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Detailed measurements of the absolute photoabsorption cross section of atomic calcium be-
tween 2028 and 1753 A and 1589 and 1424 A are presented. Structure is displayed in the ab-
sorption cross section below 1589 A. , confirming previous theoretical predictions of autoioni-
zation in this region. However, the observed peak magnitudes are an order of magnitude
smaller than suggested by theory. A theoretical analysis has succeeded in achieving better
agreement between experiment and the two-channel quantum-defect theory for the So —P(
transitions in the 2028-1753-A region, both in the magnitude and in the general shape of the
absorption profile.

I. INTRODUCTION

Autoionization in the photoabsorption of atomic
calcium has been observed by Garton and Codling, '
Ditchburn and Hudson, Newsom, 3 and more recent-
ly by Hudson and Carter. Calcium and the pro-
cesses which determine its state of ionization are
of extreme importance in many astrophysical prob-
lems. For example, Burgess' has shown that cal-
cium dielectronic recombination is orders of mag-
nitude more probable than normal radiative recom-
bination in the solar corona, and provides an esti-
mate of the temperature in agreement with that
derived from solar linewidth measurements. The
existence of good experimental absorption spectra
and the extensive interest given to the calcium
atomic system in the past, make this atom ideal
for continued study and for the development and
testing of new theoretical techniques which can be
extended with confidence to other lesser-under-
stood systems.

This laboratory has developed techniques for ob-
taining absolute measurements of the absorption
cross sections of the alkabne earths. e' The appar-
ent discrepancy between the relative calcium cross

sections reported by Newsom, the theoretical cal-
culations of Moores, ' and the earlier experimental
work of Ditchburn and Hudson in the interval 2028-
1660 A has motivated the theoretical study and, ex-
perimental remeasurement of the absorption cross
section in this region. At the same time the mea-
surements were extended to wavelengths shorter
than 1589 A where Moores predicts strong autoion-
ization features. Ditchburn and Hudson, using a
hydrogen line-emission spectrum and photographic

a
detection techniques below 1589 A, found no evi-
dence of structure. The photoelectric detection
scheme and the emission continuum used in the
present work result in a significantly improved
system over that employed in the earlier work and
justify a renewed search for structure at the very
short wavelengths.

This paper presents absolute absorption cross
sections for calcium between 2028 and 1V53 A and

between 1589 and 1424 A, and compares the former
with new theoretical calculations performed using
the two-channel quantum-defect method.

II. EXPERIMENTAL APPARATUS AND PROCEDURE

Details regarding the basic theory and experi-
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FIG. 4. Calcium atomic-absorption cross section
in the vicinity of the 1766. 10-)( line (4s Sp sd6p Pi).

between 1600 and 1400 A. As we have already
mentioned, no exact bandwidth can be quoted for
these data, but as the peaks are all much broader
than our maximum bandwidth of 0. 5 A, we do not
believe that errors will be introduced by this fact.
Although we used a double-beam technique for re-
cording the ratio Ao/A, the method does employ
two photomultipliers. ' Our data indicates a pos-
sible time-dependent variation in the ratio between
the signals from these two detectors which could
result in an uncertainty of x 15/g in addition to the
errors discussed for the region 2028-1753 A.
Thus the results shown in Fig. 5 are subject to a
possible systematic error of + 30/g.

IV. THEORETICAL ANALYSIS

AND DISCUSSION OF RESULTS

The principal theoretical analysis of the auto-
ionization peaks of calcium has been performed
by Moores, who utilized the recently developed
multichannel quantum-defect theory to predict the
photoabsorption profile for the allowed dipole tran-
sitions 4s 'S~- Sdmp 'Pa&(m & 4) with parameters
derived from bound-state spectral data. In view
of the large disagreement between these two-chan-
nel calculations and the experimental results for
energies immediately above the first ionization
edge, a theoretical study was performed in an
effort to determine the source of these differences.

The general procedures adopted for the theoret-
ical calculation were the same as described by
Moores in his study of calcium. Following the
suggestion of Seaton, " the elements of the two-
channel W matrix were expanded in terms of q,
the energy above the first 4snp 'P& series limit,
according to
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FIG. 5. Comparison of theoretical and experimental
photoabsorption cross sections for calcium below 1689K.

The experimental term values of Garton and Cod-
ling ' for the bound states of the principal series
of calcium were used to determine the different
constants A, &, 8;&, C;&. This was accomplished
with a general nonlinear least-squares curve-fit-
ting numerical routine. Rapid convergence was
achieved by giving special weighting to the inter-
action matrix elements in the region of, and the
(4snp)-channel diagonal elements away from, the
3d4p perturbing level of the second series. The
entries in Table I represent the results obta, ined,
and suffice to reproduce the experimental term
values to within 0. 5 cm ' near the perturbing level
and to better than 0. 1 cm ' elsewhere.

These computed elements of the Y matrix were
used to calculate the photoabsorption cross sec-
tj.on for the So Pj transjtions jn the two-channel
approximation for wavelengths near the first-ser-
ies limit at 2028 A, utilizing essentially the same
formulas and computational procedures described
by Moores. The configuration interaction wave
function for the ground state ('So) of neutral cal-
cium was chosen from the work of Chisholm and

Opik, ' and final-state wave functions for the non-
jumping electron of Ca' were taken from Hartree
and Hartree. ' The final state of the active elec-
tron in this region of one open and one closed
channel was represented as a mixture of bound and
free Coulomb functions, the amount of mixing be-
ing determined from the extrapolated 7 matrix.
These latter functions are defined by Burgess and
Seaton'~ and can be calculated from expressions
given by Burgess. ' In particular, the bound Cou-
lomb functions for the closed channel were repre-
sented in terms of the Whittaker function, ' with
the series expansion terminated at the minimum
term to insure nondivergence near the origin. '

In contrast, Moores utilized a more complicated
function to describe these latter states.

Figure 6 presents a comparison of the new cal-
culations with the experimental results for the 'P,
transitions (the Bd6p D, structure at 1769 A is
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TABLE I. Computed constants for IF] matrix.

Matrix
element

(1, 1)
(1, 2) = (2, 1)
(2, 2)

—0. 5931
0. 3951

—0. 2397

1.1391
—0. 3403

0. 2584

Ec]

—3.3615
0.4634

—0. 0748

omitted j an wij d th the two-channel theoretical re-
sults of Moores. Much better agreement has now
been achieved between theory and experiment, es-
pecia y will ith regard to the cross-section magni-
tudes at threshold and at the first absorp ion pea .
The general shape of the absorption profile in the
region near threshold is also in much better agree-
ment with experiment.

The improved results with the two-channel quan-
tum-defect theory are not attributed to the special
form for the Y matrix expansion indicated by Eq.
2 Moores fitted the experimental term values to

linear expressions of the form

(3)Y]~
——A)~+ B]~q~,

but converted to an associated g matrix for extrap-
olation and calculation of the photoabsorption cross

t' A separate set of calculations was per-section. sep
formed th the constants given by Moores or q.
(3). The results in the wavelength region o in-
terest ave i eh differed only insignificantly from those
derived from the expansion of Eq. (2). Hence, e
d ancies which have existed between experi-iscrepanc
ment and the previous theoretical calcula ion mus
be a result ei er. o'th . f the q-matrix formulation or
of an error in ethe numerical procedures. hey
do not necessarily reflect inadequacies of the two-
channel quantum-defect theory.

As d' cussed in detail by Moores, disagree-
men st between experiment and the two-channel
quantum- e ec-defect theory are to be expected in

ance eakth region below the first resonance peawaveleng re gi
d e to erturbations from a member of a ir
4pks 'Po) interacting series. The curren

the three-channel theory' utilizes these perturba-
tions to compu e et th additional F-matrix elements

t to this third series. Extrapolations of this
enlarged Y matrix can be made to yield inf orm
the photoabsorption cross section for wavelengt s

Moores' has applied this technique to predict
a second series of large resonanc pe eaks in this
latter region, in apparent disag reement with ear-

2lier experimen a resut l ults of Ditchburn and Hudson.
These theoretical predictions are compared in Fig.
5 with the current measurements.s. Structure is ob-

d
' the vicinity of the predicted peaks. How-serve in e

ever, the magnitudes disagree by more a
tor of 10, an amount well beyond the combined ex-

Detailed curves of the absolute absorption cross
section of calcium in the vicin' y

' it of the first ioniza-
tion edge and of the first three elements of autoion-

The confirm theization structure are presented. ey
. 'We have alsol tive measurements of Newsom. e

succeeded in achieving better agreement be wet een
0

th perimental results and theoretical predic-ese exp
tions based upon the two-channel quantum- e
theory in this wavelength region, thus improving
the usefulness o isf th' theoretical technique for ex-
tension to other atomic systems.

Structure also has been observed beyond the sec-
ond series mi ali t t 1589 A confirming Moores,
pre ic iod'ction of auto-ionization in this region. How-

ve eakever, the observed lines are broad and have pe
values w ich' h have been overestimated by Moores's
by more an a ath factor of 10. Solar and astrop ysi-

on the ro-cal calculations and conclusions based upon e pro-
files and intensi ies o't' f these absorption lines should
be reexamine o ed t d termine their sensitivity to
these factors.
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1900

perimen a ert l errors. This disagreement in magni-
robabl due to the difficulty in estimating

the interaction matrix elements from the avai a e
data, and is not necessarily a fault of the three-
channe eory.l th . In addition, the measured line
shapes are complex, suggesting that the isolated
resonance description' may not be appropriate.
These complex line shapes are sim'ilar to recent
results presented for the 6Pns transitions of bar-

and to calcula-by Hudson, Carter, and Young, an o
tions for beryllium carried out by Altic'ck" for the
2pns series.

V. CONCLUSIONS
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The long-range interaction in alkali-noble-gas systems is studied in the multiconfiguration-
self-consistent-field (MCSCF) formalism. Owing to the diffuse valence shell of the alkali,
there are important contributions to the interaction potential from the higher-order multipole
moments of the alkali (although the dipole moment states are by far the most important). The
MCSCF formalism is shown to lead to a simple and effective way of handling the above effect,
as well as evaluating intra-atomic correlation contributions and the coupling bebveen inter-
atomic and intra-atomic correlations when they are important. The nature of the intra-atom-
ic-interatomic correlation coupling is analyzed and the relationship of the MCSCF results
to perturbation-theory considerations clarified. Computed interaction potentials are pre-
sented for the systems HeH and LiHe. The results for HeH are in good agreement with the
corresponding experimental results, while those for the system LiHe, agreeing with Dalgarno's
recommended value of C6, differ markedly from Baylis's semiempirical calculations.

I. INTRODUCTION

The long-range interaction between noble-gas
atoms has been subject to a great deal of study by
many authors. In particular, the system Hea has
been studied quite thoroughly, both in its ground
and excited states. Until very recently, ' however,
a complete ab initio curve was not obtained that in-
cluded both the attractive and repulsive interaction.
The case of alklai-noble-gas systems is even less
satisfactory. Apart from the semiempirical cal-
culations of Baylis, and the Hartree-Pock results,
there exists very little information, theoretical
or experimental, on the nature of their long-range
interaction. The long-range behavior of an alkali-
Qoble-gR8 sy8teol dlffex'8 ln soIQe important re~
spects from a noble-gas-noble-gas system. First,
while in the latter case the zeroth-order function

cRQ be RssuIQed to R good degx'66 of accuracy to
consist of localized orbitals on each center, there
exists in the former case appreciable overlap
charge transfer. This complicates the treatment
of the intra-atomic correlation. In addition, there
is much more distortion in the alkali than in the
nobl--g, s atom~ necessltRtlng the lnclu81on of the
higher induced multipole moments on the alkali
center.

Recently, the MCSCF method, which has been
applied in the form of the method of optimized-
valence configurations to evaluate potential curves
for chemicaQy bound molecules, has also been
employed with success in the study of the long-
1Rnge lnteI'Rctlon 1n H62~ HeH~ Rnd Lip. Mox'6-
over, the wave functions leading to these rather
accurate potential curves are quite simple and com-
pact, consisting of only a few configurations. This


