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We address a central question in the realm of the dynamics of high-n (= 40-
250) Rydberg states of diatomics and large molecules. What is the coupling
responsible for the ‘global’ / mixing, which results in the breakdown of the n3
scaling law for the non-radiative lifetimes and for the lifetime lengthening (by
two to four orders of magnitude) of these states? To explore the implications of
intramolecular interactions on / mixing and on electronic-rotational energy
exchange we analysed the intramolecular couplings of the ion core dipole,
quadrupole and (anisotropic) polarizability with a non-penetrating (/= 3)
Rydberg electron, in conjunction with the energy gaps between proximal pairs
of energy levels. Calculations of the energy gaps and the couplings were
performed for the high-n non-penetrating Rydberg states of NO and for model
‘light” (B =19 cm™!) and ‘heavy’ (B = 005 cm™!) polar molecules. All the
intramolecular interactions are of the form of a power law proportional to /™",
with n being determined by the nature of the long-range coupling, by the /
dependence of the quantum defects for multipole couplings and by the /
dependence of angular integrals. We established a bottleneck effect for the
intramolecular couplings between non-penetrating (/> 3) states. For n- and
N *-changing dipole, quadrupole and polarizability interactions the energetics
of the proximal pairs of levels, in conjunction with the bottleneck effect, prohibit
the |n,[,Nt,N>— ‘n’, I'"NY,N> [ (=3) couplings (with n =+ n’) and the
electronic-rotational energy exchange. For n- and N *-conserving quadrupole
and polarizability interactions, the / (> 3) mixing (which prevails only for
[ < N*+ N)is also prohibited by the bottleneck effect. ‘Global’ intramolecular
[ mixing (with both n ¥ n’ and n = n’) in diatomics and in large molecules is
precluded, implying that the dramatic lengthening of the non-radiative lifetimes
of high-n Rydberg states can be induced only by exterior electric field coupling.

1. Introduction

Recent experimental [1-14] and theoretical [15-30] studies focused on the
spectroscopy and dynamics of high-n (= 40-250) Rydberg states of diatomic and
polyatomic molecules, which were interrogated by time-resolved zero-electron-kinetic-
energy (ZEKE) spectroscopy [1-7, 12—-14] and by time-resolved pulsed field ionization
(PFI) ion-counting spectroscopy [8, 9]. A major issue regarding the understanding of
radiationless transitions of high-n molecular Rydberg states, which involve pre-
dissociation and autoionization for diatomics and for polyatomics and/or internal
conversion for large molecules, pertains to the spectroscopic and dynamic mani-
festations of the intramolecular coupling. The traditional description of high-n
Rydberg states rests on the notion of weak coupling between the angular momentum
of the Rydberg electron and the ion core rotation, that is the Hund coupling case (d)
[31], while perturbations due to (off-diagonal) intramolecular couplings will exhibit
deviations from this coupling scheme, resulting in electronic-rotational energy
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exchange and/or mixing of states of different n [27-33]. This intramolecular coupling
involves long-range Rydberg electron—core multiple and polarizability interactions,
for example Rydberg electron—core dipole and quadrupole coupling [27-30, 34] for a
polar molecule (HC1 [29], NO [26] and H2O [30]), or Rydberg electron—core
quadrupole coupling [27-30, 34] for a homonuclear diatomic molecule (H2 [27, 28]
and N2 [14]). Regarding the spectroscopic manifestations of intramolecular coupling
between bound Rydberg states, the anomalous (type A) transitions in the ZEKE
spectrum of H2O [35] were explained by Gilbert and Child [30] and by Lee et al. [36]
in terms of the intramolecular Rydberg electron—core dipole interaction, which mixes
an nd (n = 50) state (from a sparse electronic manifold) with a dense n'p (n’ = 330)
electronic manifold. Of considerable interest is the dynamics of high-n Rydberg states
[1-14], which exhibits the breakdown of the n3 scaling law [31, 37-43] and a dramatic
(two to four orders of magnitude) lengthening of non-radiative lifetimes (the dilution
effect). Even and co-workers [7, 18-21] have proposed that high-n Rydberg dynamics
are dominated by the intramolecular coupling between the Rydberg electron and the
rotating core dipole, which results in ‘down’ (‘up’) relaxation to lower (higher)
Rydberg states. Furthermore, Rabani ez al. [20, 21] suggested that weak electric fields
reduce the frequency of the close encounter of the Rydberg electron with the core,
resulting in the retardation of the electronic-rotational energy exchange. Alternatively,
the dynamics of high Rydberg states was accounted for by the / (or /m ) coupling
and mixing model [8,9,15-17,22-26] induced by a weak electric field (F=
0405-0-1 V cm™ 1) inevitably present in the system. This model was advanced by Bordas
et al. [15] and by Chupka [16, 17] and elaborated on by Merkt and Zare [22], Jortner
and Bixon [23], Bixon and Jortner [24-26] and Vrakking and Lee [8, 9]. The field-
induced coupling and mixing model provides a semiquantitative description for
the autoionization dynamics of the 2P1/2np’[3v/2]1 (n = 100-280) Rydberg states of
At [13, 25] and for the pre-dissociation dynamics of the nf (N* = 2) (n = 40-95) and
np (Nt =0)(n=70-125) Rydberg series of NO [8, 9, 26]. Both atomic autoionization
[13, 25]and molecular pre-dissociation [8, 9, 26] exhibit a marked lifetime lengthening,
whichismanifestedatn = 110 for the autoionizing np’seriesof Ar[13, 25]and atn > 65
and n > 116 for the pre-dissociation of the f series and of the p series respectively of
NO [8,9, 26]. For atomic autoionization the electric field / [15-17, 23-26] (or Im )
[22] mixing is exclusive. As far as molecular Rydberg states are concerned, both
intramolecular Rydberg electron—core coupling and exterior electric field coupling
mechanisms may prevail simultaneously.

In this paper we analyse the dynamic implications of intramolecular coupling of
high-n Rydberg states. Non-penetrating (/= 3) high-n molecular Rydberg states
interact with the molecular ion core via its multipole moments and polarizability
[26-30, 34]. The question that we address in this paper is whether intramolecular
Rydberg electron—core coupling can exhibit a ‘global’ / mixing (i.e. the mixing of all
the / = 0---(n— 1) states corresponding to an n given value, or to a set of n values)
and/or electronic-rotational energy exchange, which will result in the breakdown of
the n3 scaling law for the lifetimes of high-n Rydberg states in a field-free molecule. On
the basis of an analysis of the non-penetrating high-n Rydberg level structure and
intramolecular Rydberg electron—core dipole, quadrupole and anisotropic polar-
izability couplings of model molecular systems we shall demonstrate that in-
tramolecular Rydberg electron—core couplings firstly do not induce / (= 3) mixing
(with n # n') between different core rotational angular momentum states N7,
prohibiting electronic-rotational energy exchange between states of different n, and
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Figure 1. A branching diagram in the /, N* plane (at fixed N) for (a) intramolecular dipole
coupling and (b) quadrupole and polarizability coupling. The open circles (O ) represent
the states accessible via coupling to the 100p (N* =0, N = 1) doorway state (®). The
total angular momentum is N = 1. The lines represent intramolecular couplings between
proximal pairs of states subjected to the appropriate selection rules. The n upper scale
represents the n values for proximal pairs of states for a model molecule with B =
19 cm™1.

secondly do not result in / (> 3) mixing within a single n manifold between N *-
conserving states. From our analysis of the implication of intramolecular interactions
we conclude that ‘global’ /mixing cannot result from intramolecular coupling and can
be induced only by exterior electric field coupling [8,9, 15-17, 22-26]. The inef-
fectiveness of intramolecular ‘global’ / mixing in the context of the dramatic lifetime
lengthening of high-n Rydberg states, which is considered herein, bears a close analogy
to a previous analysis [44-46] of rotational autoionization accompanied by large core
rotational angular momentum exchange in diatomics. This rotational autoionization
is mediated by the coupling between discrete states. In this context Bordas et al. [44]
pointed out that non-penetrating high-/ Rydberg states are ineffective in electronic—
rotational energy exchange, while Mahon ef al. [45] and Merkt et al. [46] have
shown that a series of sequential intramolecular multipole interactions via virtual
mediating states are ineffective. Accordingly, mediated rotational autoionization is
induced by exterior electric-field-induced coupling [44-46].

2. Level structure and intramolecular interactions

We first specify the field-free level structure for high-n Rydberg manifold(s) of a
diatomic molecule, which serves as a generic example for the intramolecular Rydberg
coupling and dynamics. We shall limit ourselves to a single vibrational state v = 0 of
the molecular ion core. As n increases, the angular momentum 1 of the Rydberg
electron becomes weakly coupled to the rotational angular momentum N7V of the
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molecular core, whereupon the system is reasonably well described by the Hund
coupling case (d). The angular momentum (excluding the spin) is N = 1+ N™, with a
projection M ,, forming the total angular momentum J = N+S, where S is the spin
angular momentum. The Rydberg electron—core rotational states |1<> of a definite N
are

> = I LN N, M, (1)

with the energies E(k) being given by

Ryd

= pp— LS
E() = IP(N ) =1 =

(2)

where Ryd is the Rydberg constant, 8(/, a) is the quantum defect which depends on /
and also on other quantum numbers & IP(N¥) is the ionization potential corre-
sponding to the Nt rotational state of the diatomic ion core, which is given by

IP(N*) = IP(0)+ BNT(N*+1), (3)

where B is the rotational constant of the positive ion core and IP(0) is the lowest
ionization potential corresponding to N* = 0.

Disregarding the effects of line broadening and level shifts due to the decay
channels for intramolecular radiationless decay, the field-free (F = 0) Hamiltonian of
the diatomic molecule is

H=H +H,, 4)

where the zero-order Hamiltonian HO for the Hund coupling case (d) is

H, = 2l E <kl (5)

being expressed in terms of equations (1) and (2). For non-penetrating (/> 3)
Rydbergs Hy is the intramolecular long-range interaction Hamiltonian [27, 28]

Hin = 52 X be> <ol Hogpoyet H quag+ Hiog 67> < (6)
where H g, is the Rydberg electron-core (permanent) dipole interaction, H g, is the

Rydberg electron-core quadrupole interaction, while H, is the Rydberg clectron-
core polarizability interaction. H,, induces deviations from the Hund coupling
limit (d), which can be treated in a systematic manner. For a polar ionic core the
intramolecular interaction is often (but not exclusively) dominated by H g, which
we shall now consider. The matrix elements for the Rydberg electron—core dipole
coupling are [28]

<L NH N, M H oo 0, 1NN, M
= —eulnl|r2|n' > f(LNY N, M I, NV N, MY, (T)

where p is the dipole moment of the ion core, while ALLN*, N, N, ;I', N*', N', M) is
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the angular integral. The matrix elements for the Rydberg electron-core quadrupole
coupling are [27, 28]

< N4 N, M |H o [ n', I, NV N, M

= —eQnllra|n 1> gUNY N, M I NT N MY, (8)

quad

where Q is the ionic core quadrupole moment and g(/, Nt N, M I'NT, M) is an
angular integral. Finally, the matrix elements for the core polarizability interactions
are [27, 28]

<L NH N, M JH 0’ 1 N N M

= —e2<m 1meln' 1> gal,sﬁ N+,+§g(z,zv+,zv,MN;J',N+',N',M'N) . 9)

where a= (2a,+ a))/3 is the isotropic core polarizability, y = (a;,— «a|) is the
anisotropic core polarizability and g(-) is the angular integral.

The angular matrix elements ALNY, N, M ;I', N*',N', M) and g(l, N*t,N, M ;
I'"NY,N',M*) in equations (7)-(9) are of the form

NN, M y|Pcos z)

N’ Nt |
I',NY,N',M"> = (—1)tH#N
N> ( ) k l/ N+/

, 1 xr
®5MN5MNMN[(21+1)(ZZ+1)]1/2|:0 ) 0]

+ +
®[(2N++1)(2N+’+1)]1/2[Ag l(:NO ] (10)

where k = 1 for the dipole coupling angular integrals f{ ) and k = 2 for the quadrupole
and core polarization angular integrals g(-). The selection rules for the dipole coupling
are

Al=4+1, ANt=41, AN =0, AM=0. (11)
The selection rules for the quadrupole coupling are
Al=0,42, ANt=0,42, AN =0. (12)

The diagonal integral (8) for Al = ANT = AN = 0 contributes to the quantum defect,
while the off-diagonal integrals (with AN = 0) contribute to the intramolecular
interaction. The selection rules for the isotropic polarizability in equation (9) are
Al =0, ANT=0, AN = 0. The isotropic polarizability has only diagonal elements,
which contribute to the quantum defect [27, 47-50]. For the anisotropic polarizability
the selection rules are given by equation (12). The anisotropic polarizability contributes
to the intramolecular interaction. Regarding the Rydberg electron—core polarizability
coupling (equation (9)), it is worthwhile to point out that this representation implies
an adiabatic separation between the motion of the slow Rydberg electron and the fast
core electrons, that is an electronic Born-Oppenheimer separation, which was
advanced by Bethe and Salpeter [37] for the Rydberg states of the He atom.
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Figure 2. A branching diagram for the intramolecular dipole, quadrupole and polarizability
couplings. The open circles (O ) represent the states accessible via coupling to the 100p
(Nf =9, N =10) doorway state (). The solid straight lines represent the limits of /
subjected to angular momentum conservation. The n upper scale represents the n values
for proximal pairs of states for a model molecule with B = 0-1 cm™1.

Buckingham [50] pioneered the analysis of long-range interaction for the quantum
defects in the Hund coupling case (b). The off-diagonal matrix elements of H gy
(equation (7)), H guag (equation (8)) and Hpy (equation (9)) constitute the contributions
to the (long-range) intramolecular interactions for non-penetrating Rydberg states for
the Hund coupling case (). The diagonal matrix elements of the H ;. interactions
vanish, while the diagonal matrix elements of H g,y and of H,, provide the long-range
contribution to the quantum defects [27, 47, 48]. The level structure in the unperturbed
Hund coupling case (d) consists of ‘/ complexes’ at each value of the core rotation
quantum number N with (2/+ 1) degenerate sublevels with different values of N
(for N* > [). The intramolecular dipole, quadrupole and anisotropic polarizability
couplings between |n,, N*,N> and |n’,!’, N*',N'> states occur between members of
‘Il complexes’ subjected to the appropriate selection rules, with N being conserved in
all cases. In figure 1 we present a typical example for the schemes of the intramolecular
couplings from the np (N*=0, N=1) doorway state (n = 100), which were
experimentally studied [8,9] for the Rydberg states of NO (n = 70-125). The
intramolecular couplings which change the value of /, that is A/ = £ 1 for H j;,, . and
Al = £2 for Hgy,qand H,, are represented by non-horizontal lines in figure 1. The /-
conserving couplings, that is, A/ = 0 (0<—/> 0 with AN ™ = +2) for H g,4 and H, are
represented by horizontal lines in figure 1(b). Of course, combinations of dipole
(Al = £+ 1) and of quadrupole and polarizability (A/ = +2,0) interactions are possible.
The points in figures 1(a) and (b) span the grid of states which are accessible from the
100p (Nt =0, N = 1) doorway state and represent a narrow ladder in the range of /
values |N+— 1| <[< N*+1. With a larger value of N, which characterizes the
doorway state, the ladder of accessible states becomes broader. Figure 2 presents a
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typical example of a grid of states accessible by intramolecular couplings from the
100p (N* =9, N = 10) doorway state. The accessible states via dipole (Al = + 1), and
via quadrupole and polarizability couplings (A/ = +2), are restricted by the angular
momentum conservation

IN*=N|< i< (N+NH. (13)

Two general types of intramolecular interaction, which are determined by the N %
selection rules and by energy constraints on n (figures 1 and 2), can be distinguished.

(I) n- and N *-changing interactions. These involve |n, I, Nt,N>— |n', I' NV, N>
pair couplings with a change in N ¥, that is dipole couplings (AN * = 4+ 1) and
quadrupole and anisotropic polarizability couplings (ANt = +2). n'(* n) is
chosen for the realization of a minimal energy gap between the proximal pair
of states. The couplings are represented by pairs of points lying on non-
horizontal (Al =+ 1, +2) and horizontal (Al = 0) lines in figure 2. The
changes in n for the typical case are indicated in figure 1. The n- and N*-
changing dipole coupling, quadrupole and anisotropic polarizability coup-
lings (with Al = 4+2) can induce direct / mixing (with n ¥ n'), which
corresponds to electronic-rotational Rydberg electron—core energy exchange.

(1)) n- and N *-conserving interactions. These correspond to |n,/, N*,N> — |n, 1+2,
N* N> pairs of states with AN* =0, which conserve N7, involving
quadrupole and anisotropic polarizability (Al = +2) interactions. These
couplings are indicated by vertical lines in figure 1(b) and correspond to
neighbouring points lying on vertical lines in figure 2. Dipole coupling is
precluded in this class by its selection rules (equation (11)). Ascending the /
values for a fixed (initial) value of N* there is a cut-off at the upper limit for
the accessible values of / < (N+ N %) (equation (13)).

To provide an analysis of the intramolecular couplings, we require the radial
integrals for the multipole and polarizability couplings (section 3 and appendix).
Subsequently, input data (section 4) will be utilized for the analysis of n- and N *-
changing dipole, quadrupole and polarizability interactions (section 5) and of n- and
N *-conserving quadrupole and polarizability interactions (section 6) for the NO
molecule and for model systems.

3. Radial integrals for intramolecular coupling between high-n Rydberg states

The intermolecular coupling terms of H jipore (equation (7)), H guag (equation (8))
and H,, (equation (9)) involve the products of angular integrals and of radial
integrals. A semiquantitative estimate of the radial integrals for Rydberg electron—core
dipole, quadrupole and anisotropic polarizability coupling for high n,n’ non-
penetrating (/> 3) states can be provided by the near-threshold approximation of
Gilbert and Child [30], who used the asymptotic form of the phase shifted radial
wavefunction

2 \1f ,
n, > = Gy Iy ((81)1F), (14)

where v = n— &(, oAc), A= 1—8(l, @) is the effective azimuthal quantum number and J(*)
is the Bessel function. The radial matrix elements of r{ 1) (i.e. p = 1 for the dipole
coupling (equation (7)), p = 2 for the quadrupole coupling (equation (8)) and p = 3
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Figure 3(a) For legend see facing page.
for the anisotropic polarizability coupling (equation (9)) can be readily obtained using
the standard integrals for the Bessel functions:

a{Ph2Pr2p—1) DA+ A +2—p)
(W)3BRT(A+ A +p+ 1) T(A— A +p) (X — A+p)’

<y 1| tPr 1> = (15)
where I'(+) is the gamma function. For dipole coupling (p = 1), equation (15) reduces
to the Gilbert-Child [30] equation. In the appendix we provide the explicit expressions
for the radial integrals obtained from equation (15) for the quadrupole (p = 2) and
polarizability (p = 3) interactions.

The asymptotic results were applied for intramolecular long-range coupling
between non-penetrating (/ > 3) Rydberg states. The reliability of these asymptotic
results is based on the analysis and numerical results for hydrogenic wavefunctions.
For the hydrogenic wavefunctions we find that the asymptotic expressions provide a
good approximation for the exact results for the multipole and polarizability integrals
<n,l|r'( Pt )|n’, I'’> (p = 1,2 and 3) for large n,n’. We thus expect that the asymptotic
expansion (equation (14)), in conjunction with the multipole and polarizability long-
range interactions, provides an adequate description of the coupling, that is, the
breakdown of the Hund coupling case (d), between non-penetrating (/ = 3) high-n
Rydberg states. In considering the limiting (high /) forms of the intramolecular
couplings (equations (7)—(9)), we bear in mind that for the non-penetrating high-/
orbitals the dominating contribution to the radial integrals <nl|r'( P )|n’li q> arises
from the r domain outside the molecular ion core, where the asymptotic description of
the phase shifted radial wavefunctions (equation (14)) is adequate. We shall utilize
equations (A 1)—(A 11) for the matrix elements of r(P+H)(p = 1,2, 3) between high-I
(= 3) non-penetrating states, which are characterized by small §(/) values. These radial
integrals, together with the general results given by equations (7)—(13), with the
appropriate selection rules, provide explicit expressions for the long-range H
H gaq and H,,, intramolecular interactions.

dipole>
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Figure 3. The angular integrals. (¢) Schemes for the presentation of the angular momentum
integrals. The |n, [, N*, N> states are as follows: (® ), doorway state; (@), states involved
in diagonal and off-diagonal coupling; (O) other states. The strings mark the off-
diagonal couplings. (i) g/, N*,N) for N*= N{+2, /= [+2 and N is conserved. (ii)
SUNYN I+ 1, N*+1,N) for N*= N}+1,/=1[+1 and N is conserved. (iii) g(/, N*, N;
I+2,N*+2,N)forN*= Nf+2,/1=[,+2and Nisconserved. (iv) g, N*,N;,LNT+2,N)
forl=[+2, N: is fixed and N is conserved [ < (N0++ N). (v) g(LN*,N;I+2,N* N) for
I=1+2, N0+is fixed and N is conserved / < (N0++ N). (b) The / dependence of the angular
integrals represented according to the schemes in (a): (—), [} =1, Nf =0, N = 1;
(—==), =L, Nf (or NH =9, N =10;(--*),/;= 1, Nf (or N} = 39, N = 40.
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4. Model systems

Model calculations were performed for the energetics and for the intramolecular
Rydberg electron—core dipole, quadrupole and anisotropic polarizability couplings
for a real diatomic and for two model systems.

The generic example will involve the NO molecule, which constitutes the
first molecule for which quantum defects were identified in the Rydberg level
structure [51] and for which extensive spectroscopic and dynamic information
[8,9, 26, 33, 34, 51-72] on Rydberg states is available. The rotational constant for
NOtis B = 19842 cm™ [8,9]. To specify the Rydberg electron—core long-range
interactions we need the core multipole moments, and the polarizability components
y and o of NO™. The dipole moment of NO™* was first calculated by Jungen and
Lefebvre-Brion [73], giving u = 0:66+0.38 D. Recent experiments [74] and calcu-
lations [75] of the dipole moment of the A 2X Rydberg state of NO resulted in u =
1.1 D. We shall take the value of g = 1.0 D (0:39 au) as a reasonable approximation.
The quadrupole moment of NO™* deduced by Jungen and Lefebvre-Brion [73] from
the analysis of the lower nf (n =4,5) Rydberg states of NO was Q =
079+ 1075 4+ 0-08 esu cm?2, in reasonable agreement with theoretical calculations,
which resulted in the values Q = 0462 X 107% esu cm2[73]and Q = 056 X 10™% esu cm?2
[76]. We shall use the experimental value of Q = 0:79 X 107 esu cm?2 (059 au). The
isotropic polarizability of NO%t is a = 120 X 1072 ¢cm? (8:17 au). The anisotropic
polarizability of NO™ was roughly estimated on the basis of experimental data of
Bridge and Buckingham [77] for other diatomics as y = a/2 = 0.6 X 1072t cm3 (4«1 au),
which is somewhat higher than a previous estimate [73]. The nf(N*, N) and ng(N*, N)
non-penetrating Rydberg states are characterized by the quantum defects 5(f) =
00101 for N*=2 and N = 1 [8,9], 8(f) = 0:02 for N*= 3 [8,9] and 5(g) =~ 3X 1073
[66]. The /dependence of the quantum defects §(/) for high /can be estimated from the
diagonal matrix elements of the quadrupole and polarizability interactions [27].
Equations (8) and (9) give

nB

oe?
s = ——| %=1
D= JRyal 2 &

2
T n,l>+'3£<n,l 4, D+ eQ <n, L 3in, 1> | gL N N),

(16)

where g(/, N*t,N)=g(l, N*,N;I,N*, N). The diagonal angular integrals gp(*) (and
other g(-) integrals) were evaluated using standard programs. For / = 3, one obtains,
from equations (16), (A 9) and (A 10) for the (Nt = 2) state S(f{,Nt=2, N=1) =
17 X 1072, which is higher than the experimental value of 101 X 1072 [8, 9]. For the
f(N+=3)states S(LNT=3, N =0) = 1.8X 1072, §(f,N*T =3, N = 1) = 1.7X 1072 and
S(f,Nt =3, N =2)= 15X 1072, which are lower by 10-25% than the experimental
quantum defect S(f, N* = 3) = 2.0 X 1072 [8, 9]. These deviations are presumably due
to (small) penetration effects [34]. For higher values of /(> 3) the quantum defect is

3a Y . o
S(ly=—"I5+g (LN N Fs4+—1r3]. 17
B 2a'f) g ) (2a'f) ea? ) an

For the NO data, equation (17) takes the numerical form &(/) =
61175+ (2:05/75+0-591"3) g (). The first term in §(/) (equation (17)) dominates when

[ < I_, where
3oae 1f2
Lo=\——| . (18)
2a,0g(*)
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The / dependence of the diagonal angular integrals will be presented using the
following: N ¥ increases from an initial value of N by steps of ANT = 2, while /
increases from the initial value of /; by steps of Al = 2, and N is conserved (figure 3 (a)).
The diagonal integrals of gD(l,N+,N) for N =1, Nf=0for N =10, N}t = 9 and for
N = 40, N{ = 39 (figure 3 (b)) reveal a qualitatively similar behaviour and are almost
constant, that is g(+) = 036, for large /.

From this analysis, in conjunction with equation (17) we conclude the following.

(1) For non-penetrating orbitals with moderately large values of 3 < /< /_ (with
[_ =~ 10 being defined by equation (18)) the major contribution to the quantum
defects originates from the isotropic polarizability, that is

6(1):%1‘5,l< l.. (194a)
0
This result is well known from atomic Rydberg physics [49].

(2) For very large [/ values the (exceedingly small) quantum defect will
be dominated by the quadrupole coupling. This state of affairs will be
realized (except for pathological cases when g~ 0) when [>/ =
[Bae/2a, Qg )il thatis I, =~ 10 for most of the states of NO. The quantum
defect is of the form

.9 -

6([)—ea2gD(l,N+,N)ld,l>l>. (19b)
0

This result is of methodological interest for the characterization of the &(/) for

asymptotic large values of /.1

We also considered two model molecules. For a ‘light’ model molecule, the
rotational constant is chosen as B = 19 cm™!, mimicking the features of a diatomic
molecule containing a hydrogen atom. The quantum defects are taken from equation
(17), and we took the NO multipoles and polarizability data. For a ‘heavy’ model
molecule, the rotational constant is taken as B = 0¢1-0.05 cm™!, which mimicks the
features of Rydberg core—dipole coupling in a large molecule. The quantum defects are
taken from equation (17), and we took again the NO multipoles and polarizability
data.

5. Coupling and energy gaps between proximal pairs of high I (= 3) states

We explored the energetics and the n- and N *-changing couplings of proximal
(closest-lying) pairs of states. A proximal pair of states |n,/, Nt, N> and |n’,l’,N+’,
N> is chosen as follows.

(i) n,I, NTand N are fixed.

(i) Z,N* and N are chosen to obey the appropriate selection rules, that is

equation (11) for the dipole coupling, or equation (12) for the ANt = +2
quadrupole and anisotropic polarizability couplings.

(iii) n’ is chosen to provide the smallest energy gap for this pair of states.

t The /> dependence (/< /_) and /"3 dependence (/ > /_) of the quantum defect (equation
(17)) originates from the first-order diagonal quadrupole and isotropic polarizability contri-
butions for a rotating molecule. For an [, m = 0 Rydberg state in the field of a stationary dipole
the second-order contribution to the quantum defect is &(/) oc /73 [78, 79]. However, this
situation corresponds to a rotator with an infinite moment of inertia, where the electronic
angular momentum is conserved.
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Figure 4. Energetics and coupling of proximal n/ (N*= 0) and n'(I+1) (N* = 1) energy levels
(!=3):(a) B=19cm™t; (b) B=19cm™; (¢) B = 0:05cm™!. The energy gaps between
the nl (Nt = 0) state (n = 40-240) and the closest lying n’(/+ 1) (N* = 1) state are marked
by a point for each value of n. The solid line represents the dipole coupling matrix element
(equation (21)) between the / = 4 and the / = 5 states.

{E(n,|,N*=0)-E(n,1+1 ,N*=1);(1,1'>3)cm-1)

Theenergy gaps will be subsequently compared with the exactand semiquantitative
estimates of the strength of the corresponding intramolecular n- and N *-changing
couplings between these proximal pairs of states.

The n- and N *-changing couplings involve all the allowed interactions for the
dipole coupling (ANt = + 1, with A/ = +1) and the AN* = +2 (with Al = +2 and 0)
couplings for the quadrupole and for the anisotropic polarizability interactions. The
n' value for a given n (n’ + n) is determined from equations (2) and (3) by the rotational
constant and by the quantum defects. The energy gaps of the proximal pairs of states
are numerically evaluated. We have examined the energy gaps |E(n, LNt N)—E@n',/,
N7t N)| between pairs of proximal states in the range n = 40-240 for the non-
penetrating / (> 3) states. For the core rotation N+ we have first chosen low values of
N7t =0-3 (with ANT = +1 for dipole coupling and AN* = +2 for quadrupole and
anisotropic polarizability couplings) for the NO molecule, for the ‘light’ model
molecule and for the ‘heavy’ model molecule (section 4). Information on the
behaviour of higher-N *states will be inferred from simple scaling of the low-N * data.
Typical results for the energy gaps between proximal pairs of states are presented in
figure 4 for the nl(Nt=0)—n'(I+1) (NT=1), (/> 3) pairs subjected to dipole
coupling and in figure 5 for the nl(N* = 0)<>n'(I+2) (N = 2), (I > 3) pairs subjected
to quadrupole or anisotropic polarizability couplings. These energy data reveal the
following features.

(1) Irregularity. The energy gaps are irregular for the lower-n members of the
n = 40-240 manifolds, with the upper limit of n for the irregular distribution
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Figure 5. Energetics and couplings of proximal nl/(N* = 0) and n'l'(N*+2) energy levels
('=1=2,0) for [=3: (a) B=19cm™; (b) B=19cm™; (¢) B = 0:005cm™!. The
proximal energy gaps for n = 40-240 are marked by a point for each value of n. The two
solid lines represent the A/ = 2 quadrupole (line labelled QUAD) coupling calculated
from equation (24), and Al # 2 anisotropic polarizability (line labelled POL) couplings
calculated from equation (30) for the / = 4 — [ = 6 interaction.

becoming lower with decreasing B (figures 4 and 5). For a fixed value of B the
majority of the energy gaps are higher for the quadrupole or polarizability
coupling (AN* = 42) than for the dipole coupling (ANt = +1).

(2) Resonance structure. For higher values of n, the spectrum of the proximal
energy gaps against n for both dipole and quadrupole or polarizability
couplings reveals regularly spaced pronounced dips (figures 4 and 5). The onset
of the structure occurs at lower n values for the low values of B (= 0:05 cm™1).
These dips reflect the level structure of the sparser {|n’,!’, N* >} manifold
(N* > N1, which is given by equations (2) and (3) by E (n',/',NV,N) =
AI(N*; B)—Ryd/[n— 8(I)]2,where AI(N*; B) = 2B(N *+ 1)fordipolecoupling
and AI(N*; B) = 2B(2N *+ 3) for quadrupole or polarizability coupling. On the
other hand, the denser manifold of higher-n (> n’) Rydberg states is E(n, [, N T,
N) = —Ryd/[n— 8()]2. For large n values the dips, that is, the minimal energy
gaps, are exhibited at each value of E(n',I', N*',N).

(3) Rotational energy scaling. The energy gap spectra for |E(n,l,N+= 0,N)—
E(n',I+p, Nt = p,N)| against n (p = 1 or 2) can be used to obtain the energy
gap spectra |E(n, LNt N)—E(n',[+p, NT+p,N)|, as the values of AI(N™*, B)
presented above (point (2)) provide a convenient energy scaling. The energy
gap spectrum for dipole coupling with N*T«>N*+1 in a molecule with a
rotational constant B is isomorphous to the energy gap spectrum for N+t = 0
<> N* =1 with an effective rotational constant By = B(N *+1). Similarly, the
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energy gap for quadrupole or for polarizability coupling with NtT<>N *+2 in
a molecule with a rotational constant B is analogous to the energy gap
spectrum for N* = 0«>N* = 2 with B, = B(2N *+3). This scaling procedure
can be used to obtain the energy gap spectra at higher values of N* and at
higher temperatures from the low-N* spectra.

Near-resonances. The lowest values of the energy gaps between proximal pairs
of states (figures 4 and 5) reveal two types of near-resonance: accidental near-
resonances, which are completely random at lower values of n, and dips at the
higher values of n.

The dependence of the energy gap spectra on B. The overall values of the energy
gaps (excluding accidental near-resonances) weakly increase with increasing B.
The energy gaps at the dips also increase with increasing B.

The dependence of the energy gap spectra on the quantum defects. Small (about
10%) changes in the quantum defects within a given ‘/ complex’, which may
originate from deviations from the Hund coupling case (d), do not affect the
qualitative features of the proximal energy gap spectra. The gross features of
the irregularity and of the resonance structure depend weakly on such changes
in the quantum defects, while only the positions of accidental near-resonances
are modified by such changes of &(/).

The dependence of the energy gaps on N* and on the temperature. The
dependence of the energy gaps on N+ (for fixed values of n/ and /') is irregular
over a broad range of N *values. This is apparent from the energy gap data for
the 100[(N ) —n'(I+ 1) (N *+ 1) proximal pairs of states with a fixed value of
/> 3 over the range Nt = 0-80, for the heavy model molecule with B =
0+1 cm™! (figure 6). For this heavy model molecule the N*— (N *t+1) coupling
spans the n’ = 76-100 range while the N*— (N*—1) coupling spans the n’ =
189-100 range. The weak Nt dependence of the energy gaps is in accord with
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the scaling relations (section 3) which show that increasing N ¥ results in the
increase of By, providing an overall weak increase in the energy gaps (point
(5)). The value of Nt = 45 corresponds to an effective temperature of about
300 K for this ‘heavy’ model molecule (B = 0-05 cm™1), where high Nt (about
(kBT/ZB)1/2) values can be accessible by optical excitation from a rotationally
hot ground state at elevated temperatures. We thus conclude that temperature
increase (resulting in a large increase of N *) will not have a marked effect on
the energy gaps.

The energy gaps between proximal pairs of states (with different N *values) will be
now compared with the corresponding intramolecular couplings. The limiting high-/
expressions for the radial integrals of the non-penetrating states (equations (A 1)-
(A 3), and (A 5)-(A 11)) will be obtained by setting /> 1 and (/) 0. The limiting
high-/ dipole coupling is obtained from equations (7) and (A 3) in the form

S LNHNI|H o n' 141, N*+1, N>

dipole

pe As(l
N j 1)f("»l»NJr»N;n',li1,N+i1,N)(nn')'3/2, (20)
a
0

where AS(1) is the difference between the consecutive quantum defects (equation
(A 4a)) and f(-) is the angular integral (equation (10)). In the high-/ domain, &(/)
decreases with increasing / according to equations (17) and (19). The dominant contri-
butions to §(/) for high [ are 8(/) = al”> where a = (3a/2a'f)) forl< I_,and 8() = b3
where b = (Q/ea?))gD(l,NJ“,N) for / > /. Accordingly, we expect that A§(1) = 5a/I¢
for < [, and AS(1) = 3b/I* for [ > [ . Thus the dipole interaction (equation (20))
decreases rapidly towards zero in the form

<, LN N |H oo 0, 12 1L, N1, N> = Cynn') 3217, 21)
where
7,C Lelsaf( ) f I< 1
= s = —_— . or S
o D a2 2a? <
(22)
e3Qe
My = 5,CD=";—2M2 g () for I>1..
0 0

The angular integrals f(I, N*,N;I+1,Nt+1,N) for the dipole couplings will be
presented as follows (figure 3(a)): N Tand /increase from their initial values of N and
I, respectively by steps of AN = 1 and A/ = 1, at fixed N. f{+) data for different values
of N{, /; and N show similar behaviour (figure 3 (b)). f(*) is almost constant, that is
S(+) = 045, for large values of / (figure 3(b)). Taking again g(+) = 0-36 and the NO data
we estimate that Cy = 2.6 X106 cm™! for /< /_ and Cy = 27X 104 cm™! for / > /.
The N *-changing high-/ quadrupole couplings will be first considered for Al = +2
and AN* = 42, which results in direct / mixing. Equations (8) and (A 7) result in

|n', 142, N*+2,N>

:6Q_6A5;2)g(z,zv+,zv;z+z,zv++z,N)(nn’)‘3/2l‘3» (23)
a

<ns ls N+, N |Hquad

3
0

where AS(2) is defined by equation (A 8a), that is A§(2) = 10al™6 for /< [ and
AS(2) = 6bI"* for I > 1_. The g(L Nt,N;I4+2, NT+2 N) integrals are represented as
follows (figure 3(a)); N*and /increase from their initial values N and /, respectively
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by steps of ANT = 2 and Al = 2, at fixed N. These g(-) integrals exhibit again similar
behaviour for different values of N}, /; and N (figure 3(b)). g(*) is almost constant,
that is g(-) = 0-35 for large values of I (figure 3(b)). These N* and I-changing
quadrupole interactions decrease rapidly to zero as

<L N* N [H g n' 1+2. NT+2,N> = C gnn'y 3l I'q, (24)
where
- _ Qesda
ng=9Cq = a? 2a'f)g( ) for I< 1,

(25)
Q2
nQ=7,CQ=$g(')gD(') for I>1..
0

For the NO input data of section 4 we estimate Cq= 9:3 X 10°cm™! for /< /, and
Cq= 48X102cm™! forl>1..

For completeness we present the expressions for A/ = 0 (AN T = 2) quadrupole
couplings for large values of /, which are given by

Qe
a3
0

L, N* N [H gl 0 . LNFYH2, N> = ==g(L N Y N LN T+2,N) (nn') ™32 5.

(23 a)

The [-conserving g(l,N+,N; I,N24+2, N) integrals will be represented using the
following scheme (figure 3(a)): N is conserved, N = N;“is fixed, / increases from the
initial value of /| by steps of Al =2 to the upper limit /< N;’+ N. These angular
integrals g(+) (figure 3(b)) can be scaled for different values of N;“ and N and can be
approximately represented by

NY+N

g(*) = 015, l< —°2_
(26)

(NT4+N)2 _ N*+N

g(')z0-15—“4—l2, l>—°2—,

where N;“ and N characterize the doorway state. For sufficiently large values of /
we estimate for A/ = 0 coupling <n,l,N+,N|Hquad|n’, LNT+2,N>= Cg)(nn’)'3/2 I3,
where CQ) = 0-15(Qe/a?) (NF+ N)2/4, that is CQ) = 1:9 X 104N} + N)2/4 cm™1. This
Al = 0 large-/ quadrupole coupling is independent of the quantum defect. The A/ = 0
quadrupole coupling (proportional to /75), although considerably larger than the
Al = +2 coupling (proportional to I"® for /< /_ and proportional to "7 for [ > 1),
does not result in direct / mixing and still decreases rapidly with increasing /.

Equations (22) and (24) for the dipole coupling and for the (Al = +2) quadrupole
couplings for large / imply the vanishing of the radial integrals for these /-changing
multipole interactions in the limit of vanishing quantum defects, that is

A P ik p> =0, p=1,2, &)= 0. (27)

Equation (27) is consistent with an exact general relation for Laguerre polynomials
[80-82], which implies that for radial hydrogenic wavefunctions within a single n
manifold

(PH1)

<n,l n,l+p>=0 (28)

for integer p = 1. Equation (28) was proven by Feinberg [80] for p = 1 and by
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Pasternack and Sternheimer [81] for the general case using the generating function for
the Laguerre polynomials. Armstrong [82] advanced group theory to show that the
hydrogenicradial wavefunctions form bases for the irreducible unitary representations
of an algebra isomorphic to that of the O(2,1) group. This group theoretical analysis
resulted in the selection rule in equation (28) [82]. We note that, while the exact
relation, equation (28), implies the vanishing of the integrals only within the same n
manifold, the asymptotic relation, equation (27), also implies the vanishing of the
integrals for dipole coupling between different » manifolds, as the r dependence of the
near-threshold wavefunction is independent of n, being determined only by /.
Wenow turn to the limiting high-/form of the anisotropic polarizability interaction
(equations (9) and (A 11)). For the anisotropic polarizability coupling for large / both
the Al = +2 and the A/ = 0 interactions are characterized by the same radial integral,
(equation (A 11)). The anisotropic polarizability coupling for N *-changing Al = +2 is

nI+2, N*+2. N> = IY;

<, LN+ N |H

2
pol 4(nn')'3/2g(l,N+,N;l+2,N++ 2,N)Is.

a
0

(29)
On the basis of the numerical results (figure 3()) for the g(, N*, N;I+2, NtT+2,N)
integral in equation (29) (represented according to the scheme in figure 3 (b)), we

take the nearly constant value of g(+) = 035, resulting in the Al =42, ANtT= 42
anisotropic polarizability interaction

|Hpl> = Cplnn'y sl 175, (30)

where Cp = (ye2/12a;§)g('), so that Cp = 2.6 X 10+ cm™!. For the A/ = 0, ANt =42
anisotropic polarizability the interaction is of the same form as equations (29) and (30)
with the angular integral being replaced by g(I, Nt,N;I,N*t+2,N). This angular
integral (figure 3(b)) is approximated by equation (26). Accordingly, for large / and
Al = 0 the polarization interaction is

<, N*N|Hpgln, LN*+2,N> = Clnn')y sk 177, (31)

where C{;’) ~ (ye2/12at) 0-15(N;“+ N)2/4. The Al = 0 polarizability interaction, which
does not result in / mixing, exhibits a faster decrease with increasing / than does the
corresponding /-changing interaction.

We note that the general structures of the high-/ dipole and A/ = +2 quadrupole
interactions (equations (21) and (24)) are Ad(p) A7) containing the quantum defect
difference AS(p), the contribution gof the radial integral and the contribution y of the
angular integral. For the dipole interaction p = 1, =1 and y = 0 while for the
Al = +2 quadrupole interaction p = 2, = 3 and y= 0. The A/ = 0 quadrupole and
the Al = +2,0 polarizability interactions are of the form /1), being independent of
AS(P), with =3, y= 2 for the Al = 0 quadrupole, g =5, y= 0 for the Al = +2
polarizability and 8= 5, y = 2 for the Al = 0 polarizability coupling.

The n- and N *-changing interactions involving non-penetrating (/> 3) high-n
states are characterized as follows.

(1) Hierarchy of different I-changing interactions. For the non-penetrating states
the dipole (AN* = 1) coupling (for typical values of u= 1D for a polar
molecule) dominates over the quadrupole (Al = +2) coupling (with a typical
value of @ = 1.0 X 10™% esu cm?2) from the same |nlN+> state (figures 4 and 5).
The Al = +2 anisotropic polarizability coupling seems to be larger than the
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Al = +2 quadrupole coupling for the same pair of states. Although the
strength of the H,, coupling is determined by the anisotropic polarizability ,
which isunknown for NO™, we believe that our crude estimate of y (= 4.1 au) is
reasonable both for NO and for the other model molecules considered herein.
The Al = 0 interactions. The Al = 0 (0 </ 0) nl(N*)— n'l(N *+2) quadrupole
interactions (proportional to /73) are large, compared with the corresponding
Al = 42 interactions from the same nl(N *) state, owing to the stronger / power
dependence of the latter interaction. On the other hand, the A/ = 0 anisotropic
polarizability interactions (proportional to /77) decrease more rapidly than the
corresponding A/ = 2 interaction (proportional to /75) for large /. These
Al = 0 quadrupole and anisotropic polarizability interactions do not result in
direct / mixing (figures 1 and 2) and can be involved in mediated (higher-
order) coupling.

Power-law dependence of the high-l intermolecular interactions. All the
intermolecular interactions are of the form proportional to /7" These
interactions are characterized by n= 7 (/< /. )and n= 5(/ > [_) for the dipole
coupling, n=9 (I< /.) and n=7 (I > [.) for the A/ = +2 and N *-changing
quadrupolecoupling, n= 3 (/< (N,+N)/2)and n= 5(/ > (N,+ N)/2) for the
I-conserving quadrupole interaction, n= 5 for the /-changing polarizability
interaction and n = 7 for the /-conserving polarizability interaction. All the
high / intermolecular interactions decrease rapidly with increasing /.

n- and N*-changing interactions and proximal energy gaps. From the com-
parison of the proximal energy gaps between the pairs of states [n,/, Nt,N>
and |n’, [+ P,N*t+ P,N)> (at fixed N*) with the dipole (Al = +1), quadrupole
and polarizability (Al = +2,0) couplings for non-penetrating (/ = 3) high-n, n’
Rydberg states (figures 4 and 5) we conclude that all the energy gaps AE are
very large (i.e. by one to two orders of magnitude for the NO molecule and for
the model molecules considered herein) relative to the corresponding coup-
lings. A similar situation prevails for high-N * states, which are accessible for
optical excitation from a rotationally hot ground state at 7 = 300 K. In figure
6 we present the N tdependence of the dipole couplings (equation (7)) between
proximal pairs of states |n,/, NT,N> and |n’, [+1,Nt+1,N> with fixed
[ (= 3), and with Nt being changed in the range N* = 3-80 and N = N*+1.
Again the energy gaps AE exceed (by more than an order of magnitude) the
/= 3—1= 4 dipole coupling, which falls off (proportional to /"7) at higher
values of /. We thus conclude that, for the high-n non-penetrating states,

[<n N+ N|H |n".14p. N*+ q. N>| -
<
AE|

(32)

for Hyy = H gipore(P = ¢ = 1), Hquag(p = 2,0 and ¢ = 2) and Hpg(p = 2,0 and
q = 2).

We infer that the fast decrease in the n- and N *-changing intramolecular

interactions with increasing / prohibits intramolecular mixing of these states within
the high-/ (> 3) manifold, whereupon n and Nt mixing (via both /-changing and
[-conserving interactions) is prohibited. What remains to be done in the realm of
the exploration of intramolecular interactions for high-n Rydberg states is to examine
the consequences of quadrupole and anisotropic polarizability coupling for N *-
conserving (AN* = 0) interactions.
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6. N'-conserving energetics and couplings within a single n manifold

The quadrupole and anisotropic polarizability couplings with ANt = 0 («/- 0)
and Al = £+2 involve pairs of states within a single » manifold, that is, for the high-/
(= 3) non-penetrating states one takes the n/ states with the fixed N. The energy gaps
within a single » manifold are determined by the quantum defects, being independent
of the rotational constant. Such a manifold of N*-conserving states is limited
according to equation (13) to the region of / states |N— N| <I< (N+NM.

In the high-/ (> 3) domain the energy gaps for the states |n,/, N*t> and
nl+2,N*> are AE(l;I+2) = (2Ryd /n3) A§(2). Making use of the limiting high-/
relations for the quadrupole and polarizability couplings we can estimate the ratios
of the couplings and the energy gaps. For the quadrupole interaction the ratio of
coupling to energy gap is

S LN N H g n' 142, NY N>
Q AE(l;142)
0

= o gL NEN: I+ 2, NN T (33)
0

The g(/, N*,N;/+2, N, N)integral (figure 3 (b)) at fixed values of (N ¥, N) (figure 3 (a))
and for larger values of / is expected to be similar to the g(/, NYN:LNT+2,N)
integral. This expectation is borne out by the data in figure 3. The angular integral g(-)
in equation (33) is given by equation (26) with g(-) = 0 for / > (N,+ N). The ratio (33)
is

0 Nt+N
= 0.15 I3, 1 ,
e 6ea§ < 2
N+ N )32 N*t+ N (34)
= o-1slgrs, < IS Nt+N.
Q 6ea2 4 2
ro=0 [>NT+N.

Ass the numerical factor in equation (34), 0-15(Q/6ea;2)) = 1.5X 1072, is small we infer
the following.

(1) The n- and N *-conserving quadrupole couplings are small relative to the
energy gaps and this ratio falls off rapidly with increasing /, that is oc I3 for
l< (N*+N)/2, and oc I"5 for (NT+N)/2 < I < (N*T+N). Angular momen-
tum conservation implies the vanishing of this coupling for / > (N T+ N).

For the anisotropic polarizability coupling, we have for the ratio of
coupling to energy gap

LN+ N|H n' 142, N+ N>
o=
P AE(l;14+2)
Y

= (NN I+2, NY NI 35
12agA5,(2)g( ) (33)

The g(-) integrals in equation (35), which are schematically presented in figure
3(a), will again be represented by equation (26) for / < (N *t+ N) and vanish for
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I > (N*+N),where N*and N are fixed. A5 (2) for /< /_andfor/>/_isgiven
in section 5. For small values of (N*+ N), thatis /_ > (N T+ N) we have

NT+ N)?2
TWTENE L N,
o 4 (36)

rp=0, l>N*T+N.

rp=8X107

For large values of N*+ N, that is /_ < (N*+ N)/2 we have for large /

(N*T+N)2 Nt+N

rp= T 2X10TAT— I8, I >———
Qa 9o 4 2 (37)

rp=0, I>N*T+N.

From this analysis of the polarizability coupling for N *-preserving interactions
at high / values we conclude the following.

(2) The n-and N *-conserving anisotropic polarizability coupling for high /is small
relative to the energy gaps, and their ratio falls off (proportional to /! or
proportional to /73) with increasing /. Again angular momentum conservation
implies that these couplings are limited to the range / < (NT+ N).

7. Concluding remarks
7.1. The bottleneck effect for intramolecular electron—core coupling

We have established the characteristics of the intramolecular dipole, quadrupole
and anisotropic polarizability couplings in the absence of an electric field. A central
conclusion emerging from our analysis for / (> 3) non-penetrating Rydberg states is
that the intramolecular interactions decrease rapidly towards zero as I”™. The powers
nare determined by the / dependence of the nature of the interaction, of the quantum
defect (for the multipole interaction) and of the angular integral. Concurrently, the
energy gaps for proximal pairs of states subjected to N*-changing (n’ # n) coupling
are large relative to the /> 3 dipole, quadrupole and anisotropic polarizability
interactions. For N *-conserving interactions within a single » manifold the energy
gaps decrease as /7%, thatis, £ = 6 (< / Jand & =4 (> 1), with n > Eresulting in a
negative power law of the form '€ for the coupling-to-energy gap ratios.

Our analysis of the intramolecular coupling and dynamics of high-n non-
penetrating Rydberg states rests on the representation of the zero-order basis set by
the Hund coupling case (d) and the incorporation of long-range multipole and
polarizability interactions. We have proven that, for non-penetrating (/ > 3) Rydberg
states, firstly for n- and N *-changing interactions the coupling is much less than the
energy gap and secondly for n- and N *-conserving interactions the coupling-to-energy
gap ratio is proportional to "2 5 0. These results rest on the asymptotic high-/
behaviour of the components of the intramolecular coupling, in conjunction with the
characteristics of the energy gaps between proximal pairs of states. Our analysis
establishes the existence of a bottleneck effect, which precludes ‘global’ / mixing by
Rydbergelectron—core intramolecular interactions. The implications of the bottleneck
effect for high-n (/ = 3) Rydberg states are as follows.

(1) For N™*-changing coupling (n' * n), ‘global’ intramolecular / mixing in
conjunction with electronic-rotational energy exchange (i.e. tN*t—n'(N*t+p)
coupling) is prohibited.
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(2) For N*-conserving coupling within a single / manifold for /< (NT+N)
‘global’ / mixing is prohibited.

It is important to emphasize that our demonstration of the bottleneck effect
depends on the characteristics of the intramolecular couplings of the non-penetrating
states, which are invariant with respect to the magnitude of the rotational constants.
As far as the energetics are concerned, the large magnitude of most proximal energy
gaps for N*-changing interactions is not very sensitive to the rotational constant B
(although some decrease in these energy gaps with decreasing B is exhibited), while the
energy gaps for N *-conserving interactions are independent of B. We thus infer that
the bottleneck effect for intramolecular coupling is expected to be universal both in a
diatomic molecule and for a large molecule.

7.2. Implications

What are the dynamic and spectroscopic implications of the intramolecular
Rydberg electron—core interactions?

(1) ‘Global’ I mixing cannot be induced by (field-free) intramolecular coupling.
We have provided an answer to a central question in the realm of the dynamics
of high-n Rydberg states. What is the coupling responsible for the ‘global’ /
mixing which results in the dramatic lifetime dilution effect? Our analysis of
the bottleneck effect, which is general both for diatomics and for large
molecules, implies that Rydberg lifetime dilution effects within the entire /
manifold cannot be due to intramolecular coupling and can be induced only by
exterior electric field coupling [15-17, 22-26].

(2) Intramolecular (field-free) interactions induce the mixing of some pairs of low-
/ states. These interactions between low (/< 3) penetrating orbitals fall into
two categories: firstly extensive -/’ mixing for all n, which prevails for the s—d
mixing in NO [33], which cannot be handled by multipole and polarizability
interactions, with the Hund coupling case (b) providing a more suitable basis
for this problem [33]; secondly accidental near-resonances, which involve all
the other intramolecular interactions between penetrating (1 < / < 3) states of
NO (and other diatomic molecules). Typical examples are the p—d dipole
coupling and the p—f quadrupole and polarizability coupling in NO, being
characterized by a few (about 10% of the states in the range n = 40-240)
accidental near-resonances [26]. These near-resonance effects for high-n ( > 40)
1 < /< 3 Rydberg states are rare. The mixing of states characterized by small
energy gaps AE < {H,> relative to the coupling will result in the redis-
tribution of the decay widths between the pair of states. The dynamic
implications of such local perturbations will be manifested in either the
shortening or lengthening of the lifetime of the doorway state (for excitation)
depending on the decay widths of the |#,/, Nt> and |n',/’, N> states. The
spectroscopic implication of such near-resonant coupling may be manifested
in the appearance of satellite bands in absorption, when the transition
probability to the |n’,/’, N ') states is weak. In this context, Gilbert and Child
[30] have demonstrated the spectroscopic effects of intramolecular dipole
coupling with a Rydberg ‘quasicontinuum’ [30]. This interesting problem of
the characterization of the electronic Rydberg ‘quasicontinuum’ will be
discussed elsewhere [83].
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(3) Mediation can occur by simultaneous (low-/) intramolecular and electric field
coupling. In the presence of a weak (stray or imposed) electric field (F =
0:05-1 Vcm™1) some low-/ (< 3) core-penetrating states characterized by
modest energy gaps, that is {H;> < |E(n,l,N+)—E(n’, I',N*)|, act as
mediating states for electric field-induced coupling of the doorway state

n,l, N*> with the

junction with Stark coupling H g, results in the mediated-sequential scheme

Hstelrk
—

n',I"(> 3), N*> manifold. Intramolecular coupling in con-

Hpt
I LNtY<«—n',[=21+p, NV = Nt+p>(p = 1,2) <«

Hstelrk

I'glelrk
—

W41, N>« ', I'+2, Nt <«
Two notable examples of Rydberg states subjected to mediated-sequential
intramolecular (dipole) and electric field couplings involve the

92p(N+=0) 80d(N*= 1) (80,/" >3 (N+= 1)}

and 95p(NT=0)-82d(NT=1)- {|92, I">3(N*t=1)} manifolds of NO
[9, 26].

7.3. What about huge molecules and clusters?

Regarding the applicability of our model to high-n Rydberg states of huge
molecules, for example, large aromatic molecules, and of molecular clusters, we can
infer that the ion core dipole moment and also the ion core quadrupole moment will
be similar for the diatomic and for the huge molecules and clusters. It should be noted,
however, that for dipole and for (A/ =+2) quadrupole coupling large /< I =
3ae/2a0 O couplings are determined by the quantum defect differences, A5 [(p) ¢ «
(p = 1,2), which are in turn determined by the isotropic polarizability. o will be
considerable larger for large molecules, that is « = 10.4 A3 for benzene [77] and is
larger by about one order of magnitude for very large aromatics and for large clusters.
One thus expects that /_ o ais very large for large aromatic molecules, so that only the
range /< [_ will prevail in these systems. For the dipole interaction the coupling is
uAS(1) "t oc pal™” (for 1< ), while for the N™*- and /-changing quadrupole inter-
action the coupling is Q A§(2) "3 oc Qal™ (I < 1,). For a given value of / these multi-
pole couplings are considerably larger than for diatomic molecules. A similar situation
may prevail for the anisotropic polarizability interaction of planar aromatic molecules
yl™5, as yis expected to scale with «, being larger by one to two orders of magnitude
than for diatomic molecules. On the other hand, for one-component elemental and
molecular clusters, y is small, while large values of y may prevail for some
heteroclusters, for example an aromatic molecule solvated by rare-gas atoms. A
cursory examination of figures 4 and 5 indicates that for a large aromatic molecule
characterized by a polarizability a =~ 100(NO) and y = 100 (NO), where a(NO) =
82 au and y(NO) = 4.1 au, the dipole / = 4 to / = 5 interactions will involve a modest
number (10%) of accidental or dip-type near-resonances, while for /=4 to /=6
quadrupole and polarizability couplings the number of near-resonances is small. Of
course, for higher / values, that is, / > 5, the number of near-resonances is negligible
for all interactions. These arguments imply the following for non-penetrating Rydberg
states in large molecules.

(1) The quantum defects for a given value of nearly non-penetrating high / are
considerably larger for aromatic than for diatomic molecules.
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(2) Some intramolecular near-resonance couplings may prevail for nf and ng
orbitals.

(3) For / > 5 Rydberg states the non-penetrating Rydberg states are decoupled
and no intramolecular / mixing occurs.

Arguments (1) and (2) are heuristic, as for large molecules some core penetration
will prevail also for / = 3-4 Rydberg states. Point (3) is of importance as it implies the
universality of the bottleneck effect from diatomic molecules to very large molecules
and clusters.

Another aspect of the Rydberg dynamics of large molecules and clusters pertains
to the nature of the intramolecular decay channels. While in diatomic molecules the
non-radiative decay channels involve pre-dissociation and autoionization, for large
molecules the internal conversion channel sets in. Regarding the decay of high-n
Rydberg states in large molecules via internal conversion several possibilities come to
mind.

(i) Direct decay of Rydberg states to intravalence electronic—vibrational ex-
citations.

(i1) Mediated decay of high-n Rydberg states via coupling to vibrationally excited
lower-n Rydberg state(s) to the final intravalence electronic—vibrational ex-
citation.

Mechanism (ii) provides an analogue to mediated internal conversion and
intersystem crossing between intravalence excitations [84]. Of course, the mediated
decay of a high Rydberg state may involve several lower-n Rydberg states, exhibiting
energy disposal by cascading between several Rydberg states of decreasing n. Such a
mediated Rydberg internal conversion is expected to exhibit deviations from the n3
scaling law for the non-radiative decay time of the doorway n Rydberg state, as on
changing n the nature of the mediating states is changed. Deviations from the n3
scaling law in large molecules were experimentally reported [7] for the non-radiative
lifetimes of the n = 10-20 Rydberg states of 1,4-diazabicyclo[2,2,2]octane, where the
lifetimes are constant and even decrease slightly with increasing n. Such increasing n
retardation of the increase of 7(n) with increasing » in the range n = 10-20 may be due
to intramolecular mediated cascading via intermediate Rydberg states, where new
mediating Rydberg states become effectively coupled with increasing n of the doorway
state.

We are indebted to R. Bersohn for stimulating discussions and for his incisive
comments. We are grateful to M.S. Child, U. Even, E. Grant, Ch. Jungen, H.
Lefebvre-Brion, F. Merkt, H. J. Neusser and M. Vrakking for helpful discussions.
This research was supported by the German-Israel Binational James Franck Program
for Laser—M atter Interaction.

Appendix. Radial integral for high-n non-penetrating Rydberg states

Two approximations for the off-diagonal radial integrals of Rydberg orbitals were
provided. Mahon et al. [45] and Ruscic and Berkowitz [29] have presented off-diagonal
matrix elements for "2 and r™3 coupling between hydrogenic orbitals based on
numerical scaling of the diagonal matrix elements. These matrix elements do not
contain the quantum defects, and furthermore they violate the exact ‘orthogonality’
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relation, equation (28). Gilbert and Child [30] advanced a near-threshold approxi-
mation for the dipole coupling, which will be extended for quadrupole and
polarizability couplings and utilized herein.

In what follows we shall utilize equation (15) for the dipole (p = 1 and Al = +1),
quadrupole (p = 2, Al; = +2,0) and polarizability (p = 3, Al = +2,0) interactions.
For the case of the dipole interaction (p = 1) the radial integral in equation (7) is

Nl A+ 2+ D IA+A) I1— AN, (A1)

where A2 = A— A". The relation [I(z) I'(1—2z)]"! = x/sin (nz) results in the Gilbert-
Child [30] equation
sin (m AL)

Fafle(V) 8l (A A+ 1)1 A2
2(V)73l2( ) A (A 2)

Invoking the selection rules " = /41 (equation (11)) for dipole coupling, the radial
integrals assume the form

> = a2 vek(v)y al2(I+ 14+ AM )71

®{1+A5[1)]F(1+A6[1))F( AS (D)1, (A 3)

where
AS (1) = 8(1) = 8()— 8(/+1), (A 4da)
(+)5[1) = w (A 4b)

The radial integral for the quadrupole interaction (equation (8)) is obtained from
equation (15) in the form

-3/2(‘/)—3/2
O[AFA+2) A+ +1D) A+ )] HTQR+A0) T2— AN
(A5)
This equation can be transformed to the form
“sln' 1> = 873 visk(v) ok
X A+FL+2) A+ + 1) (A+A)] 11— (AA)ﬂ‘leﬁl). (A 6)
i
The radial integral for the A/ = 2 quadrupole interaction is
-3/2(‘/)—3/2
®{[1+2+A6 )(2)] [[+2+ AS Y[+ 1+A5 )2t
QI (4+AS(2) I(— AS2D]7Y, (A7)
where
AS(2) = 8()— 8(l+2) (A 8a)
and
S(H+8(+2
(+)(2) = % (A 8b)
The radial integral for the A/ = 0 quadrupole interaction is
“s|n' 1y = a7a(w) sk (1= 8D+ 1] 1= () +3[1— SO, (A 9)

The radial integral for the A/ =0 quadrupole interaction (equation (A 9)) is
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considerably larger than the integral for the A/ = 2 interaction (equation (A 7)) (i.e. by
a numerical factor of about 6/A5(2) for large values of /). This conclusion concurs
with the analysis of mediation effects in rotational autoionization [44-46].

The radial integral for the anisotropic polarizability (equation (9)) is given from
equation (15) as

<, lrmaln 1> = 192074 vak (v) ok
R[A+A+3) A+ LV +2) A+ LV + DA+ 2) A+ — D]
® [I(3+ AX) T(3— AL L. (A 10)
The radial integral for the A/ = +2 polarizability interaction is
<n,l|r'4|n',l+2> = 192a ¢ V3la(V) 3l

{21+ 5+ A 2)] 2144+ As(H(2)]
®[214+3+ 28D
@ {20+ 24+ AP @] [21+ 14 As(D ()]
XI5+ AS8(2) [(1=AS2)]1, (A 11)

where A§,(2) is given by equation (A 8a) and A5(1+) by equation (A 8b). The radial
integral for the A/ = 0 polarizability interaction is readily obtained from equation
(A 10).
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