A,— Cy— v, — D3y (X2+2X—4)

(f 3A,|H|f 3A,)=Esy +Bsy(X—2)+2C, — 2y, — D3,y (X2—12)

(f 3A5|H|f 3A5)=Esy+Bsy(X—8)+2A, — Cy— ya— D3y (X2— 14X +52)

(F A,|H|F *A,)=E1y+Biy(X—4)— D1, (X2—8X+16)

(VIS§ 0/ HIVISg w)=Tot+ (v +12)we— (v + 12 weXet (v + 1122 weYe
+[Be—a, (v’ +1/2)]X—D,X?

Off-diagonal matrix elemerits

Rydberg-Rydberg interactions:

<32;|H|325>:—25 s XYy X2 4 ADsg - (X + 1) X2
<3E;|H|3H1>=—4a+<o\o> bB,

(337 |H[H1,)=7a*(0]0)
CIHPI ) =—-2"YDB,, ,(X—2)¥"
C3T|HPOgy=—-2"Y%B,, X2

(335 |H|*M)=—bB,, X2

3o [HPMgy=—2" 1’2a+<o|o> 2Y%9B,,

12+|H|;H >:*b32w,w><”2

(2o [H] Ho>=21_ a*(0]0)

("2 [H[*20) = 3(an +aj;)(0[0)

(!35|H|MI,)=bB,, X2

(*24 [H[*Mg)=—273%a%(0|0)
<3H1,e|H\3HO|e>=(2X)1/2[—BU,,U,,+%yn+2(x+1)osn+31+]
(3Hl,f|H|3H0,§>=(2X)1’2[—Bv/yv/,+5y11+2(x+1)D3“—SBI’]
<2H1}HI;H1>=5311<0|0> vy )
CILHPPI,)=[2(X—2)]¥] — B, ,»+ yn/2+ (X—1)Dsy+ B ]
(°I,e[H[*M,8)=[X(X~2)]*] 2Ds;; — By ]

(3, f|H[*, f)=[X(X—2)]"1 2Dsy; + By ]
CH,[H]PA)=2"Y2a"(0|0) + 2Y%0B,, ,»

(I H|?A)=—DbB,, ,n(X—2)Y/2

CILo|H[*A)=—bB, /X2

(I, H|A5)=—DbB,, ,,(X—6)12

I, H|*A;)= —bB,/ ,n(X—2)"2

CH,H[PA ) =272 +<o|o>+21/2b8, "
(PIo|H|*A)=2"%%a"(0|0)

(M4 [H|*A,)=—bB,, ,/(X—2)¥2

(M4|H[%A )= —2732a*(0|0)

CALHPA)=—B,: [2(X— 2)]1j2+n[(x 2)/2]1;2 2Ds,[2(X— 2)]1;2(x 1)
(3A3|H|3A2>778, o [2(X=6)1Y2+ y,[(X—6)/2]Y2+ 2Ds,[2(X— 6) Y4 X —5)
<1A2|H|3A2>:2(an ay;)(0[0)

Rydberg-valence interaction:

(V'2g ,0'[HIE '35 ' =0)=Hg_\(v'|0)

[Byr pn=Bos]
[B, ,»=9.85(0|0)=0.9897
[(0/0)=0.9844

[Bv' v”zg 85]
[B, ,»=9.85]
[B ’ //_9 85]
[Bo o= 9.87(0|0)=0.987
[B, ,»=9.35]
[(0/0)=0.9899
[(0/0)=0.9967
[B, ,~=9.35
[(00)=0.9894
[By» n=Bon]
[By+ pn=Bon]
[(0l0)=9521]
[Bvu”:B3H]

[B, ,»=9.96{0|0)=0.999

[B ’ //_9 96]
[B, ,»=9.96]
[B, ,»=9.96]
[B, ,~=9.96]
[B, ,»=9.96(0|0)=0.99]
[(0/0)=0.999
[Bu',v”:g-ze]
[(0/0)=0.9639
[Byr pr=Boy]
[Bys =83, ]
[(010)=0.998

v'=8-12 for HCl andv’=12-15 for DCI

ar~1 represents the core.
PX=J'(J'+1)

“Vibrational overlap integralgp’|v"), and the rotational overlap integral, ,» , were calculated using Morse potentials for all the state’s=Q andv”=0

in most cases, except for matrix elements Withs,; .)
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Thee 337 state requires special treatment because it ig-dependent mixing of the zero-ord®r states. A complete
the only (quasiy bound state in this energy region that is set of tables of diabatic characters for the states that we ana-
totally absent from the observed spectra. Bhé&X; state lyzed are available in the PAPS archi’e.
interacts to first order with thd °I1,, d 3II;, G ', and We were able to get an overall consistent fit to both the
e 337 states, and the 33 state interacts to first order with HCI and DCI data. Those parameters which are purely elec-
the d Iy, d°M,, d3M,, DI, g32;, and e3%] tronic in nature and independent of isotoframely, A,
states. To account for the perturbations of khetates by the A, , a,, andb) were taken to be the same for DCI and HCI.
337 state, which are expected to be manifest mosti\in  C, , which is only weakly dependent on the isotope, is also
doubling of these states, we introduced the Van Vleckaken to be equal for HCI and DCI; however, as an internal

coefficient$®-1° By, B, andA; , consistency we allowe@p; to vary for both isotopomers. As
seen in Table V, the fitted value @ for DCI agrees rea-
Bg =2, (v.2|B(RL™|v’,33+) sonably well with the HCI valug—10.1 vs —7.8 cm ).
v’ Some of the parameters which are rotationally dependent
X(v' 33 |B(R)L " |u,3I1)/(Ey— Es) (namely,Bis+ B, D,, D3s-, ya, andyy) were held fixed

for DCI at values estimated from HCI. In the least-squares
fitting procedure, equal weights were assigned to the term
values of all levels except for the high rotational levels (
>7) of theD I, d 3II,, andd 3II, states, for which the
BI=BS+E (v, B[B(R)L *|o’ 23 %) assignments of Tilford a_nq Gintérare untl:er.tain. N
o A good test of the fitting procedure is its ability to ac-
count for A-doubling of thell andA states. Figures 2, 3, and
4 compare the experimentally observieloubling with the
. calculated values for the *A, andd °I1, states of HCI and
=By +a+b2 B, [[16(Ep—Es)], (26)  thed 3I1, state of DCI, using a consistent set of parameters
v for the two isotopomers. Although we succeeded in obtain-
and ing a good fit for these states, we could not do so for the
higher rotational levels of th® I1,, d °II,, andd 3II,
A§=E [(v,3H|(é/2)L+|v’,32+> states of HCI. We believe that this failure is due to incorrect
v’ assignments by Tilford and Ginférof these high rotational
+{v', 33 *|B(R)L "|v,3)1%/(Ex—Es) levels. Greenet al?? reported assignments only up B
=7 for D I, and up taJ’' =4 ford °I1, andd 3I1,. Also,
the observed\-doubling of theD 11,, d °II,, andd I,
states is irregular.

Another possible reason for the poor fit at highkEr
could be a crossing of these states by ¢, states. In
our model we have introduced the second-order parameters,
iAo . By , andBy , to correct for the fact that we have omit-
ted these states from the Hamiltonian. But this treatment is
valid only for J-levels far from a level crossing with an un-

d 31'10,1 states. The effect of the spin-orbit interaction of theseerF’El* level, because we have used nondegenerate pertur-

; +
e 33" state with theg andG states is to shift the term values be;‘mon thde(;r y tg a}cccéu?t for tlhe effects Or: tmoi sta;es. hi
of the latter by a small-independent amount, which is ab- The good fit obtained for DCI suggests, however, that this

sorbed into the effective term values of these states. treatment is justified. _ _ _
From our analysis we find that the electronic assign-

ments of theQ(9) andQ(14) rotational lines of th& '3
IV. RESULTS andg 337 states in the _one—photon absorp_tion spectrum re-
ported by Ginter and Gint&t should be switched. That is,
The spectroscopic constants were determined by a nonke line position 83 201.76 cnt previously assigned as
linear least-squares procedure used previously by Fiel®(9) of g > should be assigned &(9) of G 13, , and
et al'® The essential feature of this method is that all of thethe line position 83 205.88 ¢ previously assigned as
experimental term values were simultaneously fitted by leastQ(9) of G 13, should be assigned ©Q(9) of g 33 . The
squares adjustment of the free parameters in the effectiveameg«— G reassignment must be made for 9€14) lines.
Hamiltonian matrix. The experimental and fitted term values  In the following paragraphs we discuss the quantitative
for HCI and DCI are listed in Tables Ill and IV, and the values obtained for the various constants in the effective
optimized set of parameters is listed in Table V. RepresenHamiltonian.
tative examples of the diabatic state characters are given ”A"' in-orbi
Fig. 1 [for theV 13" (v'=12) state of HC}, and in Tables - Spin-orbit constants
VI-IX for the g 325 (v'=0) andE X" (v'=0) states of From HCI" it was found thata;; equals approximately

HCI and DCI. In all of these examples are seen extensive-648 cm %:2* This often quoted value is based on tfe

=2} (bB,,)*[B(En—Es)], (25

X(v',2S (&)L |v,*T)/(Ef— Es)

=> [27%%a,+27%%B, , ]%/(E;—Ey), (27)

whereb is defined in Eq(16) anda, is the matrix element
of the " operator® The rotational matrix elemers,, ,,
=B, sasw sy = <QASEU|B(R)|Q/A/S'E,U'>R-14
These coefficients appear in the matrix elements listed
Table 1. We will show that thee 33§ state is indirectly
characterized through its effect on thedoubling of the
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TABLE Ill. Measured term values of HCI.

Liyanage, Gordon, and Field

Term valuescm™?)

(&)

EST  VIST(v'=8)

0 83780.85 82226.19
1 83793.62 82 232.54
2 83819.79 82 245.15
3 83859.03 82 264.93
4 83911.30 82 288.95
5  83976.33 82320.19
6 84053.27 82 357.57
7 84141.02 82 400.79
8 8423927 82 449.37
9 84354087  82504.97

10 82 565.67

11 82 631.78

12 82 703.09

J D ly(e) D I,(f)
0
1 82509.00 82509.10
2 8254829 82 548.24
3 82607.10 82 606.32
4 82684.42 82 684.72
5 8278151 82 781.59
6 82897.51?7  82897.52
7 83027.837  83031.71
8 83182287  83185.73
9 83351.74?  83357.26

10

11

J FlA,(e)  F 1A

0

1

2 82909.23  82909.12

3 82971.25  82970.98

4 83053.67  83053.32

5 83156.50 83 156.32

6 83279.53  83156.15

7 83422.66  83278.82

8 83585.61  83421.90

9 83 768.93 83767.26
10 83 971.00 83 969.19
11 84 192.99 84 190.18
12 84 434.29 84 430.59
13 84 693.92 84 689.85
14 84 974.26 84 967.69
15 85 270.58 85 263.94
16 85578.43

f3A50e)  f3A4(f)

J
1
2
3 81938.40 81939.62
4 82014.89 82015.14
5 82 109.43 82 109.47
6 82 223.09 82 223.15
7 82 355.21 82 355.99
8 82 506.31 82 506.86

VISt@'=9) VISt(v'=10) VST(v'=11) V3t(v'=12)
82839.73 84 333.86 84 207.92 84 747.30
82847.03 83444.13 84 216.53 84 755.27
82862.01 83 465.08 84 234.07 84 771.02
82 883.39 83497.90 84 260.91 84794.81
82912.01 83548.19 84 297.17 84 826.99
82 946.51 84 344.22 84 867.33
82 987.14 84 403.38 84913.95

84 476.60 84 970.99
83084.91 84 565.64 85 033.81
83142.84 84 672.83

84 797.99?
d °I1,(e) d 3I1,(f) d ®IIg(e) d ®II4(f)
82271.30
81792.43 81792.96 82290.21 82291.62
81831.25 81832.35 82327.72 82329.31
81889.29 81891.45 82384.13 82 385.62
81 966.63 81969.99 82 459.46 82 460.25
82 063.35 82 067.64 82 553.32 82554.53
82179.34 82184.91 82 665.627 82 667.18
82314.26 82321.24 82 798.03? 82799.17?
82 468.84 82476.34 82 948.59? 82 950.10?
82641.93 82 650.04 83118.43? 83119.09?
82 833.967 82842.57 83 307.44?
83514.12?
d %II,(e) d 3II,(f) f 3A,(e) f 3A,(f) g%,
83088.26
83103.23
81 652.68 81 652.59 82079.95  82080.09 83133.47
81 704.47 81704.29 8214513  82145.16 83179.59
81773.39 81773.89 82231.17  82231.35 83242.83
81 860.52 81861.57 8233831 8233851 83322.71
81 964.53 81 966.22 82465.78 82 466.07 83417.79
82 087.63 82089.79 8261359 82613.84  83525.11?
82230.45 82780.53  82781.77  83632.43?
82968.16  82968.54
83173.50

g% (e) g %21 (f) G 35 (f) f %A4(e) f3A,(f)

83289.31 82 544.07 82544.02

83330.98 82585.17 82585.68

83390.88 82 647.02 82 647.32
83462.72 82729.81 82730.21
83530.52 82 833.06 82833.10
83593.17
83662.99? 83100.72
83963.77?
84137.11?  84141.23?
84 329.29 84336.53
84 539.69 84547.67
84773.69
85013.19?
85278.66?  85265.27?

&Question marks indicate uncertain assignments.
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TABLE IV. Measured term values of DCI.

Term valuesicm™?)

J f 3A5(e) f 3A5(f) g°5(e)  F'Ay(e) F1A,(f) d°My(e)  d°Iy(f)
0 83 134.90
1 83 143.82 81 798.85 81800.21
2 L e 83 161.66 82 940.33 82 940.32 81820.16 81820.12
3 82 138.54 83188.17 82971.25 82971.45 81 850.28 81 850.97
4 82 180.39 82180.8 83 223.95 8301251 83012.85 81891.31 81 892.36
5 82 233.48 B 83 268.62 83 064.34 83 064.34 81942.38 81943.90
6 82 297.16 82 297.48 83322.41 83125.98 83126.23 82 003.45 82 005.77
7 82 371.35 82 371.46 83 384.68 83198.01 83 198.67 82 075.13 82077.82
8 82 455.80 82 455.92 83453.29 83 280.45 83 281.25 82 156.45 82 159.60
9 82 551.27 82 550.74 83 372.99 83 373.84 82248.18 ---
10 82 655.49 82 655.87 83475.60 83476.50 82530.32 -
11 82 770.99 8277111 83 588.38 83 589.26 82 461.43 82 466.35
12 82 896.15 82 896.87 83711.44 83 711.95 82582.93 82 588.97
13 83 031.56 83032.09 83 844.16 83 844.87 8271429 -
14 83177.83 83987.23 83987.24 82 855.15 82 863.61

J D I, (e) D MI(f) d3M,(e)  d3Myf) f 2A4(e) f 2A,(f) ES¢

0 83 948.53

1 8253591 8253564 82570.48 8257052  83954.76

2 8255584  82556.64  81659.23  81658.19  82591.91 82592.07  83966.52
3 8258666 82586.96 8168656 8168676  82623.04 8262317  83983.87
4 8262720 82627.07 8172483 8172489  82663.93 82664.72  84008.49
5  82677.84 8267752 8177279 8177283 8271657 82716.14  84033.94
6 8273835 8273821  81830.16 81830.28 82778.86 82779.34  84074.66
7  82809.27 82808.82  81897.93 81897.56  82851.36 8285215  84116.90
8  82880.86 82889.86 81973.98 81974.38 82934708 8293513 84 165.46
9

82 980.56 82980.18 83027.81 83028.80  84179.27
10 83081.17 83080.23 83132.83 84 220.34
11 83191.12 83191.70

12 83311.93

J VISt (v'=12) VISt (v'=13) VISt (v =14) VISt (v'=15)

0 82 942.20 83389.40 83 739.10 84 298.20

1 82 945.85 83 393.84 83 744.83 84 302.53

2 82 953.06 83 402.18 83 756.38 84311.18

3 82 963.80 83414.17 83 772.79 84 324.12

4 82977.92 83428.92 83 794.80 84 341.69

5 82 995.24 83 445.35 83821.12 84 363.57

6 83015.54 83 462.13 83 851.86 84 389.94

7 83038.58 83 477.67 83886.23 84 420.87

8 83 064.05 83490.11 83923.54 84 456.54

9 83091.60 84 497.72 83 963.02 84 497.87

10 83120.84

=0) term value difference of th¥ 2I15, and X 2I1,, ionic  B. Spin-spin constant
cores. From our fitted parameters this quantity has a value of
—623.3 cm'™. The discrepancy is partially explained by the operatot® which represents the interaction energy between
rotational contribution to the electronic term values of the - . _ )

ion cores for the two spin-orbit states. Inspection of E#3) the magnetic dipoles ‘?SSO(,:'a,ted W'th the spins O,f two elec-
and (14) for Q=1/2 and 3/2 shows that for the ground rota- trons. Normally the spm-sp_T Interaction constamt)s very
tional level the spin-orbit splitting isR—a;; and not simply ~ Small. (For CI, #=0.06 cm~, see Ref. 10.Second-order
—ay. SinceB~10 cni'%, the spin-orbit part of théll,, spin-orbit effects result in matrix elements that have the
2[1,, ion-core splitting is—628 cmi’, in good agreement Same form as the spin-spin operator. The large values of
with the aj; value of 632 cm* for the Rydberg states deter- €ffective spin-spin constants that we obtained can be mainly

The spin-spin operator is a complicated two-electron

mined in our fit @,=2A,, see Tables Il and attributed to these second-order spin-orbit effects produced
We can estimata]; of the 4p7 Rydberg orbital from by unseen states not included in the fit.
A, (al;=4A,—ay, see Table ). This value turns out to be The spin-spin constants for tF& ~, 31, and®A states

+24.7 cm'L. This value is consistent with a very rough es- can be written as the sum of isoconfigurational and intercon-
timate obtained independentlysee Ref. 15 from al;  figurational terms®?® Although the dominant contribution
~a*/b=47.9cm 1. within the 737 configuration is usually isoconfigurational,
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TABLE V. Fitted parameters for HCl and DTI

J. Chem. Phys., Vol. 109, No. 19, 15 November 1998

Parameter HCI DCI
E 35 (v'=0),
Eis 83 706.9-0.2 83753.31.1
By 8.37£0.02 4.18
Dis 0.004 09-0.000 02  0.006%0.0003
VIsg
Eis 75820.8-0.1 76 251.30.3
we 877.97:0.01 627.39:0.02
weXe 16.852+0.008 8.1610.002
©eYe 0.2639+-0.0007 0.06280.0001
Biy 2.525+0.002 1.289
e —0.0758+0.0001  —0.0449+0.0007
Dis 0.001 76+0.000 01 0.000 011
(" VISS|He v =0E 13¢)
HCI DCI
He-ve) He~v(12) 55+3 0
He-v(o) He-vas) —117+1 0
He-vio) He~v(s) 187+1 123.7:0.4
He-va1) He~vas) —231+1 —140.1+0.7
He-viz) 246+1
g% (v'=0)
(=1 83 263.4-0.2 83289.20.8
Bo 9.915+0.006 5.2-0.2
Do 0.0021+0.0001 0.00012
Cs —5.08+0.15 —5.08
¥s 1.93+0.03 0.98
G137 (v'=0)
Eis 83222.3-0.2
By 10.31+0.01
Diy 0.0028+0.0002
F 'A(v'=0)
=N 82 726.6-0.1 82773.40.3
By 10.046+0.001 5.102-0.004
D1y 0.0012-0.000 01  0.000 1F0.000 02
f3A(w'=0)
Esy 822 08.2:0.2 822 44.6:0.4
Bs, 10.031£0.002 5.176:0.003
Ds, 0.000 40-0.000 08  0.000 180.000 03
Ca —3.0+0.2 —-3.02%
Ya 1.00+0.03 0.49
Ay —151.93+0.04 —-151.9%
D I(v'=0)
Eiy 82 347.5-0.6 82391.9:0.4
Bip 9.65+0.01 5.012-0.004
D1y 0.0004 0.000 1%
d3(v'=0)
= 81932.5-0.2 81949.9-0.2
Bary 9.98+0.03 5.097-0.002
Dspy 0.0004 0.000 12
Cn —-7.8+0.1 -10.1+0.1
i —2.13+0.04 —1.08
An —316.17+0.05 —314.1+0.6
Bg —0.272+0.003 —0.0511+0.002
By —1.74+0.02 —0.78+0.03
Ay 1.3+0.2 2.89-0.09
a, 34.2+0.9 34.3
b 0.71+0.02 0.7%

3l energies are in cm.
PThe value either equals the HCI parameter or is estimated from the HC

value.
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FIG. 1. Diabatic state characters for tie'S, * (v’ =12) state of HCI.

contributions from the interaction with the3s configura-
tion should also be considered. The isoconfigurational part
the of spin-spin constant f&@ ~ states is given by

Cy-=—1/32A—2An)2 D, [(v]|v' )2/ (Esg -y~ Esg+.0).
(29)

In practice we disregarded contributionsut6=0 from the
v'#0 states, assuming that such#0 states have negli-
gible vibrational overlaps with’=0 states. If thee 33"
state lies~2000 cm ! below theg 33~ state, as claimed by
Juretaet al,?® the value ofCs- should be~—17 cmi'L. If
the e 33" state lies close to thd 3II, as we argue later,
Cs- would be even more negative. Since the fitted value is
—5.1 cm %, we can attribute the small absolute valueCgf-
to additional interconfigurational spin-orbit contributions to
Cs- from states such ag 33", a’ll, d3(v'=1),
D MI;(v'=1) and e33"(v'=1), and also from
C MI,(v'=2,3) andb °II(v'=3,4).

The effective spin-spin constant for tRHE state comes
mostly comes frontll states. The isoconfigurational contri-
bution is of the form°

Cr=—U3(An)?2 [(vlo")|*/(Exn—Esn). (29

Since theD 'II state is already included in the model, con-
tributions toCy; in this case are mostly from th@ *II(v’
=2,3), andA 'II states.

The effective spin-spin constant fé\ states comes
mostly from*A states. This isoconfigurational contribution is
of the form°

Cy=—132As = 2An)*>, [(v]v")|*/(Esy—Esy).
' (30

Typical values for direct spin-spin, as opposed to second-
order spin-orbit contributions to the effective spin-spin con-
stants,C; andC, , are on the order of 0.1 cm (37 for C,
]amd—3/2 nfor C'9). Inasmuch as the fitted constants listed
In Table V are considerably larger in magnitude, we infer

°The value of this parameter is estimated by assuming a Morse potentidhat there must be contributions to the effective spin-spin
energy function.

constants from other configurations.
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TABLE VI. Diabatic characters of the states of ¢S, (v’ =0) state of HCP

Energy Energy g3, E* vist v izt g%

J (obs) (fit) ('=0)  (v'=0) (v'=9) ('=10)  (v'=0)
0 83 088.3 83 088.1 63 22 6 5 0
1 83103.2 83 103.6 62 22 5 5 <1

2 83 133.5 83134.3 61 22 5 5 3
3 83179.6 83 180.8 58 23 4 6 5
4 83242.8 83 243.2 55 23 3 8 7
5 83322.7 83 320.8 50 23 2 11 8
6 83417.8 834115 44 24 2 18 7
7 83525.1 83510.0 33 23 2 31 5
8 83632.4 83 607.7 19 20 1 51 3

34 nergies are in crl.

C. Spin-rotation constants empirical rotational constanté6.6 and 7.3 cm’, respec-
tively, for HCI, and 2.9 and 3.1 cnt for DCI). After deper-
turbation, these values are increased by more than 2.cm
TheB-values for the deperturbed states are increased because
y=—(M/M)A, (3D the pure Rydberg states, which haveo£2)4pm configu-
wherem/M =1/1836, andA is the spin-orbit constant for the ration, all have similar rotational constarit for HCl and 5
molecular electronic state. This value piis typically ~0.1  ¢m™* for DCI). This is true because all the Rydberg states
cm™ ! for HCI, becauseéA~300 cm *. It is possible that the have potential energy curves that are similar to that of the
effective value ofy could be much larger because of second-corresponding HCI(X 2I1) ion core. The small empirical
order (spin-orbit times rotationaleffects. For example, for B-values are due to ah-uncoupling interaction with a
O, it was found that the experimental value pfs ten times  higher-lying principal perturber. The empiricBtvalues for
larger than the calculated microscopic vatfiesor HCl the  the E state are reduced because that state is homogeneously
effective values are also about an order of magnitude larggserturbed by thé/ state, which has a smaller rotational con-
than the estimated microscopic spin-rotation values. Thetant.
larger effective values ofy; are caused by second-order The estimated value of the centrifugal distortion con-
and S-uncoupling by states not included in the model, be-stants is on the order of 16 cm™*, which is determined
cause the matrix elements for these perturbations have thgoym the Kratzer formuldD = 4B3/ w2 for a Morse potential
same forn{ (X —2)"?] as that of the spin-rotation operator. function’® In comparison, our fitted values for all of tfE
Thesg% second-order3pertuarbatmns are of the 8T giates are on the order of 10 This discrepancy could be
x.7%6, such asTlo~*A;~°I1;, where the first interaction  gue to the difficulty in completely deperturbing thestate
is L-uncoupling(and thereforeAS=0), and the second is anifold. Although our fitted values are large, they at least
spin-orbit. have the correct sign. In contrast, values of the centrifugal
distortion constants for th& '3, and V '3 states ob-
tained by Greenet al?? using traditional fitting methods
The effect of deperturbation on thB-values of the were often negative. Such negative values are always caused
E 134 andg 33, states is clear: As a result of valence stateby neglected perturbation effects rather than by pure cen-
mixing, theE '3, andg 33, states have atypically small trifugal distortion.

A rough estimate of the true microscopic value focan
be made from the equatith

D. Rotational and centrifugal distortion constants

TABLE VII. Diabatic characters of th& '3 *(v'=0) state of HCE

Energy Energy E3* vist Vit g3, vist g3y
J (obs) @ity (0'=0) (v'=11) (v'=10) (v'=0) (v'=12) (v'=0)
0 83780.8 83781.7 41 23 16 14 3 0
1 83793.6 83794.2 41 24 16 14 3 <1
2 83819.8 83 820.8 40 25 14 15 3 <1
3 83859.0 83 859.8 38 28 12 16 3 <1
4 83911.3 83911.6 36 31 9 17 3 <1
5 83976.3 83975.9 31 36 7 19 2 1
6 84 053.3 84 051.8 26 42 5 21 2 >1
7 84 141.0 84 139.1 18 48 2 23 2 3
8 84 239.3 84 238.0 9 53 1 26 1 7
ob 84 354.1 84 352.7 1 52 0 27 0 16

3 nergies are in crl.
PFor J>9, theE state character disappears and V&S * (v’ =11) character dominates.
CAssignment is uncertain.
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TABLE VIII. Diabatic characters of thg 33, (v’ =0) state of DCP 10 . : . i :
Energy Energy ¢33, E&* g3%;, vt vig : 8"]5'

J  (obs fity (v'=0) (v'=0) (v'=0) (v'=1) (v'=1) 8l . . j
0 831349 831341 77 20 <1 <1 <1 _ -

1 83143.8 831433 76 20 <1 <1 <1 6 ° 70

2 83161.6 831615 75 20 1 <1 <1 w [ P 1

3 831882 831886 74 20 2 <1 <1 = e

4 832239 832247 72 20 4 <1 <1 g L4

5 83268.6 83269.6 70 20 6 <1 <1 4 s 0 1

6 833224 833228 68 20 7 1 <1 < .

7 833847 833839 65 21 8 2 <1 .«

8 83453.3 834514 60 22 8 6 <1 Ll - ]
3Energies are in cr. f‘.)/

0 j
The fitted value of, for V 13 is negative. For typical 0 10000 20000 30000 40000 50000 60000

potential energy functions, this vibrational correction to the JI+DI-1FH2)

rotational constant is positive. It is possible, however,dgr
P P e FIG. 2. A-doublings e-f) of theF 1A, state of HCI. Open circles are the

to be negative when _the potential function is more parabo"Q)bservedA-douinngs, and the closed circles are the calculated values. The
than the Morse functioft dashed line is a linear regression.

E. A-doubling constants, Bg ,B7 ,AJ

Most of the fitted values obtained for DCI are consistent>6 570-300, and 42 608110 cm ", respectively. We have
with the values obtained from HCI. The estimated values of'ot found in the literature a calculated value for this electro-
B¢ ,BY A for DCI, calculated from the values for HCI static interaction, but we can compare it with the reported
using Egs.(25—~(27), are —0.07, —0.73, and+2.41 cni%,  Value for (AZX" 4so|H®|A X", 0*3p)=7000 cm ./
respectively. For comparison, the fitted values for DCI listedTiS interaction involves only a single orbital change, as
in Table V are—0.05+0.01, —0.78+0.03, and 2.820.09  compared with the two-orbital change for the-V pertur-
cmL. The DCI parameters deduced from the HCI spectrunPation. The unrealistically large fitted values g, and
are very close to the values obtained by a direct fit of the DCfN€ir variation withy” are due entirely to our inability to
spectrum, showing that our deperturbation model, which i@Vflufte aCCLl”afely the vibrational overlap factors for the
based on isotopically independent molecular coupling conE 2o andV "%, states. In order to treat the~V interac-

stants embedded in a model that contains all the isotope efion in the diabatic basis, where the interaction matrix ele-
fects, is internally consistent. ments can be written as the product of a calculated vibra-

tional overlap and a constant electronic factbif,, it is
necessary to start with diabatic potential curves forirand

F. Electrostatic interaction matrix element between .
V states. Even the apparently perturbation-free {olevels

the E'37 and V '3} states

We can estimate thElc__,, electrostatic interaction ma-
trix element from the fitted values of the product

: “*—
He_(v'|v). Based on the Franck—Condon overlap inte-
grals calculated assuming Rydberg—Klein—R&RKR) po- 12l 8:15_‘ . |
tential energy curves for both states, the valuesHgf.
calculated fromy’=8-11 are 44 503,400, 50 586:630, 10 + -
-
o0 8 f// © A
TABLE IX. Diabatic characters of thg 'S * (v’ =0) state of DCP '__E o///)
2 6 e _
Energy Energy E3N* VvI3* vist g3y = e
J (obs) (fit) (v'=0) ('=14) (v'=15) (v'=0) < 4l P i
0 839485 83946.4 39 43 8 8 {//g/ o
1 839547 839528 40 42 8 8 2f e T
2 839665 83965.5 41 40 8 8 o
3 839839 839846 43 36 9 9 o0& :
4 840085 84010.1 45 32 11 10
5 840389 840418 46 28 12 11 . ' ' . . : . .
6 840747 84079.1 48 24 14 13 2z 3 4 8 6 7 8 8 10
7 841169 841216 48 20 16 14 [Fa+n2
8 841655 84168.4 47 18 16 16
9 84 220.3 84219.1 44 13 21 19 FIG. 3. A-doublings §-e) of thed °I1, state of HCI. The open circles show
the experimentalA-doublings, and the closed circles show the calculated
®Energies are in cit. values. The dashed line is a linear regression.
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12 . T . ; ' . ; B. Prediction of the positions of the higher Rydberg
o o . states
10 ¢ cd . The effective principal quantum numbers® of the
sl . © Rydberg states are given by
50 . //// Er=Eion— Ry/n*za (32)
ﬁ 6r . //“/ ] where Ry is the Rydberg constant, afg, is the energy of
2 ;// © the ion core state. From the values rof obtained for the
< 4r 2 iy deperturbed states, one can predict the positions of higher
/./8/ ° Rydberg states having the same core configuration. For ex-
2r . //3/ ] ample, we can predict the position of th&, states which
P belong to the §#°)np manifold. The effective quantum
O /&” . ] numbern*, for f 2A based on Eq(32) is 2.3106. Hence the
predicted deperturbed position of the next higher
2T 4 6 5 10 12 1 . (X 2I)npmA, state[n* ~3.3106,0°7%)5p 7], neglecting
" rotational interactions and using the same perturbation pa-

rameters, is~93 080 cm®. Similarly, one may predict the
FIG. 4. A-doublings ¢-€) of thed °II, state of DCI. The open circles show €nergies of other states by diagonalizing the complete
the experimentalA-doublings, and the closed circles show the calculated Hamiltonian obtained by adding an integer to the deper-
values. The dashed line is a linear regression. turbedn* -value for each excited Rydberg state and scaling
the spin-orbit matrix elements by* 3.

of the V state are of mixed/~E diabatic character and
cannot be used to derive a diabatic potential unless a glob
V~E deperturbation is performed. There is certainly a large  In many electronic bands a number of rotational transi-
electrostatic interaction between the diabAtiandE states; tions are weak or even missing in the observed spectra.
however,H$, is likely to be an order of magnitude smaller These intensity losses are caused by coupling of the excited
than the value derived from our partih E deperturbation. State to continuum states or to predissociated bound states.
The coupling mechanism can be understood quantitatively
by considering the diabatic characters of the interacting
states. A well-studied example is the'A«—X 3 %(0-0)
transition of HCI°~’ The line strengths for transitions 5

From a knowledge of the molecular constants and diaba=2-10 are anomalously weak. Although tRestate is in-
tic state characters it is possible to explain and predict mantersected by the 33 * continuum state, the two states do not
phenomena. Three examples that we discuss here are thweract in first ordef® The b *II(v'=3) and C TI(v’
prediction of the energies of unobserved states and explana2) states, however, are known to be strongly
tions of spectroscopic intensity anomalies and of the photopredissociated?°=° and the term values of their rotational
dissociation dynamics of predissociating states. levels near)’=8 are very close to those of the *A(v’
=0) state. Their interaction with thE A state is further
enhanced by the spin-orbit interaction betweenRhe\ and

The energy of the 33 " state can be estimated from the f 3A states. Rotational mixing of tHe/f states with theS/b
fitted values ofBg ,B; ,Aq , using Eqs.(25—(27) to solve  states completes the picture. Theand C states serve as
for Ex . From the value oB; , thev’ =0 level of thee 33 * efficient gateway states, even though theharacters of the
state lies 23 cm® above the origin of thel °I1 state; from  F/f states are very small. A quantitative model for the inten-
B, , it should lie 10 cm® above the origin, and from it sity anomalies associated with—X(0-0) and(1-0) transi-
should lie 55 cm* below the origin. The apparent inconsis- tions in both HCI and DCI has been presenftéthis model
tency of these results can be partially explained by the facivas confirmed by the simultaneous detection of neutral Cl
that theB, andB; parameters are mostly determined by theatoms produced at the two-photon level and parent molecular
A-doubling of states witlf=1 and 2, wheread is deter- ions produced at the three-photon level.
mined mainly by theA-doubling for 2=0. The spin-orbit A very different picture emerges for the '3 (0-0)
operator splits the’ll states into three sublevels, and the <X 13 %(0-0) transitions of HCI and DCI. Th& state is
term values of thé3 " state are referenced with respect to extensively mixed by electrostatic interaction with many dif-
theseQ) sublevel origins. In a more rigorous treatment, theferent vibrational levels of th& '3 * valence state and by
A-doubling constantsB, , By , andA; , could be broken spin-orbit interaction with the 33, Rydberg state. We ob-
down into components corresponding to contributions fromserve experimentally &dependent intensity anomaly for the
individual Q levels of perturbed and perturbing states. TheE state that differs for HCl and DCIThat is, we find that the
best that we can say from the present analysis is that theesonantly enhanced multiphoton ionizactiGREMPI) sig-
origin of thee 33" state lies near the origin of the zero- nal for this state is smaller than calculated from the known
orderd °II state, at an energy of 81 8680 cm . population of ground state molecules, assuming the usual

. Intensity anomalies
g y

V. DISCUSSION

A. Locating the energy of the e 33+ state
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two-photon rotational line strength factors. For HCI this in- VI. CONCLUSION
tensity loss increases monotonically withwhereas for DCI

it decreases withl. These intensity anomalies may be ex-
plained by the behavior of superexcited states at the thre
photon level. Because thé state has ai 23" core, which

is much more energetic than the?I1 ion core, the super-
excited state reached by absorption of a third photon cal

We have demonstrated in this paper how the complexity
apparent in the electronic spectrum and dynamics of a mol-
%cule can be explained quantitatively in terms of a minimal-
ist, zero-order electronic structure model. Using HCI/DCI as
a test case, a molecular orbital description involving only
A : onizatidd A Kineti N C4ne electron and one hole was assumed. Coupling matrix
lonize only by electronic aut0|on_|zat| .A inetic a__naly5|s elements of different terms of the effective Hamiltonian were
used to model the observed intensity anomalies the expressed analytically in terms of a tractable number of ad-

REMPI spectrum of thée-X transition indicated that elec- justable constants having simple physical significance, which

:Lortn?hal\J/tout)rllzat;]on |stmuc{1tﬁlovt\\/ltver thr?nt preldlsslo?at|on,t§(€vere evaluated by a least-squares fit of the eigenvalues of the
at thev state character at the two-photon level Tavors e, ionian to the observed term values. An overall inter-

production of neutral three-photon products. The opposit ally consistent fit of more than 20 vibronic states was ob-

J-dependences of the intensity anomalies observed for H ined for both isotopomers, and the lambda-type doubling
and DCI are explained by their respective diabatic state chalrrOr several of these states V\;as well reproduced

acters. In Table VIl we see that thv’=10,11) character The main result of this analysis is a set of tables listing

. 0 o e
of the E state mcreases_from 3.9/0 o 5.4/0 asmcreas_es the fractional contributions of different zero-order states to
from 1 to 8. This result is consistent with a monotonically all thev =0, J< 14 Rydberg states of the molecule and their
$ctr)(|aaf)|<ngh|ntentsr|]tyt ?r?yomﬁly' Ftor chilr;éontﬂt]e dother handValence perturbers. Using these tables of basis state charac-
avle 12 shows tha character o state decreases ters, it is possible to explain many dynamical and spectro-

frpm 51% forJ .:O to 34% fprJ .:8’ Wh'Ch |s.conS|stent scopic properties of the molecule, including intensity anoma-
with a monotonically decreasing intensity loss in the REMPI”eS, the J-dependence of spin-orbit branching ratios of the

fspectt:urpﬁ The S|r|r1ultaqe01|Js prodluptlo(;l bOﬁtﬁ?”d Hil* .__predissociation products, and thelependence of the angu-
lons by the pump 1aser IS aiso explained by this mechanisnl,, - qistinytions of the recoiling fragments. Moreover, the

Molecules absorbing three pump photons can prBdiSSOCiE‘E"':‘ero—order analysis can be used to predict the energies of
to form H+CI*, and the electronically excited Thtoms are hitherto unobserved states, in particular that of €h&s.
ionized more efficiently by a fourth photon. state '

A third example is the intensity anomaly of tige®S. '
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