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Determination of the fine-structure properties of the 2p subshell of atomic chlorine
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A measurement of the fine-structure properties of the atomic chlorine 2p subshell has been carried out using
electron spectrometry in conjunction with synchrotron radiation. We observe eight of the ten photopeaks
predicted for this open-shell atom. Binding energies, relative intensities, and angular distribution parameters
are reported for an incident photon energy of 245 eV. Experimental binding energies and intensities are in
reasonable agreement with our calculations using a Slater-Condon superposition-of-configuration method.
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PACS number~s!: 32.80.Fb, 32.80.Hd
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The utilization of electron spectrometry in conjunctio
with synchrotron radiation has engendered a continuing
terest in the study of the dynamics of the process of pho
ionization of atoms for nearly 30 years. Yet despite this r
history @1–4#, the vast majority of experimental work ha
focused on the rare gases, which comprise a very small
tion of the Periodic Table. This is largely due to the expe
mental ease of using the rare gases as an atomic target. H
ever, if one wishes to focus on the role of electron correlat
in the dynamics of the photoionization process, a study
open-shell systems is far better suited. This is primarily d
to the nonspherical nature of the ground state of the op
shell atom. While there has been a fair degree of synchro
based electron spectrometry involving the valence shell
some open-shell atoms produced by the evaporative hea
of metallic solids@3,5#, there has been only a handful o
experiments done on the halogens@6–9#, owing chiefly to
the difficulty in producing a usable atomic beam. The ha
gens, by virtue of being one electron short of a filledp sub-
shell, provide one of the simplest proving grounds for the
retical studies of the photoionization dynamics of open-sh
atoms.

Recently@8#, we investigated the 2p˜ns,md excitations
in atomic chlorine by way of total ion-yield measuremen
Concurrent calculations predicted ten 2p thresholds. How-
ever, a direct determination of their energies was not poss
experimentally because no discernible Rydberg series e
In order to compare theory with experiment, a different e
perimental method must be used. Photoelectron spectrom
is ideally suited to this task as it allows a direct determin
tion of the energies of these thresholds.

In this paper we report on a measurement of
2p-subshell photoionization of atomic chlorine and conc
rent calculations. The experiment was carried out on
bending-magnet beamline at the Aladdin storage ring
Stoughton, Wisconsin, on the HERMON monochroma
@10#. The experimental setup utilizes a microwave discha
tube to dissociate a suitable molecule, in this case HCl,
its constituent atoms. In addition, Ar was added to help s
bilize the discharge. Based on previous measurements u
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similar conditions@6#, we do not expect the population o
excited states in the discharge to be greater than 5%. A m
detailed description of the experimental setup can be fo
in Refs. @9,11#. In the dipole approximation, the electro
intensity I i(u) of the photoelectrons ejected at an angleu
with respect to the polarization vector of the synchrotr
radiation is given by

I i~u!}
ds i

dV
5

s i

4p S 11
b i

4
~113p cos 2u! D . ~1!

Hereds i /dV is the partial differential cross section for th
emission of an electron from the subshelli, s i is the partial
cross section,b i the angular distribution parameter, andp the
degree of linear polarization of the photon beam. By det
mining the ratio of the electron intensity at the two extrem
angles,u50° and 90°,b can be determined, provided th
polarization is known. We foundp50.89(2). Relative par-
tial cross sections were found by recording the electron
tensity at the magic angleum50.5 cos21(21/3p), where the
spectra are free of angular distribution effects. They can a
be found by solving Eq.~1! for s i and using the derivedb
values and the electron intensity recorded at either 0° or 9
The total resolution inherent in our spectra, including con
butions from the analyzer, the photon beam, and the nat
width of the observed lines, was 350 meV.

To protect the integrity of the monochromator from th
reactive target gases, the interaction region was separ
from the monochromator’s exit mirror by a 120-nm carb
filter with a transmission of about 92% at a photon energy
245 eV. Calibration of the photon energy was done by co
paring the difference in kinetic energies of the Kr-3d5/2 pho-
topeak and the KrN32M4,5M4,5 (1S0) Auger line, yielding
hn5245.04(3) eV. An additional calibration was pe
formed at a nominal photon energy of 280 eV using Ar-2p
photopeaks and their resulting Auger lines. From this c
bration set the binding energies of the HCl-2p photopeaks
~used to establish the binding energies of the Cl-2p photo-
peaks!, also recorded at a photon energy of 280 eV, w
determined. We foundEb(2p3/2)5207.401(39) eV and
R1747 ©1999 The American Physical Society
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Eb(2p1/2)5209.012(39) eV, in excellent agreement wi
the values of Shawet al. @12#.

Figure 1 illustrates the basic procedure used in obtain
an HCl-free atomic chlorine photoelectron spectrum~PES!.
In contrast to earlier studies@6,8,9#, obtaining an HCl-free
PES by subtraction of the discharge-on PES from
discharge-off PES proved difficult for the following reason
First, the HCl-2p photopeaks and the Cl-2p photopeaks are
strongly overlapping, making it difficult to determine the a
propriate normalization factor between the two spectra. S
ond, we observed a broadening of the width of the pho
peaks in the discharge-on PES as compared to the disch
off PES due to small changes in the source volume poten
with the discharge running. Without correctly accounting
this broadening, significant error would be introduced in
the subtraction process. As a result, the following proced
was followed. First, a fit of the postcollision interactio
~PCI! @13# distorted HCl-2p photopeaks~inset of Fig. 1! was
done using a distorted Pearson-7 function@14#. Then, the
entire discharge-on PES was fit with symmetric Pearso
functions for the Cl-2p lines @15# and distorted Pearson-
functions for the two HCl-2p lines where the degree o
asymmetry wasfixed to be the same as in the discharge-
spectrum. The upper part of Fig. 1 shows the transmiss
corrected Cl1 HCl discharge-on PES with the fitted profile
of the HCl-2p photopeaks. Subtraction of the fitted HCl-2p
photopeaks from the discharge-on PES yields an HCl-
PES, the lower PES in Fig. 1. While the fitted HCl-2p profile
does not entirely account for all of the HCl-2p photopeaks in
the region around 38 eV, we do not expect this to introdu
significant error into our final analysis.

FIG. 1. Discharge-on PES of the Cl1 HCl 2p photopeaks
~upper part!. The step size is 25 meV. The underlying HCl-2p
photopeaks, thin lines, are also shown. Discharge-off PES~inset!.
The Cl-2p PES resulting from the subtraction of the fitted HCl-2p
peaks~lower part!.
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The ground-state configuration of atomic chlorine
1s22s22p63s23p5(2P3/2). Following the removal of a 2p
electron, there are ten terms that can arise from coupling
2p5 subshell with the 3p5 subshell: 1S0 , 3S1 , 1P1 , 3P0 ,
3P1 , 3P2 , 1D2 , 3D1 , 3D2, and 3D3. All of these corre-
spond to allowed ionic states because, when coupled to
«s (2S1/2) or an «d (2D3/2,5/2) continuum electron, the di-
pole selection rules2P3/2˜

2S1/2, 2P1/2,3/2,
2D3/2,5/2 are sat-

isfied.
Binding energies of the ten different terms were calc

lated using a Slater-Condon superposition-of-configurat
method@16#. To assess the effects of configuration intera
tion ~CI! on the computed values, several different calcu
tions were performed. The first were single-configurati
calculations for the ground configurations of the atom a
the ion. Then calculations were done for both atom and i
including configurations corresponding to a 3p to 4p exci-
tation and 3s to 3d, 4d, and 5d excitations. The only exci-
tation of importance was that from 3s to 3d, and so for
simplicity all further calculations included only the groun
configurations and the excited configurations 2p63s3p53d
for the atom and 2p53s3p53d for the ion. The perturbations
were larger for the ion than for the atom, resulting in dow
ward shifts in each computed threshold energy by amou
averaging about 0.4 eV. Calculations of the level displa
ments from configuration centers of gravity were made us
Coulomb scaling factors of 0.85, 0.90, and 0.95 to appro
mate the effects of neglected small CI effects. The b
agreement with experiment was seen for a scaling facto
0.90, and this was used for final results.~This differs from
the value 0.80 used earlier@8#.!

We also calculated weighted bound-free oscilla
strengths~gf!, per Rydberg width of continuum, for trans
tions from 2p63s23p512p63s3p53d to (2p53s23p5

12p53s3p53d)«s,«d, using an average kinetic energy o
the «s or «d electron of 35 eV~see Fig. 1!; values for tran-
sitions from the ground level of the atom were then summ
over all final states corresponding to each ion-core lev
Calculations were made using Coulomb scaling factors
0.85 to 0.95; differences in summed oscillator strengths w
minor, and in all cases were less than 2% of the value for
strongest transition~that for the 3D3 threshold!.

The upper panel of Fig. 2 shows the Cl-2p PES from Fig.
1 converted to a binding-energy scale, including the ove
fit and its decomposition. In the lower panel the predict
theoretical PES and its decomposition are shown. The p
full width at half maximum~FWHM! and shape were set t
match the values obtained from the fit of the data. TheLS
designation of each photopeak is also given. Note that
theoretical PES has not been shifted in any way. In Tab
we list both the experimental and theoretical binding en
gies and relative intensities that are made with respec
peak 7, since this peak is the most clearly resolved pea
appreciable intensity. The experimental relative intensit
are an average of the values determined at the magic an
and those derived from the 0° PES using the measureb
values. Both sets of measurements yielded results within
of each other, except for peaks 1 and 2 where the disag
ment is up to 14%. The assignments of the peaks, in b
LSJ and j j coupling, are also given based on their corr
spondence to the theoretical PES.
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PRA 60 R1749DETERMINATION OF THE FINE-STRUCTURE . . .
Comparing experiment and theory we find good qual
tive agreement and considerable quantitative agreement.
major discrepancies are~i! the relative intensity and splitting
of peaks 1 and 2 and their combined intensity in compari
to the rest of the PES,~ii ! the apparent lack of peaks in th
experimental PES between lines 2 and 3, and~iii ! where
theory predicts one large peak,3P2, two are deduced from
the fit of the data~peaks 3 and 4!.

FIG. 2. The Cl-2p photoelectron PES from Fig. 1 indicating th
fit and its decomposition into eight peaks of equal width~upper
part!. The theoretical PES including theLSJ assignments of each
peak~lower part!. Note: the 3D1 peak is barely visible below the
3P2 line.
-
he

n

With regard to point~i!, a difference in binding energy
between peaks 1 and 2 is found to be 0.326~30! eV, while
theory gives 0.224 eV. Here it would be difficult to argu
that the splitting should be smaller because a shoulder, p
1, is clearly seen in the data, even with the presence of
unsubtracted HCl lines~see Fig. 1!. This argument also ap
plies to the relative intensity between these two lines, wh
would appear to be underestimated by theory. While exp
ment clearly indicates a larger intensity imparted to the
lines than theory, we cannot rule out that we overcorrec
for transmission effects or did not subtract out all of t
residual HCl-2p photopeaks, and thereby exaggerated
intensity of these Cl peaks. In any case, discrepancies
probably no greater than to be expected from the limi
accuracy of the present theoretical method.

For point~ii !, no definitive conclusions can be drawn. Th
region between peaks 2 and 3 corresponds to the locatio
the subtracted HCl-2p1/2 photopeak. Because this region
so sensitive to the subtraction process, it is possible
these peaks are present in our PES but were subtracted
along with the HCl line. In fact, a closer inspection of th
bottom PES in Fig. 1 indicates the presence of a small sh
der between a kinetic energy of 36.0 and 36.5 eV, wh
could be the3D2 line.

With respect to point~iii !, our experimental resolution
and HCl subtraction procedure does not allow us to rule
the possibility that peaks 3 and 4 could be combined into
peak. It should be mentioned that the fit was carried
assuming that the FWHM ofall peaks is the same. This i
general, need not be true, particularly for inner-shell pho
ionization of open-shell atoms. This was demonstrated th
retically in the Auger decay of Ar1, where a clear difference
in the widths of the Auger multiplet terms was found@17#.
We expect the natural width of the Cl-2p photo peaks to be
about the same as those of the autoionizing 2p53s2ns,md
states@8#. Calculated widths of these autoionizing states
generally on the order of 20 meV, but could be as high
120 meV in some cases. As our resolution is about 350 m
it is almost entirely due to the analyzer and the photon be
This makes it unlikely that we could observe any real diffe
ence in the natural widths of these photopeaks, even if so
have natural widths as large as 120 meV.
TABLE I. Binding energies, relative intensities, andb values of the chlorine 2p photopeaks observed at 245.04~3! eV.

Peak Binding energy~eV! DE ~eV! Relative intensity~%! Assignment
number Experiment Theory Expt.-Theor. 104 g f Expt. Theor. b LSJ j j

1 207.850~15! 207.694 10.156 1867 190~10! 65.2 1.16~15! 1P1 ( 3
2 , 3

2 )1

2 208.176~15! 207.918 10.258 4985 300~40! 174 1.06~15! 3D3 ( 3
2 , 3

2 )3

208.560 738 25.8 3D2 ( 3
2 , 1

2 )2

3 a 209.457~15! 208.946 10.511 415 110~6! 14.5 1.00~15! 3S1 ( 3
2 , 1

2 )1

4 a 209.683~15! 209.642 10.041 3585 81~5! 125 1.46~15! 3P2 ( 3
2 , 3

2 )2

209.665 47 1.64 3D1 ( 1
2 , 1

2 )1

5 210.189~15! 210.298 20.109 489 10~2! 17.1 1.32~15! 3P0 ( 3
2 , 3

2 )0

6 210.688~10! 210.685 10.003 1966 73~5! 68.6 1.16~10! 3P1 ( 1
2 , 3

2 )1

7 211.548~10! 211.399 10.149 2864 100 100 1.10~10! 1D2 ( 1
2 , 3

2 )2

8 213.147~15! 212.964 10.183 232 8~1! 8.10 0.52~10! 1S0 ( 1
2 , 1

2 )0

aPeaks 3 and 4 could be one peak corresponding to the3P2 line.
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The b values derived from our spectra recorded atu
50° and 90° are listed in Table I. With the exception
peak 8, there is not a large variation in theb values among
the photopeaks. This result may initially seem somewhat
prising. However, since theb value of each photoline is
principally determined by the mixture of«s to «d partial
waves, it is unlikely that this mixture will change much fro
photoline to photoline, particularly since the incident phot
energy is relatively far above threshold. It should be no
that, while the relative variation in theb values from peak to
peak is likely to be of high accuracy, the absolute values m
have an uncertainty greater than that indicated in Tab
~statistical only!, where the absoluteb values could be lower
by as much as 0.4b units.

In conclusion, we have measured and calculated thep
fine-structure dynamics arising from the open-shell chara
of atomic chlorine. Of the ten predicted thresholds, we
serve eight. Binding energies, relative intensities, andb val-
ues for all photopeaks have been determined at a ph
energy of 245.04~3! eV. Measured values are in reasonab
good agreement with our calculations. Present discrepan
between experiment and theory can be partly attributed to
moderate resolution of this experiment. A definitive explan
tion will require a measurement with improved resolutio
With the exception of one peak,b values of the various
photopeaks are quite similar, indicating little change in
relative mixture of the«s to «d partial waves.

Finally, it is worth contrasting the inner-shell behavior
this atom with its closed-shell counterpart, argon. In
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closed-shell atom inner-shell photoionization leads to
simple well-resolved spin-orbit doublet. However, the ope
shell atom leads to a considerable increase in the comple
of the PES, where any definitive indication of the spin-or
splitting becomes tenuous at best. These results imply
need for caution when using binding energies found in ta
lations for the elements in their natural forms@18# or for free
atoms@19# when applied to open-shell atoms. In these tab
lations, binding energies are given in terms of spin-orbit do
blets, even though they have limited relevance for open-s
atoms. For example, in Ref.@18# the binding energies of the
Cl-2p3/2,1/2photopeaks are given as 200 and 202 eV, resp
tively. Not only are there not two photopeaks, but the thre
olds are spread over more than 5 eV. This result is likely
be the general case for shallow core levels. However,
deep core levels the spin-orbit splitting will become suf
ciently large, such that any multiplet splitting arising fro
the open-shell nature of the atom will be superimposed
each spin-orbit doublet. Hence, for this regime, the tabula
spin-orbit binding energies may serve as a rough estimat
the actual atomic structure.
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