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Inner-shell photoexcitation in an open-shell atom: The Cl 2p˜ns,md spectrum as a case study
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The 2p→ns,md excitation spectrum has been measured and calculated for the open-shell Cl atom. A
satisfactory accord between experiment and theory was found. Rydberg series cannot be discerned for transi-
tions leading to a 2p, 3p, nl open-shell configuration. The 4s,3d manifolds are dominant, and the 2p-3p
coupling is seen to be much stronger than the 3p-nl coupling. Very narrow widths, 16 to 22 meV, for the 4s
and 3d lines are observed. By contrast, only broad structures appear in the region of the highest excitations.
@S1050-2947~99!50302-8#

PACS number~s!: 32.80.Dz, 32.80.Fb, 32.80.Hd
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While studies of inner-shell excitations in solids, and ev
in free molecules and rare-gas atoms, have been exten
similar studies in free open-shell atoms are practically n
existent. However, apart from the trivial expectation of
multiline structure in the presence of open shells, fundam
tal properties such as the coupling strengths between
core and the excited electrons and the widths of the li
involving different initial and final states are of paramou
interest. With this goal in mind we investigated, bo
experimentally and theoretically, the discrete part of thep
photoabsorption spectrum of the multielectron chlor
atom with the fine resolution required to delineate t
complex line spectrum arising from the transitio
2p63s23p5→2p53s23p5ns,md. This represents an exce
lent case study for configurations with three open shells a
specifically, annp,n8p,n9l configuration, which has neve
been fully explored.

In a wider context, related work concerns studies
nd,n8p,n9l configurations in Br and I@1,2# and the inner-
shell absorption spectra in some first-row elements involv
the simplerl 50 states in Li@3#, Be1 @4#, and O@5#. Closely
related also are the absorption spectrum of the PF3 molecule
@6# and the photoelectron spectra of solid manganese c
pounds@7,8#, where the open-shell character of the consti
ent P and Mn atoms was shown to play a critical role in
interpretation of the compound properties. However, in
absence of reference data for the free P atom, the conclus
had to remain somewhat uncertain for PF3.

Experimentally, the Cl 2p photoabsorption spectrum i
the region of the 2p→ns,md excitations was measured b
way of the total ion yield as produced by the decay of
excited states. The undulator-plane-grating-monochrom
~PGM! beamline @9# at the Synchrotron Radiation Cent
~SRC!, University of Wisconsin, served as the phot
source. As previously described, the atomic source wa
microwave-driven discharge in Cl2 or HCl @10#. The ion
yield, normalized to the photon flux, was recorded in t
PRA 591050-2947/99/59~2!/926~4!/$15.00
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counting mode by a channeltron detector that viewed
ionization region through a 1.6-mm36-mm slit along the
photon beam@5#. Ions were extracted by a field of 100 V/cm
and accelerated to a total energy of about 3.5 KeV
charge. For an auxiliary total electron yield measureme
extraction and detector potentials were suitably revers
The pressure of the target gas was about 131022 Pa and
proved to be very stable. The bandpass for the PGM is no
nally 16.5 meV at 205 eV for 17-mm entrance and 10-mm
exit slits. The actual bandpass values were 10–25 % hig
as determined by reference to the narrow He 2snp,n58 to
16, resonance lines@11# and a bootstrap method on a ve
narrow Cl 4s line itself. Similarly, the He resonances serv
as the primary energy standard near 65 eV@11# and the Ar
2p3/2→4s line at 244.39~1! eV @12# as a secondary calibran
The target was roughly four parts atomic and six parts m
lecular, as extracted from Fig. 1. About 95% of the Cl ato
were in the2P3/2 ground state, as deduced from earlier da
obtained under similar operating conditions@13#.

The experimental result is presented in the three pane
Fig. 1, showing the composite 2p spectrum in which the
atomic and molecular spectra are superimposed@panel~a!#,
the pure HCl spectrum recorded separately@panel~b!#, and
the pure Cl spectrum@panel ~c!# obtained from the Cl/HCl
and HCl spectra by subtraction following matching in t
region of the HCl 4s* band near 201 eV. In addition, C
atoms were generated from Cl2 as the precursor molecule
The spectrum derived from Cl2 was seen to be identical in a
respects with the spectrum derived from HCl. Similarly,
total-electron-yield spectrum recorded over a smaller reg
agreed excellently with the ion measurement. While we w
content with a bandpass of 32~2! meV (34320-mm slits! for
recording this first spectrum of Cl, the lines 1 to 14 were a
scanned with the best bandpass available, 21~1! meV, to de-
lineate the finest detail as well as the linewidths.

Theoretically, energy levels and spectra were calcula
using the standard Slater-Condon superposition
R926 ©1999 The American Physical Society
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configuration method@14#. We used Hartree-Fock wav
functions, with the inclusion of approximate relativistic an
correlation corrections to the center-of-gravity energy
each of the configurations considered, 2p63p5, 2p63p44p,
2p53p5ns(n54 – 9), and 2p53p5md(m53 – 8). In the cal-
culation of level structure, the values of the open-subs
Coulomb integrals were scaled down by a factor of 0.8
allow for effects of neglected weak configuration interactio
this is known empirically to be an appropriate value for ne
tral atoms of moderateZ.

The major contribution to level separations in the exci
configurations is from the 2p5 2P3/221/2 spin-orbit splitting.
However, other spin-orbit effects are comparable with C
lomb splittings, even for 4s and 3d, with the result that
neither pureLS not pure j j coupling provides a good ap
proximation of the actual intermediate coupling, and eig
vectors consequently show very strong mixing in either pu
coupling representation. Configuration mixing has gener
only a small effect on computed energy levels, but frequen
quite a large effect on oscillator strengths for some memb
of the d series.

As examples, computed spectra are shown in Fig. 2
transitions from the ground state to the 4s and the 3d con-
figurations. Many of the lines, 17 lines for 4s and 47 lines
for 3d, are seen to have sizable strengths, and the individ
spectra are seen to strongly overlap in energy.

Interpretation of the Cl 2p excitations relies heavily on
the comparison of observation and calculation. This co
parison is made visually in Fig. 3 and, for the major line

FIG. 1. Cl 2p photoabsorption spectrum recorded as total
yield with a photon bandpass of 32 meV. The upper panel sh
the Cl/HCl mixture with the discharge on, the center panel show
HCl spectrum with the discharge off, and the bottom panel sho
the resulting Cl spectrum. The spectra contain 801 channels e
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FIG. 2. Calculated spectral distributions for the transitio
2p→4s and 2p→3d.

FIG. 3. Comparison of the experimental and the theoretical
2p spectrum. The calculated spectrum comprises all transition
4s-9s and 3d-8d levels; it has been convoluted with a Gaussian
40 meV width and has been shifted by20.182 eV to match the
experimental spectrum at line 2. The computed ionization thre
olds are given in the upper panel, except for the highest thresho
213.11 eV; these thresholds were not shifted.
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TABLE I. Energies of major 2p→ns,md transitions in Cl. Energy differencesDE are referred to the energy of line 2. Upper-lev
identifications are given in terms ofnl and totalJ; g f is the oscillator strength.

Experiment Theory
Line E ~eV! DE ~eV!a DE ~eV! E ~eV! nl 2J g fb Etheor2Eexpt ~eV!

1 203.949 20.319(5) 20.25 204.20c 4s 1,3 21 0.25
2 204.268d 0 0 204.450 4s 5 47 0.182
3 204.787 0.519~7! 0.560 205.010 4s 5 11 0.223
6 206.147 1.879~5! 2.063 206.513 3d 5 31 0.366

10 206.576 2.308~4! 2.36 206.81c 3d 1–5 129 0.24
11 206.640 2.372~8! 2.394 206.844 5s 5 18 0.204
13 206.933 2.665~5! 2.83 207.28c 4d 3,5 30 0.35
15 207.328 3.060~6! 3.10 207.55c 4d 3,5 73 0.22
16 207.376 3.108~5! 3.14 207.59c 4d,4s,6s 1,5 72 0.21
17 207.438 3.170~6! 3.279 207.729 3d 5 27 0.291
20 207.705 3.437~5! 3.45 207.90c 5d 1–5 94 0.19
22 207.880 3.612~5! 3.75 208.20c 6s,7d 1–5 105 0.32
23 207.975 3.707~5! 3.80 208.26c 8d 1–5 81 0.28

aUncertainties of line energies are relative to position of line 2.
bValues are multiplied by 104.
cWeighted average of several lines; the corresponding oscillator strengths listed are the sum ofg f values for the lines in the blend.
dUncertainty is620 meV in absolute energy.
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numerically in Table I. The theoretical spectrum, which co
tains all transitions to the 4s to 9s and 3d to 8d manifolds,
has been convoluted with a Gaussian function of 40 meV
width at half maximum~FWHM! to approximate the experi
mental width @15#. In Table I we also give the oscillato
strengths for the lines. We identify the lines only bynl and
the total J values of the upper levels because of the aw
wardness ofJJ-level notation, the low purity of levels, an
the strong overlap of many lines once the natural widths
the instrumental resolution are included.

We find a quite satisfactory accord between experim
and theory up to about 208 eV. With a few exceptions,
calculated energies are within 0.3 eV of the measured val
and the line spacings display even smaller deviations.
though the agreement is not as good as for the energies
general accord extends to the intensity patterns as well.
overall agreement indicates that energies and rela
strengths for 2p→ns,md(n54 – 9,m53 – 8) transitions are
satisfactorily predicted within the approximations used.
major discrepancy occurs above 208 eV, starting with
first of the ten computed ionization thresholds. There
sharp structures measured and predicted below 208 eV
longer continue, but are replaced by broad, indistinct featu
in the observed spectrum. While we cannot pinpoint
cause for this behavior, which does not occur in the r
gases or for outer-shell excitations in the halogens, we
lieve a likely cause to be line broadening due to increa
interactions with more and more continua. Such modes h
not been considered in our calculation, and while they
evidently insignificant for the lower excitations, they appe
to affect the higher members. The rise in the ‘‘backgroun
toward the ionization edges is a general phenomenon
restricted to open-shell atoms. It has been studied and in
preted in the case of the Ar 2p absorption spectrum@16,17#.

A comparison of the 2p spectrum of Cl with that of the
Ar neighbor @18# demonstrates the strong influence of t
open-shell structure for these inner-shell excitations. Ther
-
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only a faint resemblance between the spectra; the differen
are more striking. The lifting of the degeneracy in the case
Cl has an obvious effect, the appearance of a multiline str
ture ~a multiplet inLS notation!. However, the loss of well-
behavedns andmd Rydberg series that might be associat
with 2p3/2 and 2p1/2 fine-structure states is not self-eviden
This loss is mainly due to the strong 2p-3p coupling, ac-
cording to our calculation.

One of the most intriguing discoveries of this study is t
narrow width of most lines. The width of line 2, which be
longs to the 4s manifold, is 16~4! meV FWHM @19#, as
determined from a series of runs using different bandpas
namely 21, 32, and 55 meV, and by reference to the
resonances@11#. This line is much narrower than the line
width of about 120 meV in Ar@17,20#, the semiempirical
level width given as 85 meV in Cl@20#, or the width of 100
meV for an Auger satellite line in Ar with a 3p vacancy@21#.
Other lines in the Cl spectrum are also narrow, 22~5! meV
for lines 1 and 6 and 40~9! meV for line 10, which contains
three lines of 3d character. A tentative explanation for th
phenomenon would be to invoke hindered transitions fr
certain excited states to the final ionic states for the wid
determining radiationless decay. This explanation recei
support from a preliminary calculation we made for Cl a
from anLS-based calculation@22# of radiationless processe
in the analogous case of Ar1. The latter showed a substanti
decrease of the Auger width from the 3p6 closed-shell case
and a dependence of the partial widths on the multiplet c
figuration @22#.

In conclusion, we have presented a detailed study of
inner-shell photoexcitation spectrum in a multielectron at
with an open shell. Many features of the measured spect
Cl 2p→ns,md can be correlated with the theoretical spe
trum from an extensive intermediate coupling calculation
the transitions leading to the excitednp,n8p,n9l configura-
tions. The 2p-3p coupling is shown to be much stronge
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than the 3p-n9l coupling, even for n9l 54s or 3d. A rich
line structure with no Rydberg demarcations is observ
This stands in contrast to the occurrence of Rydberg se
for 1s→np excitations in the first-row oxygen atom@5#.
Interestingly, among the more than 200 transitions given
our calculation, a limited number has significant strength
create a distinctive line spectrum. The results for Cl may
transferred to 2p excitation spectra in other second-row a
oms, but not to 3p spectra of third-row atoms because of t
influence of the 3d subshell. The resemblance of the Cl 2p
spectrum to the Ar 2p spectrum is found to be tenuous; as
consequence, characteristics of closed-shell atoms shoul
be transferred to spectra of compounds containing an o
shell atom. Instead, the Cl case might serve as a basis
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including the effects of the open-shell character of const
ent atoms. Several observations present further challeng
both theory and experiment. They include the smearing
of the higher excitation states in the spectrum and the nar
widths of many low-lying lines. In both instances, studies
the decay processes of the excited states hold the promis
providing further insights.
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