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Diabatic analysis of the electronic states of hydrogen chloride
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An effective Hamiltonian method was used to deperturb the (X 2P i)4ps and (X 2P i)4pp
Rydberg states and theV 1S1 valence state of HCl and DCl. 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
observedL-doublings, to predict the energies of unknown states, to model spectroscopic intensity
anomalies, and to explain the spin-orbit branching ratio for predissociation. ©1998 American
Institute of Physics.@S0021-9606~98!00939-8#
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I. INTRODUCTION

Rydberg states of molecules with closed-shell grou
states are described by the interaction of one Rydberg e
tron and one valence hole. This electron/hole combina
gives rise to clusters of several closely spaced and stro
interacting states, producing an electronic spectrum of ap
ent complexity. The simplest way to analyze such spectr
with a diabatic picture, using a Hund’s case~a! Hamiltonian
to provide a convenient, zero-order description of the m
lecular eigenstates. This picture may be further simplified
insisting that all Rydberg states built on the same ion-h
electronic state have identical potential energy curves
molecular constants. In such a zero-order picture, the sim
structure behind the apparent complexity of the spectrum
produced by the interactions between only two orbitals,
pressed in terms of Coulomb and exchange integrals of
interelectronic repulsion operator.

Real molecules are more complex because of inte
tions between the zero-order states caused by terms in
Hamiltonian that are neglected in the diabatic picture. T
complexity is only apparent, however. By understanding
nature of these interactions, it is possible to recover from
observed spectrum the underlying simplicity of the ze
order, electron/hole description of the molecule. Instead
dealing with the complex spectrum of many electronic sta
it is sufficient to describe the molecule at an orbital lev
considering only one- and two-electron interactions. C
versely, starting from a zero-order picture and knowing
values of all relevant coupling matrix elements of the Ham
tonian, it is possible to predict all desired observables
evant to both frequency and time domain experiments
this paper we present an analysis of a representative ca
which this minimalist view successfully accounts for a bro
range of spectroscopic and dynamic properties of a molec

The molecule that we have chosen for this study is

a!Present address: Department of Chemistry, University of Ut
Salt Lake City, UT 84112.
8370021-9606/98/109(19)/8374/14/$15.00
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drogen chloride.1–3 A simplifying property of this molecule
is its atomlike nature. Most of its orbitals are dominated
Cl atomic orbitals whose properties~e.g., the spin-orbit cou-
pling constant and the radial nodal structure! are well known.
The equilibrium configuration of the ground (X 1S1) elec-
tronic state of HCl is 4s25s22p4, which corresponds to a
closed–shell H1Cl2 ionic structure. Promotion of an elec
tron from a 2p valence orbital to the 6s antibonding orbital
~nominally a transition from a hydrogen 1s orbital to a chlo-
rine 3p orbital! generates thea 3P i and A 1P repulsive
states. Promotion instead of an electron from a 5s valence
orbital to the 6s antiboding orbital produces the repulsiv
t 3S i

1 and the boundV 1S1 valence states. The valence,
ion-pair state, has a covalent configuration at short inter
clear distances and an ionic configuration at long distan
Promotion of these 2p or 5s electrons to higher-lying orbit-
als results in Rydberg states with either anX 2P i(s

2p3) or
an A 2S1(sp4) ionic core. A primary issue is the strengt
of the interactions of the Rydberg electron with the hole
the partly filled ion core. In this paper we are concern
exclusively with Rydberg states having a ground state co
i.e., with an (X 2P i)nl l nominal configuration. The spe
cific states that we will deal with are theV 1S1 valence
state, theb 3P i and C 1P Rydberg states, for which the
promoted electron is in the 4ss orbital, thed 3P i andD 1P
Rydberg states with the promoted electron in the 4ps or-
bital, and thee 3S i

1 , E 1S1, g 3S i
2 , G 1S1, f 3D i , and

F 1D Rydberg states, where the promoted elecron is in
4pp electron orbital.

The atomic character of HCl is evident from its adiaba
potential energy curves,4 which consist of relatively compac
clusters of states, with each cluster corresponding to oc
pancy of a different Rydberg orbital. The compactness of
clusters is symptomatic of the weakness of the interac
between core and Rydberg electrons, which is the prim
basis for the apparent complexity of the spectrum. T
simple atomic picture is complicated by the existence of d
ferentL states~whereL is the projection of the orbital an
,

4 © 1998 American Institute of Physics

IP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



n

e

e
an
e

tr

a
al
rg

on
te
t

-

s
ea

y
al

a
ia
ta
-

-

to
ng

-

-

g
l

ore

tic

rgy
s,

lear
he
ns,
the

gy

s
tead
adia-

to

mp-

f
es,

t

m-
en-

8375J. Chem. Phys., Vol. 109, No. 19, 15 November 1998 Liyanage, Gordon, and Field
gular momentum along the internuclear axis! and the inter-
actions among them. Specific examples of perturbatio
which were analyzed in previous papers, areL-doubling of
the F 1D state5 and theJ-dependent predissociation of th
F 1D state,5–7 the E 1S1 state,7 the g 3S0

2 state,8 and the
C 1P state.9 Our goal in this paper is to provide quantitativ
explanations for these perturbations in the spectra of HCl
DCl, and, in so doing, to uncover the underlying zero-ord
structure which could be used to account for other spec
scopic and dynamic effects.

II. DEPERTURBATION SCHEME

The overall approach to this problem is to diagonalize
effective Hamiltonian matrix and to fit its eigenvalues to
of the observed term values of states in a particular ene
region. In this section we review the method used for c
structing this matrix and define the spectroscopic parame
that are fit to the data. Throughout, the notation is close
that used in the book by Lefebvre-Brion and Field.10 We
start by writing the HamiltonianH as the sum of three op
erators,

H5Hel1TN1Hel. ~1!

The first operator is the clamped-nuclei~Born–
Oppenheimer! electronic Hamiltonian

Hel5Te~r !1V~r ,R!, ~2!

whereTe is the electronic kinetic energy,V(r ,R) is the po-
tential energy of the nuclei and electrons,R is the internu-
clear distance, andr represents the electronic coordinate
The potential energy can be broken into electron–nucl
nuclear–nuclear, and electron–electron interactions,

V~r ,R!5VeN~r ,R!1VNN~R!1Vee~r !, ~3!

The second term in Eq.~1! is the nuclear kinetic energ
operator,TN, which consists of vibrational and rotation
terms~see Ref. 10!

TN~R,u,f!5TVIB~R!1HROT~R,u,f!, ~4!

whereu andf are the orientation angles of the bond axis~z!
relative to the laboratory coordinate system with its origin
the molecular center of mass. The rotational Hamilton
may be further partitioned into terms containing the to
angular momentum,J, the electronic orbital angular momen
tum, L , and the spin,S,

HROT5B~R!@~J22Jz
2!1~L22Lz

2!1~S22Sz
2!

1~L1S21L2S1!2~J1S21J2S1!

2~J1L21J2L1!#, ~5!

where J6, L6, and S6 are ladder operators, andB is an
R-dependent operator. The last term in Eq.~1! is the relativ-
istic Hamiltonian,Hrel, which includes the spin-orbit, spin
spin, and spin-rotation operators

Hrel5HSO1HSS1HSR. ~6!

For all but the simplest systems, it is very difficult
diagonalize the full Hamiltonian directly. The usual starti
point for calculating the eigenstates ofH is the Born–
Downloaded 21 Mar 2005 to 131.193.195.198. Redistribution subject to A
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Oppenheimer approximation,11 in which the nuclei are as
sumed to be clamped at internuclear distanceR, so that the
eigenfunctions ofHel may be factored into products of elec
tronic functions,F i(r ;R), and nuclear~vibration–rotation!
functions,xv,J(R). The former are obtained by diagonalizin
eitherHel or Hel1HSO by means of a suitable variationa
calculation at a grid of internuclear distances. In the m
common nonrelativistic treatment used in this paper,Hel is
diagonalized, yielding as its eigenfunctions the adiaba
wave functionsF i

ad(r ;R) and as its~R-dependent! eigenval-
ues the nonrotating Born–Oppenheimer potential ene
curves, Vi

BO(R). The adiabatic potential energy curve
Vi

ad(R), may be obtained by addinĝF i
aduTNuF i

ad& r diagonal
matrix elements toVi

BO(R). ~The subscriptr indicates inte-
gration over all electronic coordinates.!

The adiabatic~or Born–Oppenheimer! potential energy
curves may be used to construct a set of coupled nuc
Schrödinger equations, which may in turn be solved for t
total energy and the adiabatic nuclear wave functio
xv,J

ad (R). In order to uncouple these equations we define
projection operatorP, such that

PTN5(
i

uf i
ad& rTr

N^f i
adu, ~7!

which is used to further partition the nuclear kinetic ener
operator,

TN5PTVIB1~12P!TVIB1HROT. ~8!

In the Born–Oppenheimer approximation the (12P)TVIB

operator, which is nondiagonal in thexv,J
ad f i

ad basis, is ne-
glected. The remaining diagonal terms inTN lead to the un-
coupled nuclear Schro¨dinger equation

^f i
aduPTVIB1HROT1Vi

ad~R!2Euf i
ad& rxv,J

ad ~R!50, ~9a!

or

@TVIB1^HROT& r1Vi
ad~R!2E#xv,J

ad ~R!50, ~9b!

which can be solved forE andxv,J
ad (R).

Because configuration interaction is built intoHel, the
adiabatic~or Born–Oppenheimer! potential curves for state
of the same symmetry necessarily repel each other. Ins
of using these noncrossing curves and the associated
batic electronic and vibrational wave functions, we choose
transform to a diabatic~crossing! basis, following the phe-
nomenological procedure described in Ref. 10. The assu
tions required for this transformation are~i! the existence of
a complete set of diabatic wave functions,F i

d(r ;R), which
are linear combinations ofF i

ad(r ;R) @Eq. ~2.3.13! of Ref. 10
for the two-state case#, and ~ii ! the existence of a set o
well-behaved, intersecting, diabatic potential energy curv
Vi

d(R) @Ei
d(R) in Eq. ~2.3.12! of Ref. 10#. In the two-state

limit, these cross at internuclear distanceRC . Because by
assumptionV1

d(RC)5V2
d(RC), the coupling matrix elemen

in the diabatic basis,H12
e (R)[^F1

duHeluF2
ad& r , has the abso-

lute value 1/2uV1
ad(RC)2V2

ad(RC)u at the crossing point.12 An
auxiliary assumption, thatH12

e (R) is independent ofR in the
interaction region, completes the prescription for transfor
ing from one basis to the other. The resulting diabatic pot
IP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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tial energy curves may be inserted into the nuclear Sch¨-
dinger equation to solve for the total energy and the diab
nuclear wave functions,xv,J

d (R).
The adiabatic and diabatic wave functions are alterna

zero-order approximations of the true eigenstates. Both f
a complete basis set in which the eigenstates may be
panded. The advantage of the diabatic model is its simplic
especially when the off-diagonal matrix elements are
small relative to typical vibrational spacings within ea
electronic state. The diabatic eigenfunctions are Hund’s c
~a! wave functions,uVLSS&, whereL and S are, respec-
tively, the projections ofL andS along the internuclear axis
andV5L1S. Our task is to expressH as a matrix in this
representation. In constructing this matrix, it is convenien
partition H into a zero-order term,H0 , given by

H05TVIB1Vd~R!1B~R!^J22Jz
2& r1B~R!^S22Sz

2& r

1B~R!^L22Lz
2& r1AS,L~R!^LzSz& r , ~10!

and a nondiagonal perturbation term,

H85Hel1B~R!^L1S21L2S1& r

2B~R!^J1L21J2L1& r2B~R!^J1S21J2S1& r

1~HSO2AS,L,S8,L8~R!&^LzSz&1HSS1HSR,

~11!

where the spin-orbit operatorsAS,L(R) and AS,L,S8,L8(R)
vary slowly with R.

By definition,H0 is diagonal in this representation, an
its eigenvalues are the energies of the zero-order diab
states. We assign a single, leading electronic configuratio
each eigenstate, and write down analytic expressions for
matrix elements ofH8 in terms of a set of physically moti
vated parameters. The resulting effective Hamiltonian,Heff,
is diagonalized, and its parameters are optimized by fitt
the calculated line positions to the ones in the observed s
trum. The designation ‘‘effective’’ is used to indicate that t
effects of states omitted from the basis set may be inclu
by the use of a Van Vleck transformation, which introduc
additional effective molecular constants@see Ref. 10 and
Eqs. ~25!–~27! below#. What emerges from this calculatio
is a representation of the true eigenstates as linear comb
tions of zero-order, diabatic, wave functions. We refer to
squares of the coefficients in this expansion as the ‘‘diab
state characters’’ of the observed states.

To express the matrix elements ofHeff it is necessary to
evaluate the molecular constants that appear in each o
terms. One way to do this is to use a traditional set of p
nomenological parameters for each of the electronic st
and for the interactions between the states. To do so
would require over 100 adjustable parameters. This appro
is not only unacceptably cumbersome, it fails to provide
simple zero-order picture that we seek. Instead, we introd
a much smaller set of parameters consisting of one- and
electron matrix elements among the two or three inco
pletely filled orbitals which we assume to be common to
the states of interest.

Calculation of the matrix elements of the effectiv
Hamiltonian is discussed in detail in Ref. 10. In what follow
Downloaded 21 Mar 2005 to 131.193.195.198. Redistribution subject to A
o
ic

e
m
x-

y,
ll

se

o

tic
to
he

g
c-

d
s

a-
e
ic

its
-

es
re
ch
e
ce
o-
-

ll

we collect the key results and indicate the approximatio
that have been made in our analysis. Consider first the c
tribution of each term in Eq.~10! to the expectation value o
H0 . The matrix elements of the first two terms are evalua
as

^VLSSvJuTVIB1Vd~R!uVLSSVJ&

5ES,L1~v811/2!ve2~v811/2!2vexe

1~v811/2!3veye1@Be2ae~v811/2!#X, ~12!

where ES,L is the electronic term value~i.e., the potential
energy minimum of the upper electronic state at internucl
separationRe8 relative to the zero of energy of the groun
state atRe9 , written in spectroscopic notation asTe), v8 is
the vibrational quantum number,X5J8(J811), and the
other symbols have their usual meaning.13 In cases where
only the ground vibrational level is included,^TVIB& is ab-
sorbed intoES,L . The third and fourth terms in Eq.~10! have
an expectation value

^VLSSvJuHROTuVLSSvJ&

5Bv,S,L~X2V21S~S11!2S2!, ~13!

where Bv,S,L5^VLSSvuB(R)uVLSSv&.14 In addition, a
contribution from centrifugal distortion, incorporating the e
fects ofDvÞ0 matrix elements ofB(R) ~within each elec-
tronic state! into the Dv50 blocks in the Hamiltonian, is
included in^HROT&.10 Because the expectation value ofL2

is undefined, the contribution of the fifth term is incorporat
into ES,L . The last term in Eq.~10! is the diagonal part of
the spin-orbit operator; its expectation value is

^VLSSvJuAS,LLzSzuVLSSvJ& r5Av,S,LLS, ~14!

whereAv,S,L5^VLSSvuAS,L(R)uVLSSv&.14

We turn now to the terms in Eq.~11!, which are respon-
sible for interactions between different zero-order states.
first term is the interelectronic repulsion, which is respo
sible for configuration interaction between states of the sa
S,L symmetry. Here it produces the Rydberg–valence in
action between theE 1S1 andV 1S1 states. Its matrix ele-
ment is the product of a constant electronic termHE;V

e and a
vibrational overlap factor. The second term is a sp
electronic operator, which connects states with different v
ues ofL andS but with the same value ofV. The third term
is theL -uncoupling operator, which connects states with d
ferentL andV but the sameSandS. The fourth term is the
S-uncoupling operator, which connects states with differ
S andV. In evaluating the matrix elements ofJ6, one must
take into account the consequences of the anomalous c
mutation rules~i.e., the raising and lowering roles ofJ1 and
J2 are interchanged!. In evaluating the matrix elements o
L6 ~Ref. 10!, we correct for the fact that the actual Rydbe
electrons are not in states of pure orbital angular moment
l. To account phenomenologically for the actuall-mixing
~caused by the nonspherical nature of the ion core and
by the choice of the coordinate origin at the center of m
rather than at the Cl atomic nucleus!,15,16 we introduce a
parameterb,

b5^4ppu l 6u4ps&. ~15!
IP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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In the limit of ‘‘pure-precession’’ of ap-orbital, b5( l ( l
11))1/2521/2.

The fifth term in Eq.~11! is the nondiagonal part of th
spin-orbit operator, which may be written in terms of sing
electron operators10 as

HSO5âPlPsP1âP
r lP

r sP
r 11/2âP~ lP

1sP
21 lP

2sP
1!

11/2âP
r ~ lP

r 1sP
r 21 lP

r 2sP
r 1!, ~16!

whereâP and âP
r operate on the core and Rydberg electro

respectively. In general,â is an operator that acts only on th
radial part of the wave function. The operatorâl i is defined
as10

âli5(K~a2/2!~Zeff K /r iK
3 !liK , ~17!

whereliK is the orbital angular momentum of electroni about
nucleusK, Zeff K is the effective charge of theKth nucleus,
anda is the fine-structure constant.

The sixth term in Eq.~11! is the spin-spin operator,10

HSS5CL~S223Sz
2!. ~18!

The diagonal matrix element ofHSS is

^VLSSuHSSuVLSS&5CL@S~S11!23S2#. ~19!

The nondiagonal matrix elements of this operator are sm
and were ignored in this work. Finally, the last term in E
~11! is the spin-rotation operator, which has the effect
form10

HSR5g~J2L2S!•S. ~20!

The diagonal matrix elements ofHSR are

^VLSSuHSRuVLSS&5g@S22S~S11!#. ~21!

The off-diagonal part ofHSR connects some of the sam
basis states as the spin-orbit andS-uncoupling operators, an
has the same quantum number dependencies, but wit
opposite sign.17

III. DEPERTURBATION OF THE SPECTRUM OF
HYDROGEN CHLORIDE

The effective Hamiltonians for HCl and DCl were co
structed using the methods outlined in the previous sect
The two-electron Slater determinants for the states inclu
in our analysis are listed in Table I, and their matrix eleme
are listed in Table II. Included in our analysis are t
(X 2P i)4ps and (X 2P i)4pp Rydberg states and th
V 1S1(v858 – 12 for HCl andv8512– 15 for DCl! valence
state, spanning the energy range of 81 600–85 300 for
and 82 900–85 300 cm21 for DCl.

Excluded from our basis set are a number of states
are so broadened by predissociation that they have not
observed in the spectra recorded so far. Important exam
are theb 3P(v853) and theC 1P i(v852) states9 of HCl,
which couple to theF 1D and f 3D i states and are the caus
of a J-dependent intensity loss in the ionization signal.5–7

Because the present fit is primarily of the observed te
values, it is necessary to assess what effect the unseen~and
otherwise ignored! states might have on the energy levels
Downloaded 21 Mar 2005 to 131.193.195.198. Redistribution subject to A
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Near degenerate vibrational levels of unseen states c
conceivably cause largeJ-dependent level shifts of the ob
served states. From second-order perturbation theory, the
ergy level shift is given by

dE;V2/DEJ , ~22!

whereV is a coupling matrix element andDEJ is the differ-
ence between same-J term values of the interacting state
The width of the perturbed state is given by10

GE;~V/DEJ!
2Gb,C , ~23!

where the mixing fraction, (V/DEJ)
2, expresses how the

width of the perturbing state is borrowed by the perturb
state, andGb,C is the width of the perturbing state. Substitu
ing Eq. ~22! into Eq. ~23! gives

dE;GEDEJ /Gb,C . ~24!

From the widths of the observed spectral lines we estim
that GE'0.3 cm21, and, inasmuch as the perturbing leve
have not been observed, we estimate thatGb,C.100 cm21.
For DEJ /Gb,C,1, the level shifts produced by nearby vibr
tional levels are accordingly negligible. Remote vibration
levels and continua of unseen states, however, can co
tively produce appreciable level shifts that mimic the effe
of the spin-spin and spin-rotation interactions. These effe
are absorbed into large effective spin-spin~C! and spin-
rotation ~g! constants.

States excluded from our basis set are the abo
mentionedb 3P i andC 1P states~for which thev8.1 lev-
els required for our energy range are absent in the spectr!,
the e 3S0,1

1 state ~which has never been observed!, the J8
50 – 8 levels of theG 1S2 state~which are not seen in the
spectrum!, and the t 3S1, A 1P, and a 3P continuum
states.

TABLE I. Zero-order wave functions.

Electronic
State Wave function

E 1S0
1 1/2@ up1ap r

2bu2up1bp r
2au2up2bp r

1au1up2ap r
1bu#

g 3S0
2 1/2@ up1ap r

2bu1up1bp r
2au2up2bp r

1au2up2ap r
1bu#

g 3S61
2 221/2@ up1ap r

2au2up2ap r
1au# or

221/2@ up1bp r
2bu2up2bp r

1bu#
D 1P61 221/2@ up1as rbu2up1bs rau# or

221/2@ up2as rbu2up2bs rau#
d 3P61 221/2@ up1as rbu1up1bs rau# or

221/2@ up2bs rau1up2as rbu#
d 3P62 up1as rau or up2bs rbu
d 3P60

a up1bs rbu or up2as rau
f 3D61 up1bp r

1bu or up2ap r
2au

f 3D62 221/2@ up1ap r
1bu1up1bp r

1au# or
221/2@ up2bp r

2au1up2ap r
2bu#

f 3D63 up1ap r
1au or up2bp r

2bu
F 1D62 221/2@ up1ap r

1bu2up1bp r
1au# or

221/2@ up2bp r
2au2up2ap r

2bu#
G 1S0

2 1/2@ up1ap r
2bu2up1bp r

2au1up2bp r
1au2up2ap r

1bu#
e 3S0

1 1/2@ up1ap r
2bu1up1bp r

2au1up2bp r
1au1up2ap r

1bu#
e 3S61

1 221/2@ up1ap r
2au1up2ap r

1au# or
221/2@ up1bp r

2bu1up2bp r
1bu#

aThe wave functions fore/ f lambda-type doublets of thed 3P0 state are
linear combinations of these Slater determinants.~See Ref. 10.!
IP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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TABLE II. Matrix elements of the effective Hamiltonian.

Definitions of some integrals and constantsa

Bv8,v95^v8u\2/(2mR2)uv9&
aP5^s2p3uâPus2p3& or ^p21uâPup21&
aP

r 5^4ppuâP
r u4pp& or ^p r uâPup r&

AP5aP/2
AD5(aP1aP

r )/4
a15^4ppuâP

r l1u4ps& or ^p r uâPl1us r&
b5^4ppu l1u4ps&
Diagonal matrix elementsb

^1S0
1uHu1S0

1&5E1S11B1S1X2D1S1X2

^1S0
2uHu1S0

2&5E1S21B1S2X2D1S2X2

^3S0
2uHu3S0

2&5E3S21B3S2(X12)22gS12CS2D3S2(X218X14)
^3S1

2 ,euHu3S1
2 ,e&5E3S21B3S2X2gS2CS2D3S2(X212X)

^3S1
2 , f uHu3S1

2 , f &5E3S21B3S2X2gS2CS2D3S2X2

^D 1PuHuD 1P&5E1P1B1P(X21)2D1P(X222X11)
^d 3P2uHud 3P2&5E3P1B3P(X23)1AP2CP2gP2D3P(X224X15)1B0

1(X22)
^d 3P1 ,euHud 3P1 ,e&5E3P1B3P(X11)12CP22gP2D3P(X216X23)1A0

1

^d 3P1 , f uHud 3P1 , f &5E3P1B3P(X11)12CP22gP2D3P(X216X23)1A0
112B0

1X

^d 3P0 ,euHud 3P0 ,e&5E3P1B3P(X11)2AP2CP2gP2D3P(X214X11)1B0
1X

^d 3P0 , f uHud 3P0 , f &5E3P1B3P(X11)2AP2CP2gP2D3P(X214X11)1B0
1X12A0

1

^ f 3D1uHu f 3D1&5E3D1B3DX22AD2CD2gD2D3D(X212X24)
^ f 3D2uHu f 3D2&5E3D1B3D(X22)12CD22gD2D3D(X2212)
^ f 3D3uHu f 3D3&5E3D1B3D(X28)12AD2CD2gD2D3D(X2214X152)
^F 1D2uHuF 1D2&5E1D1B1D(X24)2D1D(X228X116)
^V 1S0

1 ,v8uHuV 1S0
1 ,v8&5T01(v811/2)ve2(v811/2)2vexe1(v811/2)3veye

1@Be2av(v811/2)#X2DvX2

Off-diagonal matrix elementsc

Rydberg–Rydberg interactions:

^3S1
2uHu3S0

2&522Bv8,v9X
1/21gSX1/214D3S2(X11)X1/2 @Bv8,v95B3S#

^3S1
2uHu3P1&52

1
4a1^0u0&2bBv8,v9

@Bv8,v959.85,̂ 0u0&50.9897#

^3S1
2uHu1P1&5

1
4a1^0u0& @^0u0&50.9846#

^3S1
2uHu3P2&52221/2bBv8,v9(X22)1/2 @Bv8,v959.85#

^3S1
2uHu3P0&52221/2bBv8,v9X

1/2 @Bv8,v959.85#
^3S0

2uHu3P1&52bBv8,v9X
1/2 @Bv8,v959.85#

^3S0
2uHu3P0&52221/2a1^0u0&221/2bBv8,v9 @B0,059.87,̂ 0u0&50.987#

^1S0
1uHu1P1&52bBv8,v9X

1/2 @Bv8,v959.35#
^1S0

1uHu3P0&5223/2a1^0u0& @^0u0&50.9898#

^1S0
1uHu3S0

2&5
1
2(aP1aP

r )^0u0& @^0u0&50.9967#

^1S0
2uHu1P1&5bBv8,v9X

1/2 @Bv8,v959.35#
^1S0

2uHu3P0&52223/2a1^0u0& @^0u0&50.9898#

^3P1 ,euHu3P0 ,e&5(2X)1/2@2Bv8,v91
1
2gP12(X11)D3P1B1

1# @Bv8,v95B3P#

^3P1 , f uHu3P0 , f &5(2X)1/2@2Bv8,v91
1
2gP12(X11)D3P23B1

1# @Bv8,v95B3P#

^3P1uHu1P1&5
1
2aP^0u0& @^0u0&59521#

^3P1uHu3P2&5@2(X22)#1/2@2Bv8,v91gP/21(X21)D3P1B1
1# @Bvv95B3P#

^3P2 ,euHu3P0 ,e&5@X(X22)#1/2@2D3P2B0
1#

^3P2 , f uHu3P0 , f &5@X(X22)#1/2@2D3P1B0
1#

^3P1uHu3D1&5221/2a1^0u0&121/2bBv8,v9 @Bv8,v959.96,̂ 0u0&50.999#
^3P1uHu3D2&52bBv8,v9(X22)1/2 @Bv8,v959.96#
^3P0uHu3D1&52bBv8,v9X

1/2 @Bv8,v959.96#
^3P2uHu3D3&52bBv8,v9(X26)1/2 @Bv8,v959.96#
^3P2uHu3D1&52bBv8,v9(X22)1/2 @Bv8,v959.96#
^3P2uHu3D2&5221/2a1^0u0&121/2bBv8,v9 @Bv8,v959.96,̂ 0u0&50.99#
^3P2uHu1D2&5223/2a1^0u0& @^0u0&50.998#
^1P1uHu1D2&52bBv8,v9(X22)1/2 @Bv8,v959.26#
^1P1uHu3D1&52223/2a1^0u0& @^0u0&50.9638#
^3D1uHu3D2&52Bv8,v9@2(X22)#1/21gD@(X22)/2#1/222D3D@2(X22)#1/2(X21) @Bv8,v95B3D#
^3D3uHu3D2&52Bv8,v9@2(X26)#1/21gD@(X26)/2#1/212D3D@2(X26)#1/2(X25) @Bv8,v95B3D#

^1D2uHu3D2&5
1
2(aP2aP

r )^0u0& @^0u0&50.998#

Rydberg–valence interaction:
^V 1S0

1 ,v8uHuE 1S0
1 ,v850&5HE;V^v8u0& v858 – 12 for HCl andv8512– 15 for DCl

ap21 represents the core.
bX5J8(J811)
cVibrational overlap integrals,̂v8uv9&, and the rotational overlap integrals,Bv8,v9 , were calculated using Morse potentials for all the states. (v850 andv950
in most cases, except for matrix elements withV 1S0

1 .)
Downloaded 21 Mar 2005 to 131.193.195.198. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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The e 3S1 state requires special treatment because
the only ~quasi-! bound state in this energy region that
totally absent from the observed spectra. Thee 3S0

1 state
interacts to first order with thed 3P0 , d 3P1 , G 1S2, and
e 3S1

1 states, and thee 3S1
1 state interacts to first order wit

the d 3P0 , d 3P1 , d 3P2 , D 1P, g 3S1
2 , and e 3S0

1

states. To account for the perturbations of theP states by the
3S1

1 state, which are expected to be manifest mostly inL-
doubling of these states, we introduced the Van Vle
coefficients18,19 B0

1 , B1
1 , andA0

1 ,

B0
15(

v8
^v,3PuB~R!L1uv8,3S1&

3^v8,3S1uB~R!L2uv,3P&/~EP2ES!

5(
v8

~bBv,v8!
2/@8~EP2ES!#, ~25!

B1
15B0

11(
v8

^v,3PuB~R!L1uv8,3S1&

3^v8,3S1u~ â/2!L2uv,3P&/~EP2ES!

5B0
11a1b(

v8
Bv,v8 /@16~EP2ES!#, ~26!

and

A0
15(

v8
@^v,3Pu~ â/2!L1uv8,3S1&

1^v8,3S1uB~R!L2uv,3P&#2/~EP2ES!

5(
v8

@225/2a11223/2bBv,v8#
2/~EP2ES!, ~27!

whereb is defined in Eq.~16! anda1 is the matrix element
of the âl1 operator.10 The rotational matrix elementBv,v8
[Bv,S,L,S;v8,S8,L8,S8 5 ^VLSSvuB(R)uV8L8S8S8v8&R .14

These coefficients appear in the matrix elements listed
Table II. We will show that thee 3S0

1 state is indirectly
characterized through its effect on theL-doubling of the
d 3P0,1 states. The effect of the spin-orbit interaction of t
e 3S1 state with theg andG states is to shift the term value
of the latter by a smallJ-independent amount, which is ab
sorbed into the effective term values of these states.

IV. RESULTS

The spectroscopic constants were determined by a n
linear least-squares procedure used previously by F
et al.19 The essential feature of this method is that all of t
experimental term values were simultaneously fitted by le
squares adjustment of the free parameters in the effec
Hamiltonian matrix. The experimental and fitted term valu
for HCl and DCl are listed in Tables III and IV, and th
optimized set of parameters is listed in Table V. Repres
tative examples of the diabatic state characters are give
Fig. 1 @for the V 1S1(v8512) state of HCl#, and in Tables
VI–IX for the g 3S0

2(v850) andE 1S1(v850) states of
HCl and DCl. In all of these examples are seen extens
Downloaded 21 Mar 2005 to 131.193.195.198. Redistribution subject to A
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J-dependent mixing of the zero-orderS states. A complete
set of tables of diabatic characters for the states that we
lyzed are available in the PAPS archive.20

We were able to get an overall consistent fit to both
HCl and DCl data. Those parameters which are purely e
tronic in nature and independent of isotope~namely, AP ,
AD , a1 , andb! were taken to be the same for DCl and HC
CL , which is only weakly dependent on the isotope, is a
taken to be equal for HCl and DCl; however, as an inter
consistency we allowedCP to vary for both isotopomers. As
seen in Table V, the fitted value ofCP for DCl agrees rea-
sonably well with the HCl value~210.1 vs 27.8 cm21!.
Some of the parameters which are rotationally depend
~namely,B1S1, Be , Dv , D3S2, gD , andgP) were held fixed
for DCl at values estimated from HCl. In the least-squa
fitting procedure, equal weights were assigned to the te
values of all levels except for the high rotational levels (J8
.7) of theD 1P, d 3P0 , andd 3P2 states, for which the
assignments of Tilford and Ginter21 are uncertain.

A good test of the fitting procedure is its ability to a
count forL-doubling of theP andD states. Figures 2, 3, an
4 compare the experimentally observedL-doubling with the
calculated values for theF 1D2 andd 3P1 states of HCl and
the d 3P1 state of DCl, using a consistent set of paramet
for the two isotopomers. Although we succeeded in obta
ing a good fit for these states, we could not do so for
higher rotational levels of theD 1P1 , d 3P0 , and d 3P2

states of HCl. We believe that this failure is due to incorre
assignments by Tilford and Ginter21 of these high rotationa
levels. Greenet al.22 reported assignments only up toJ8
57 for D 1P1 and up toJ854 for d 3P0 andd 3P2 . Also,
the observedL-doubling of theD 1P1 , d 3P0 , andd 3P2

states is irregular.
Another possible reason for the poor fit at higherJ8

could be a crossing of these states by thee 3S0,1
1 states. In

our model we have introduced the second-order parame
A0

1 , B0
1 , andB1

1 , to correct for the fact that we have omi
ted these states from the Hamiltonian. But this treatmen
valid only for J-levels far from a level crossing with an un
seen3S1

1 level, because we have used nondegenerate pe
bation theory to account for the effects of the3S0,1

1 states.
The good fit obtained for DCl suggests, however, that t
treatment is justified.

From our analysis we find that the electronic assig
ments of theQ(9) andQ(14) rotational lines of theG 1S0

2

andg 3S1
2 states in the one-photon absorption spectrum

ported by Ginter and Ginter23 should be switched. That is
the line position 83 201.76 cm21 previously assigned a
Q(9) of g 3S1

2 should be assigned asQ(9) of G 1S0
2 , and

the line position 83 205.88 cm21 previously assigned a
Q(9) of G 1S0

2 should be assigned toQ(9) of g 3S1
2 . The

sameg←G reassignment must be made for theQ(14) lines.
In the following paragraphs we discuss the quantitat

values obtained for the various constants in the effec
Hamiltonian.

A. Spin-orbit constants

From HCl1 it was found thataP equals approximately
2648 cm21:24 This often quoted value is based on the~J
IP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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TABLE III. Measured term values of HCl.a

Term values~cm21!

J8 E 1S1 V 1S1(v858) V 1S1(v859) V 1S1(v8510) V 1S1(v8511) V 1S1(v8512)
0 83 780.85 82 226.19 82 839.73 84 333.86 84 207.92 84 747.3
1 83 793.62 82 232.54 82 847.03 83 444.13 84 216.53 84 755.2
2 83 819.79 82 245.15 82 862.01 83 465.08 84 234.07 84 771.0
3 83 859.03 82 264.93 82 883.39 83 497.90 84 260.91 84 794.8
4 83 911.30 82 288.95 82 912.01 83 548.19 84 297.17 84 826.9
5 83 976.33 82 320.19 82 946.51 84 344.22 84 867.33
6 84 053.27 82 357.57 82 987.14 84 403.38 84 913.95
7 84 141.02 82 400.79 ¯ 84 476.60 84 970.99
8 84 239.27 82 449.37 83 084.91 84 565.64 85 033.81
9 843 54.08? 82 504.97 83 142.84 84 672.83

10 82 565.67 84 797.99?
11 82 631.78
12 82 703.09

J D 1P1(e) D 1P1( f ) d 3P1(e) d 3P1( f ) d 3P0(e) d 3P0( f )

0 82 271.30 ¯

1 82 509.00 82 509.10 81 792.43 81 792.96 82 290.21 82 291.6
2 82 548.29 82 548.24 81 831.25 81 832.35 82 327.72 82 329.3
3 82 607.10 82 606.32 81 889.29 81 891.45 82 384.13 82 385.6
4 82 684.42 82 684.72 81 966.63 81 969.99 82 459.46 82 460.2
5 82 781.51 82 781.59 82 063.35 82 067.64 82 553.32 82 554.5
6 82 897.51? 82 897.52 82 179.34 82 184.91 82 665.62? 82 667.1
7 83 027.83? 83 031.71 82 314.26 82 321.24 82 798.03? 82 799.1
8 83 182.28? 83 185.73 82 468.84 82 476.34 82 948.59? 82 950.1
9 83 351.74? 83 357.26 82 641.93 82 650.04 83 118.43? 83 119.0

10 82 833.96? 82 842.57 83 307.44?
11 83 514.12?

J F 1D2(e) F 1D2( f ) d 3P2(e) d 3P2( f ) f 3D2(e) f 3D2( f ) g 3S0
2(e)

0 83 088.26
1 83 103.23
2 82 909.23 82 909.12 81 652.68 81 652.59 82 079.95 82 080.09 83 13
3 82 971.25 82 970.98 81 704.47 81 704.29 82 145.13 82 145.16 83 17
4 83 053.67 83 053.32 81 773.39 81 773.89 82 231.17 82 231.35 83 24
5 83 156.50 83 156.32 81 860.52 81 861.57 82 338.31 82 338.51 83 32
6 83 279.53 83 156.15 81 964.53 81 966.22 82 465.78 82 466.07 83 41
7 83 422.66 83 278.82 82 087.63 82 089.79 82 613.59 82 613.84 83 525
8 83 585.61 83 421.90 82 230.45 82 780.53 82 781.77 83 632
9 83 768.93 83 767.26 82 968.16 82 968.54
10 83 971.00 83 969.19 83 173.50
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 85 578.43

J f 3D3(e) f 3D3( f ) g 3S1
2(e) g 3S1

2( f ) G 1S0
2( f ) f 3D1(e) f 3D1( f )

1 83 289.31 ¯ 82 544.07 82 544.02
2 83 330.98 ¯ ¯ 82 585.17 82 585.68
3 81 938.40 81 939.62 83 390.88 ¯ ¯ 82 647.02 82 647.32
4 82 014.89 82 015.14 83 462.72 ¯ ¯ 82 729.81 82 730.21
5 82 109.43 82 109.47 83 530.52 ¯ ¯ 82 833.06 82 833.10
6 82 223.09 82 223.15 83 593.17 ¯ ¯ ¯ ¯

7 82 355.21 82 355.99 83 662.99? ¯ ¯ 83 100.72
8 82 506.31 82 506.86 83 963.77? ¯

9 84 137.11? 84141.23?
10 84 329.29 84336.53
11 84 539.69 84547.67
12 ¯ 84773.69
13 ¯ 85013.19?
14 85 278.66? 85265.27?

aQuestion marks indicate uncertain assignments.
 2005 to 131.193.195.198. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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TABLE IV. Measured term values of DCl.

Term values~cm21!

J f 3D2(e) f 3D2( f ) g 3S0
2(e) F 1D2(e) F 1D2( f ) d 3P1(e) d 3P1( f )

0 83 134.90
1 83 143.82 81 798.85 81 800.2
2 ¯ ¯ 83 161.66 82 940.33 82 940.32 81 820.16 81 820
3 82 138.54 ¯ 83 188.17 82 971.25 82 971.45 81 850.28 81 850
4 82 180.39 82 180.8 83 223.95 83 012.51 83 012.85 81 891.31 81 89
5 82 233.48 ¯ 83 268.62 83 064.34 83 064.34 81 942.38 81 943
6 82 297.16 82 297.48 83 322.41 83 125.98 83 126.23 82 003.45 82 00
7 82 371.35 82 371.46 83 384.68 83 198.01 83 198.67 82 075.13 82 07
8 82 455.80 82 455.92 83 453.29 83 280.45 83 281.25 82 156.45 82 15
9 82 551.27 82 550.74 83 372.99 83 373.84 82 248.18 ¯

10 82 655.49 82 655.87 83 475.60 83 476.50 82 530.32 ¯

11 82 770.99 82 771.11 83 588.38 83 589.26 82 461.43 82 46
12 82 896.15 82 896.87 83 711.44 83 711.95 82 582.93 82 58
13 83 031.56 83 032.09 83 844.16 83 844.87 82 714.29 ¯

14 83 177.83 83 987.23 83 987.24 82 855.15 82 863

J D 1P1(e) D 1P1( f ) d 3P2(e) d 3P2( f ) f 3D1(e) f 3D1( f ) E S0
1

0 83 948.53
1 82 535.91 82 535.64 82 570.48 82 570.52 83 954
2 82 555.84 82 556.64 81 659.23 81 658.19 82 591.91 82 592.07 83 96
3 82 586.66 82 586.96 81 686.56 81 686.76 82 623.04 82 623.17 83 98
4 82 627.20 82 627.07 81 724.83 81 724.89 82 663.93 82 664.72 84 00
5 82 677.84 82 677.52 81 772.79 81 772.83 82 716.57 82 716.14 84 03
6 82 738.35 82 738.21 81 830.16 81 830.28 82 778.86 82 779.34 84 07
7 82 809.27 82 808.82 81 897.93 81 897.56 82 851.36 82 852.15 84 11
8 82 889.86 82 889.86 81 973.98 81 974.38 82 934.708 82 935.13 84 16
9 82 980.56 82 980.18 83 027.81 83 028.80 84 179

10 83 081.17 83 080.23 83 132.83 84 220.
11 83 191.12 83 191.70
12 83 311.93

J V 1S1 (v8512) V 1S1 (v8513) V 1S1 (v8514) V 1S1 (v8515)
0 82 942.20 83 389.40 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 84 311.18
3 82 963.80 83 414.17 83 772.79 84 324.12
4 82 977.92 83 428.92 83 794.80 84 341.69
5 82 995.24 83 445.35 83 821.12 84 363.57
6 83 015.54 83 462.13 83 851.86 84 389.94
7 83 038.58 83 477.67 83 886.23 84 420.87
8 83 064.05 83 490.11 83 923.54 84 456.54
9 83 091.60 84 497.72 83 963.02 84 497.87
10 83 120.84
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50) term value difference of theX 2P3/2 andX 2P1/2 ionic
cores. From our fitted parameters this quantity has a valu
2623.3 cm21. The discrepancy is partially explained by th
rotational contribution to the electronic term values of t
ion cores for the two spin-orbit states. Inspection of Eqs.~13!
and ~14! for V51/2 and 3/2 shows that for the ground rot
tional level the spin-orbit splitting is 2B2aP and not simply
2aP . SinceB'10 cm21, the spin-orbit part of the2P1/2,
2P3/2 ion-core splitting is2628 cm21, in good agreemen
with theaP value of 632 cm21 for the Rydberg states dete
mined in our fit (ap52Ap , see Tables II and V!.

We can estimateaP
r of the 4pp Rydberg orbital from

AD (aP
r 54AD2aP , see Table II!. This value turns out to be

124.7 cm21. This value is consistent with a very rough e
timate obtained independently~see Ref. 15! from aP

r

'a1/b547.9 cm21.
 2005 to 131.193.195.198. Redistribution subject to A
of
B. Spin-spin constant

The spin-spin operator is a complicated two-electr
operator10 which represents the interaction energy betwe
the magnetic dipoles associated with the spins of two e
trons. Normally the spin-spin interaction constant,h, is very
small. ~For Cl, h50.06 cm21, see Ref. 10.! Second-order
spin-orbit effects result in matrix elements that have
same form as the spin-spin operator. The large values
effective spin-spin constants that we obtained can be ma
attributed to these second-order spin-orbit effects produ
by unseen states not included in the fit.

The spin-spin constants for the3S2, 3P, and3D states
can be written as the sum of isoconfigurational and interc
figurational terms.10,25 Although the dominant contribution
within the p3p configuration is usually isoconfigurationa
IP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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TABLE V. Fitted parameters for HCl and DCla

Parameter HCl DCl

E 1S0
1(v850),

E1S 83 706.960.2 83 753.361.1
B1S 8.3760.02 4.18b

D1S 0.004 0960.000 02 0.006160.0003

V 1S0
1

E1S 75 820.860.1 76 251.360.3
ve 877.9760.01 627.3960.02
vexe 16.85260.008 8.16160.002
veye 0.263960.0007 0.062860.0001
B1S 2.52560.002 1.289b

ae 20.075960.0001 20.044960.0007
D1S 0.001 7660.000 01 0.000 011b

^v8,V 1S0
1uHeluv850,E 1S0

1&
HCl DCl

HE;V(8) HE;V(12) 5563 0
HE;V(9) HE;V(13) 211761 0
HE;V(10) HE;V(14) 18761 123.760.4
HE;V(11) HE;V(15) 223161 2140.160.7
HE;V(12) 24661

g 3S2(v850)
E1S 83 263.460.2 83 289.260.8
B0 9.91560.006 5.260.2
D0 0.002160.0001 0.00011b

CS 25.0860.15 25.08b

gS 1.9360.03 0.96b

G 1S2(v850)
E1S 83 222.360.2
B1S 10.3160.01
D1S 0.002860.0002

F 1D(v850)
E1D 82 726.660.1 82 773.460.3
B1D 10.04660.001 5.10260.004
D1D 0.001260.000 01 0.000 1760.000 02

f 3D(v850)
E3D 822 08.260.2 822 44.660.4
B3D 10.03160.002 5.17660.003
D3D 0.000 4060.000 08 0.000 1860.000 03
CD 23.060.2 23.025b

gD 1.0060.03 0.49b

AD 2151.9360.04 2151.93b

D 1P(v850)
E1P 82 347.560.6 82 391.960.4
B1P 9.6560.01 5.01260.004
D1P 0.0004c 0.000 11c

d 3P(v850)
E3P 81 932.560.2 81 949.960.2
B3P 9.9860.03 5.09760.002
D3P 0.0004c 0.000 12c

CP 27.860.1 210.160.1
gP 22.1360.04 21.06b

AP 2316.1760.05 2314.160.6

B0
1 20.27260.003 20.051160.002

B1
1 21.7460.02 20.7860.03

A0
1 1.360.2 2.8960.09

a1 34.260.9 34.2c

b 0.7160.02 0.71c

aAll energies are in cm21.
bThe value either equals the HCl parameter or is estimated from the
value.

cThe value of this parameter is estimated by assuming a Morse pote
energy function.
Downloaded 21 Mar 2005 to 131.193.195.198. Redistribution subject to A
contributions from the interaction with thep3s configura-
tion should also be considered. The isoconfigurational p
the of spin-spin constant forS2 states is given by10

CS2521/3~2AD22AP!2( v8 u^vuv8&u2/~E3S2;v2E3S1;v8!.

~28!

In practice we disregarded contributions tov850 from the
v8Þ0 states, assuming that suchv8Þ0 states have negli
gible vibrational overlaps withv850 states. If thee 3S1

state lies;2000 cm21 below theg 3S2 state, as claimed by
Juretaet al.,26 the value ofCS2 should be;217 cm21. If
the e 3S1 state lies close to thed 3P, as we argue later
CS2 would be even more negative. Since the fitted value
25.1 cm21, we can attribute the small absolute value ofCS2

to additional interconfigurational spin-orbit contributions
CS2 from states such ast 3S1, a 3P, d 3P(v851),
D 1P1(v851) and e 3S1(v851), and also from
C 1P1(v852,3) andb 3P(v853,4).

The effective spin-spin constant for the3P state comes
mostly comes from1P states. The isoconfigurational contr
bution is of the form10

CP521/3~AP!2(
v8

u^vuv8&u2/~E1P2E3P!. ~29!

Since theD 1P state is already included in the model, co
tributions toCP in this case are mostly from theC 1P(v8
52,3), andA 1P states.

The effective spin-spin constant for3D states comes
mostly from1D states. This isoconfigurational contribution
of the form10

CD521/3~2AD22AP!2(
v8

u^vuv8&u2/~E3D2E1D!.

~30!

Typical values for direct spin-spin, as opposed to seco
order spin-orbit contributions to the effective spin-spin co
stants,CP andCD , are on the order of 0.1 cm21 ~3h for CD

and23/2 h for CP
10!. Inasmuch as the fitted constants list

in Table V are considerably larger in magnitude, we in
that there must be contributions to the effective spin-s
constants from other configurations.

FIG. 1. Diabatic state characters for theV 1S1(v8512) state of HCl.

Cl

ial
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Downloaded 21 Mar
TABLE VI. Diabatic characters of the states of theg 3S0
2(v850) state of HCl.a

J
Energy
~obs.!

Energy
~fit!

g 3S0
2

(v850)
E 1S1

(v850)
V 1S1

(v859)
V 1S1

(v8510)
g 3S1

2

(v850)

0 83 088.3 83 088.1 63 22 6 5 0
1 83 103.2 83 103.6 62 22 5 5 ,1
2 83 133.5 83 134.3 61 22 5 5 3
3 83 179.6 83 180.8 58 23 4 6 5
4 83 242.8 83 243.2 55 23 3 8 7
5 83 322.7 83 320.8 50 23 2 11 8
6 83 417.8 83 411.5 44 24 2 18 7
7 83 525.1 83 510.0 33 23 2 31 5
8 83 632.4 83 607.7 19 20 1 51 3

aEnergies are in cm21.
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C. Spin-rotation constants

A rough estimate of the true microscopic value forg can
be made from the equation10

g.2~m/M !A, ~31!

wherem/M51/1836, andA is the spin-orbit constant for th
molecular electronic state. This value ofg is typically ;0.1
cm21 for HCl, becauseA;300 cm21. It is possible that the
effective value ofg could be much larger because of secon
order ~spin-orbit times rotational! effects. For example, fo
O2 it was found that the experimental value ofg is ten times
larger than the calculated microscopic value.10 For HCl the
effective values are also about an order of magnitude la
than the estimated microscopic spin-rotation values. T
larger effective values ofgP are caused by second-orderL -
and S-uncoupling by states not included in the model, b
cause the matrix elements for these perturbations have
same form@}(X22)1/2# as that of the spin-rotation operato
These second-order perturbations are of the typeHROT

3HSO, such as3P0;3D1;3P1 , where the first interaction
is L -uncoupling~and thereforeDS50), and the second is
spin-orbit.

D. Rotational and centrifugal distortion constants

The effect of deperturbation on theB-values of the
E 1S0

1 andg 3S0
2 states is clear: As a result of valence sta

mixing, theE 1S0
1 and g 3S0

2 states have atypically sma
 2005 to 131.193.195.198. Redistribution subject to A
-

er
e

-
he

empirical rotational constants~6.6 and 7.3 cm21, respec-
tively, for HCl, and 2.9 and 3.1 cm21 for DCl!. After deper-
turbation, these values are increased by more than 2 cm21.
TheB-values for the deperturbed states are increased bec
the pure Rydberg states, which have a (s2p3)4pp configu-
ration, all have similar rotational constants~10 for HCl and 5
cm21 for DCl!. This is true because all the Rydberg sta
have potential energy curves that are similar to that of
corresponding HCl1(X 2P) ion core. The small empirica
B-values are due to anL-uncoupling interaction with a
higher-lying principal perturber. The empiricalB-values for
the E state are reduced because that state is homogene
perturbed by theV state, which has a smaller rotational co
stant.

The estimated value of the centrifugal distortion co
stants is on the order of 1024 cm21, which is determined
from the Kratzer formulaD54B3/v2 for a Morse potential
function.13 In comparison, our fitted values for all of theS
states are on the order of 1023. This discrepancy could be
due to the difficulty in completely deperturbing theS state
manifold. Although our fitted values are large, they at le
have the correct sign. In contrast, values of the centrifu
distortion constants for theE 1S0

1 and V 1S0
1 states ob-

tained by Greenet al.22 using traditional fitting methods
were often negative. Such negative values are always ca
by neglected perturbation effects rather than by pure c
trifugal distortion.
TABLE VII. Diabatic characters of theE 1S1(v850) state of HCl.a

J
Energy
~obs.!

Energy
~fit!

E 1S1

(v850)
V 1S1

(v8511)
V 1S1

(v8510)
g 3S0

2

(v850)
V 1S1

(v8512)
g 3S1

2

(v850)

0 83 780.8 83 781.7 41 23 16 14 3 0
1 83 793.6 83 794.2 41 24 16 14 3 !1
2 83 819.8 83 820.8 40 25 14 15 3 !1
3 83 859.0 83 859.8 38 28 12 16 3 ,1
4 83 911.3 83 911.6 36 31 9 17 3 ,1
5 83 976.3 83 975.9 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
9b 84 354.1c 84 352.7 1 52 0 27 0 16

aEnergies are in cm21.
bFor J.9, theE state character disappears and theV 1S1(v8511) character dominates.
cAssignment is uncertain.
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The fitted value ofae for V 1S0
1 is negative. For typical

potential energy functions, this vibrational correction to t
rotational constant is positive. It is possible, however, forae

to be negative when the potential function is more parab
than the Morse function.13

E. L-doubling constants, B 0
1 ,B 1

1 ,A 0
1

Most of the fitted values obtained for DCl are consiste
with the values obtained from HCl. The estimated values
B0

1 ,B1
1 ,A0

1 for DCl, calculated from the values for HC
using Eqs.~25!–~27!, are 20.07, 20.73, and12.41 cm21,
respectively. For comparison, the fitted values for DCl lis
in Table V are20.0560.01, 20.7860.03, and 2.8960.09
cm21. The DCl parameters deduced from the HCl spectr
are very close to the values obtained by a direct fit of the D
spectrum, showing that our deperturbation model, which
based on isotopically independent molecular coupling c
stants embedded in a model that contains all the isotope
fects, is internally consistent.

F. Electrostatic interaction matrix element between
the E 1S0

1 and V 1S0
1 states

We can estimate theHE;V electrostatic interaction ma
trix element from the fitted values of the produ
HE;V^v8uv&. Based on the Franck–Condon overlap in
grals calculated assuming Rydberg–Klein–Recs~RKR! po-
tential energy curves for both states, the values ofHE;V

calculated fromv858 – 11 are 44 50063,400, 50 5806630,

TABLE VIII. Diabatic characters of theg 3S0
2(v850) state of DCl.a

J
Energy
~obs!

Energy
~fit!

g 3S0
2

(v850)
E 1S1

(v850)
g 3S1

2

(v850)
V 1S1

(v851)
V 1S

(v851)

0 83 134.9 83 134.1 77 20 ,1 ,1 ,1
1 83 143.8 83 143.3 76 20 ,1 ,1 ,1
2 83 161.6 83 161.5 75 20 1 ,1 ,1
3 83 188.2 83 188.6 74 20 2 ,1 ,1
4 83 223.9 83 224.7 72 20 4 ,1 ,1
5 83 268.6 83 269.6 70 20 6 ,1 ,1
6 83 322.4 83 322.8 68 20 7 1 ,1
7 83 384.7 83 383.9 65 21 8 2 ,1
8 83 453.3 83 451.4 60 22 8 6 ,1

aEnergies are in cm21.

TABLE IX. Diabatic characters of theE 1S1(v850) state of DCl.a

J
Energy
~obs.!

Energy
~fit!

E 1S1

(v850)
V 1S1

(v8514)
V 1S1

(v8515)
g 3S0

2

(v850)

0 83 948.5 83 946.4 39 43 8 8
1 83 954.7 83 952.8 40 42 8 8
2 83 966.5 83 965.5 41 40 8 8
3 83 983.9 83 984.6 43 36 9 9
4 84 008.5 84 010.1 45 32 11 10
5 84 038.9 84 041.8 46 28 12 11
6 84 074.7 84 079.1 48 24 14 13
7 84 116.9 84 121.6 48 20 16 14
8 84 165.5 84 168.4 47 18 16 16
9 84 220.3 84 219.1 44 13 21 19

aEnergies are in cm21.
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56 5706300, and 42 6006110 cm21, respectively. We have
not found in the literature a calculated value for this elect
static interaction, but we can compare it with the repor
value for ^A 2S1,4ssuHeluA 2S1,s* 3p&57000 cm21.27

This interaction involves only a single orbital change,
compared with the two-orbital change for theE;V pertur-
bation. The unrealistically large fitted values ofHE;V and
their variation withv8 are due entirely to our inability to
evaluate accurately the vibrational overlap factors for
E 1S0

1 andV 1S0
1 states. In order to treat theE;V interac-

tion in the diabatic basis, where the interaction matrix e
ments can be written as the product of a calculated vib
tional overlap and a constant electronic factor,H12

e , it is
necessary to start with diabatic potential curves for theE and
V states. Even the apparently perturbation-free low-v levels

FIG. 2. L-doublings (e- f ) of the F 1D2 state of HCl. Open circles are th
observedL-doublings, and the closed circles are the calculated values.
dashed line is a linear regression.

FIG. 3. L-doublings (f -e) of thed 3P1 state of HCl. The open circles show
the experimentalL-doublings, and the closed circles show the calcula
values. The dashed line is a linear regression.
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of the V state are of mixedV;E diabatic character and
cannot be used to derive a diabatic potential unless a gl
V;E deperturbation is performed. There is certainly a la
electrostatic interaction between the diabaticV andE states;
however,H12

e is likely to be an order of magnitude smalle
than the value derived from our partialV;E deperturbation.

V. DISCUSSION

From a knowledge of the molecular constants and dia
tic state characters it is possible to explain and predict m
phenomena. Three examples that we discuss here are
prediction of the energies of unobserved states and expl
tions of spectroscopic intensity anomalies and of the pho
dissociation dynamics of predissociating states.

A. Locating the energy of the e 3S1 state

The energy of thee 3S1 state can be estimated from th
fitted values ofB0

1 ,B1
1 ,A0

1 , using Eqs.~25!–~27! to solve
for ES . From the value ofB0

1 , thev850 level of thee 3S1

state lies 23 cm21 above the origin of thed 3P state; from
B1

1 , it should lie 10 cm21 above the origin, and fromA0
1 it

should lie 55 cm21 below the origin. The apparent inconsi
tency of these results can be partially explained by the
that theB0

1 andB1
1 parameters are mostly determined by t

L-doubling of states withV51 and 2, whereasA0
1 is deter-

mined mainly by theL-doubling for V50. The spin-orbit
operator splits the3P states into three sublevels, and t
term values of the3S1 state are referenced with respect
theseV sublevel origins. In a more rigorous treatment, t
L-doubling constants,B0

1 , B1
1 , and A0

1 , could be broken
down into components corresponding to contributions fr
individual V levels of perturbed and perturbing states. T
best that we can say from the present analysis is that
origin of the e 3S1 state lies near the origin of the zero
orderd 3P state, at an energy of 81 860650 cm21.

FIG. 4. L-doublings (f -e) of thed 3P1 state of DCl. The open circles show
the experimentalL-doublings, and the closed circles show the calcula
values. The dashed line is a linear regression.
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B. Prediction of the positions of the higher Rydberg
states

The effective principal quantum numbersn* of the
Rydberg states are given by

ER5Eion2Ry/n* 2, ~32!

where Ry is the Rydberg constant, andEion is the energy of
the ion core state. From the values ofn* obtained for the
deperturbed states, one can predict the positions of hig
Rydberg states having the same core configuration. For
ample, we can predict the position of the3D1 states which
belong to the (s2p3)npp manifold. The effective quantum
number,n* , for f 3D based on Eq.~32! is 2.3106. Hence the
predicted deperturbed position of the next high
(X 2P)npp3D1 state@n* ;3.3106,(s2p3)5pp#, neglecting
rotational interactions and using the same perturbation
rameters, is;93 080 cm21. Similarly, one may predict the
energies of other states by diagonalizing the comp
Hamiltonian obtained by adding an integer to the dep
turbedn* -value for each excited Rydberg state and scal
the spin-orbit matrix elements byn* 23.

C. Intensity anomalies

In many electronic bands a number of rotational tran
tions are weak or even missing in the observed spec
These intensity losses are caused by coupling of the exc
state to continuum states or to predissociated bound st
The coupling mechanism can be understood quantitativ
by considering the diabatic characters of the interact
states. A well-studied example is theF 1D←X 1S1(0-0)
transition of HCl.5–7 The line strengths for transitions toJ8
52 – 10 are anomalously weak. Although theF state is in-
tersected by thet 3S1 continuum state, the two states do n
interact in first order.28 The b 3P(v853) and C 1P(v8
52) states, however, are known to be strong
predissociated,9,29,30 and the term values of their rotationa
levels nearJ858 are very close to those of theF 1D(v8
50) state. Their interaction with theF 1D state is further
enhanced by the spin-orbit interaction between theF 1D and
f 3D states. Rotational mixing of theF/ f states with theC/b
states completes the picture. Theb and C states serve as
efficient gateway states, even though theP characters of the
F/ f states are very small. A quantitative model for the inte
sity anomalies associated withF2X(0-0) and~1-0! transi-
tions in both HCl and DCl has been presented.6 This model
was confirmed by the simultaneous detection of neutral
atoms produced at the two-photon level and parent molec
ions produced at the three-photon level.

A very different picture emerges for theE 1S1(0-0)
←X 1S1(0-0) transitions of HCl and DCl. TheE state is
extensively mixed by electrostatic interaction with many d
ferent vibrational levels of theV 1S1 valence state and by
spin-orbit interaction with theg 3S0

2 Rydberg state. We ob
serve experimentally aJ-dependent intensity anomaly for th
E state that differs for HCl and DCl.7 That is, we find that the
resonantly enhanced multiphoton ionizaction~REMPI! sig-
nal for this state is smaller than calculated from the kno
population of ground state molecules, assuming the us
IP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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two-photon rotational line strength factors. For HCl this i
tensity loss increases monotonically withJ, whereas for DCl
it decreases withJ. These intensity anomalies may be e
plained by the behavior of superexcited states at the th
photon level. Because theV state has anA 2S1 core, which
is much more energetic than theX 2P ion core, the super-
excited state reached by absorption of a third photon
ionize only by electronic autoionization.10 A kinetic analysis
used to model the observed intensity anomalies7 in the
REMPI spectrum of theE-X transition indicated that elec
tronic autoionization is much slower than predissociation,
that theV state character at the two-photon level favors
production of neutral three-photon products. The oppo
J-dependences of the intensity anomalies observed for
and DCl are explained by their respective diabatic state c
acters. In Table VII we see that theV(v8510,11) character
of the E state increases from 39% to 54% asJ8 increases
from 1 to 8. This result is consistent with a monotonica
increasing intensity anomaly. For DCl, on the other ha
Table IX shows that theV character of theE state decrease
from 51% for J850 to 34% forJ858, which is consistent
with a monotonically decreasing intensity loss in the REM
spectrum. The simultaneous production of Cl1 and HCl1

ions by the pump laser is also explained by this mechani
Molecules absorbing three pump photons can predissoc
to form H1Cl* , and the electronically excited Cl* atoms are
ionized more efficiently by a fourth photon.

A third example is the intensity anomaly of theg 3S0
2

state of HCl and DCl.8 For both isotopomers the intensit
loss increases monotonically withJ8. The explanation of this
effect is evident in Tables VI and VIII, which show that th
g 3S1

2 character of these states increases withJ8. The g1

state is strongly predissociated, presumably by its coup
to theC/b states.

D. Photodissociation dynamics

The recoil angles and internal states of the fragment
a dissociating molecule depend strongly on the diabatic s
character of a molecule. This dependence on zero-order c
acter is clearly seen in the predissociation of t
E 1S1(0-0) andg 3S0

2 states of HCl and DCl.8 At low J8,
both theE and theg0 states predissociate to give primari
Cl(2P1/2), which recoils in a direction parallel to the electr
vector of the photon. AtJ850, the g0 state gets all of its
oscillator strength from itsE andV state character. All three
states have 01 symmetry~e parity!. The reason for the pre
ponderance of Cl(2P1/2) product is that the only continuum
state that these states can interact with is thea 3P0

1 state,
which correlates adiabatically with Cl(2P1/2) and diabati-
cally with 2/3 Cl(2P1/2)11/3 Cl(2P3/2).

31 The parallel recoil
is explained by the 01201 transition from the ground state
For theE state theJ-dependence of theV state character doe
not alter either of these properties. For theg0 state, however,
the increasingg1 character at higherJ8 has a profound ef-
fect. Theg1 state gets most of its oscillator strength from t
C 1P state, which predissociates mostly to Cl(2P3/2) and
undergoes a perpendicular transition from the ground st
Further details are found in Ref. 8.
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VI. CONCLUSION

We have demonstrated in this paper how the comple
apparent in the electronic spectrum and dynamics of a m
ecule can be explained quantitatively in terms of a minim
ist, zero-order electronic structure model. Using HCl/DCl
a test case, a molecular orbital description involving on
one electron and one hole was assumed. Coupling ma
elements of different terms of the effective Hamiltonian we
expressed analytically in terms of a tractable number of
justable constants having simple physical significance, wh
were evaluated by a least-squares fit of the eigenvalues o
Hamiltonian to the observed term values. An overall int
nally consistent fit of more than 20 vibronic states was o
tained for both isotopomers, and the lambda-type doub
for several of these states was well reproduced.

The main result of this analysis is a set of tables listi
the fractional contributions of different zero-order states
all thev50, J,14 Rydberg states of the molecule and th
valence perturbers. Using these tables of basis state ch
ters, it is possible to explain many dynamical and spec
scopic properties of the molecule, including intensity anom
lies, theJ-dependence of spin-orbit branching ratios of t
predissociation products, and theJ-dependence of the angu
lar distributions of the recoiling fragments. Moreover, t
zero-order analysis can be used to predict the energie
hitherto unobserved states, in particular that of thee 3S1

state.
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