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The dependence of the long-range interactions between a Rydberg electron and an ionic core on the
nuclear charge of the core is analyzed. It is pointed out that the nonadiabatic interaction wi11 be most
readily apparent in spectral-line measurements of systems belonging to the beryllium and boron isoelectronic
sequences. A quantitative analysis is presented of data for Cl tv.

I. INTRODUCTION

A point charge located a large distance r from a
charge distribution moves under the action of
forces which include, in addition to static spin-
orbit, multipole, polarization, and retardation
forces, a dynamical force arising from the mo-
tion of the point charge. The dynamical potential
term, which corresponds to a repulsive force,
decreases as r ', ' as does the attractive static
quadrupole polarization term.

Some experimental evidence in support of the
reality of the dynamical contribution has been
discussed by Freeman and Kleppner, ' who analyzed
data on'the energy levels of high Rydberg states
of sodium and derived empirically an effective
quadrupole polarizability of 0.48a,', which is con-
siderably smaller than the theoretical value3 of
about 1.5a,' for the quadrupole polarizability of
the Na' core. We wish to point out that in certain
atomic systems the dynamical contribution can
be substantially enhanced compared to the other
long-range terms, and that for such systems it
will modify significantly the energies of the Ryd-
berg levels.

II. THEORY

Consider a spherically symmetric ionic core
so that the spin-orbit and electric quadrupole in-
teraction terms vanish. The retardation terms
are usually not significant, and the long-range
interaction potential of an electron moving in the
field of the ionic core is given by'

W(r) = ——u ——(n -6p)—+O(r-')"~4

where f is the excess charge of the core, n~ is
the dipole polarizability of the core, n, is the
quadrupole polarizability, and P characterizes
the dynamical contribution.

For a Rydberg electron with quantum numbers
nl, described by the orbital Q„,(r), the energy
level is shifted in response to W(r) by approxi-

mately ($„,(r)iW(r)ig„, .(r)). Because of changes
in the functional forms of the individual terms of
W(r) and because of exchange effects which are
nonlocal, it is necessary to introduce cutoff
lengths into W(r) if a significant contribution to
the energy shift comes from small values of r.

There occurs also a shift due to penetration
of the core, which, if we ignore exchange effects,
may be written as

)(r = Q ((4(r')4 ,(r)„,
x + (,

(

P, (r')(„,(r))),

where the summation is taken over all the core
orbitals P, (r'). The penetration term decreases
rapidly with increasing azimuthal quantum number
l.

We consider now the variation of the individual
terms along an isoelectronic sequence. The pene-
tration contribution increases for large nuclear
charges Z as Z. For most systems the dipole po-
larizability a~ decreases as Z ', and the quad-
rupole polarizabi'lity e, and dynamical repulsion
P decrease as Z '. Because the expectation values
r ' and ~"' increase asymptotically as, respec-
tively, Z' and Z', the individual long-range con-
tributions to the energy shift remain in much the
same proportion to each other but decrease rela-
tive to the penetration correction.

However, for interactions with ionic cores of
the lithium 1s'2s 'S sequence and the beryllium
1s'2s"8 sequence, the degenerate n =2 levels
are coupled by the dipole interaction so that the
dipole polarizability decreases as Z ', ' the p co-
efficient decreases as Z 4, and the quadrupole
polarizability decreases as Z '. Thus the energy
shift due to dipole polarization increases as Z,
the energy shift due to quadrupole polarization
tends to a constant, and the energy shift due to
the dynamical term increases as Z'.

For the Z dependencies of the dipole polariza-
tion, quadrupole polarization, and dynamical cor-
relation energies of sequences throughout the
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periodic table for which there are intrashell dipole
and quadrupole transitions, the relationship is
Z. Z Z2

For sufficiently large Z these conclusions are
modified by relativistic effects which remove the
degener acies.

' Our analysis of the Z dependencies suggests that
the dynamical effect will emerge most clearly in
a study of energy levels of the Rydberg states of
berylliumlike and boronlike ions, preferably as
functions of nuclear charge. The interpretation
of the boronlike system must also take into ac-
count the degeneracy of the ls'2s"S and 1s'2P''S
core configurations.

III. APPLICATIONS TO CLXEV

Accurate wavelengths of transitions involving

Rydberg states of the berylliumlike system ClXIV

have been measured recently. ' For the 5g-6h
transition the measured frequency is 263 310
a 55 cm '.' The relativistic energy levels of a
hydrogenic atom of charge 14 and mass equal to
that of "Cl are -860 507, -860417, -595 527,
and -597493 cm ' for the 5g,~„5g,~„6h,~„and
6h y1/2 levels, respectively, which yields, upon

averaging, a hydrogenic 5g-6h transition frequency
of 262948 cm '. Thus there is a difference of ap-
proximately 362 cm ' between the measured transi-
tion frequency and the hydrogenic value.

The penetration contribution W~, which we have
calculated using a Dirac-Hartree-Fock repre-
sentation of the core orbitals, ' is 16 cm '. We
attempt to explain the remaining difference of
346 cm ' as a shift due to the long-range inter-
actions.

The dipole polarizability of the lithiumlike core
has been evaluated as a function of the nuclear
charge by Cohen, ' who gives the nonrelativistic
formula

254.5

(Z —1.182)'

Most of the polarizability arises from the 1s'2s 'S
—1s'2P 'P transition. Adjusting n„ to reflect rela-
tivistic effects which modify the oscillator strengths
and split the 'P terms, we estimate a dipole po-
larizability for the ClXIV core of 0.0659a~.

We terminate the dipole interaction at a value
of r, beyond which the probability of finding the
2s electron is small. Appropriate values of the
cutoff are in the range 0.5-1.1a,. With a cutoff
of 0;8 a.u. the dipole polarizability contribution
to the transition frequency is 892 cm '. For cut-
offs at 0.5 and l.la, the contribution is 1088 and
553 cm ', respectively.

With the cutoff at 0.8 a.u. there remains a shift

of -546 cm '. The contribution to the transition
frequency arising from the attractive quadrupole
polarization is positive and increases the dif-
ference between the measured and theoretical val-
ues. We are therefore led to attribute the dif-
ference to the contribution from the repulsive
dynamical correlation. Using oscillator strengths
from the tabulation of Martin and Wiese, "we ob-
tain a value of 0.0286a,' for the dynamical coef-
ficient. For the quadrupole polarizability we esti-
mate o,, = 0.001a,' by extrapolating the calculations
of I anghoff et al."and of Rasa and Shukla. "
Compared to 6P, the quadrupole polarizahility is
negligible.

The energy sh&ft due to the dynamical term, with
a cutoff at 0.8 a.u. , for the r ' interaction is
-1791 cm '. The resulting shift is too large, but
a different choice of cutoff for the r ' interaction
leads to a net shift of the correct magnitude. Cut-
offs of 0.76 a.u. for the x ' interaction and 1.20
a.u. for the r ' interaction provide a shift of the
hydrogenic value, adjusted for penetration, which
reproduces the experimental transition frequency
for the 5g-6h transition.

The same choice of cutoffs also reproduces the
measured 5f-6g transition frequency of 264375
+ 57 cm '.' The hydrogenic 5f,~„5f,~„6g,~„and
6g,~, levels are -860657, -860507, -597579, and
-597 527 cm ', respectively, leading to an average
hydrogenic 5f 6IJ transitio-n frequency of 263021
cm '. The difference of 1354 cm ' between the
measured transition frequency and the average
hydrogenic value can roughly be attributed to a
penetration contribution of 475 cm, a dipole po-
larization contribution of 716 cm, and a dynami-
cal contribution of 172 cm '.

Because of the sensitivity of the n= 5-6 transi-
tion energies to the cutoffs, the quantitative re-
sults for the n= 5-6 transitions may not be highly
accurate. However, our qualitative conclusion,
that dynamical repulsion is a significant effect,
does not depend on the specific numerical ex-
amples.

The model we have used should improve in re-
liability as the principal quantum number of the
Rydberg electron increases, since the regions
of contribution to the r ' and r ' interactions shift
toward larger r, thereby diminishing the depen-
dence of the terms on the cutoff. However, as n
increases, the magnitude of(r ) and especially
of (r ') decreases, so that the shifts due to the
dipole polarizability and the dynamical repulsion
become less significant.

For ClXIV, the 7i-8A' transition provides a
balance between these competing factors. For
this transition the hydrogenic frequency is
102 890 cm '. Including the shift due to the dipole
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polarization gives a frequency of 102943 cm ';
and including the dipole polarization and the dy-
namical term gives a frequency of 102915 cm '.

Measurements of the frequencies for transitions
such as the Vi-8k transition, which are little af-
fected by penetration and are insensitive to the
cutoff, and particularly measurements at other
values of the nuclear charge would be valuable
in assessing the validity of the model used here

and establishing the significance of the dynamical
repulsion term.
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