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Determination of the fine-structure properties of the 2o subshell of atomic chlorine
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A measurement of the fine-structure properties of the atomic chlopreuBshell 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.
[S1050-2947@9)50309-0

PACS numbgs): 32.80.Fb, 32.80.Hd

The utilization of electron spectrometry in conjunction similar conditions[6], we do not expect the population of
with synchrotron radiation has engendered a continuing inexcited states in the discharge to be greater than 5%. A more
terest in the study of the dynamics of the process of photodetailed description of the experimental setup can be found
ionization of atoms for nearly 30 years. Yet despite this richin Refs. [9,11]. In the dipole approximation, the electron
history [1—4], the vast majority of experimental work has intensity I;(6) of the photoelectrons ejected at an angle
focused on the rare gases, which comprise a very small powith respect to the polarization vector of the synchrotron
tion of the Periodic Table. This is largely due to the experi-radiation is given by
mental ease of using the rare gases as an atomic target. How- do 5,
ever, if one wishes to focus on the role of electron correlation Pi
in the dynamics of the photoionization process, a study of i(6)= dQ 4 I+ (1+3pcos 2)]. @)
open-shell systems is far better suited. This is primarily due
to the nonspherical nature of the ground state of the opeﬁderedai/dﬂ is the partial differential cross section for the
shell atom. While there has been a fair degree of synchrotrofmission of an electron from the subshielt; is the partial
based electron spectrometry involving the valence shells ofross section; the angular distribution parameter, gmthe
some open-shell atoms produced by the evaporative heatirfifgree of linear polarization of the photon beam. By deter-
of metallic solids[3,5], there has been only a handful of mining the ratio of the electron intensity at the two extreme
experiments done on the halogeis-9], owing chiefly to  angles,#=0° and 90°,3 can be determined, provided the
the difficulty in producing a usable atomic beam. The halo-polarization is known. We foung=0.892). Relative par-
gens, by virtue of being one electron short of a filedub-  tial cross sections were found by recording the electron in-
shell, provide one of the simplest proving grounds for theotensity at the magic anglé,,= 0.5 cos *(—1/3p), where the
retical studies of the photoionization dynamics of open-shelbpectra are free of angular distribution effects. They can also
atoms. be found by solving Eq(1) for o; and using the deriveg@

Recently[8], we investigated the2—ns,md excitations  values and the electron intensity recorded at either 0° or 90°.
in atomic chlorine by way of total ion-yield measurements.The total resolution inherent in our spectra, including contri-
Concurrent calculations predicted tep Zhresholds. How- butions from the analyzer, the photon beam, and the natural
ever, a direct determination of their energies was not possiblwidth of the observed lines, was 350 meV.
experimentally because no discernible Rydberg series exist. To protect the integrity of the monochromator from the
In order to compare theory with experiment, a different ex-reactive target gases, the interaction region was separated
perimental method must be used. Photoelectron spectrometf§om the monochromator’s exit mirror by a 120-nm carbon
is ideally suited to this task as it allows a direct determinafilter with a transmission of about 92% at a photon energy of
tion of the energies of these thresholds. 245 eV. Calibration of the photon energy was done by com-

In this paper we report on a measurement of theparing the difference in kinetic energles of the Kaz3 pho-
2p-subshell photoionization of atomic chlorine and concur-topeak and the KN3—M,sM 45 (*Sp) Auger line, yielding
rent calculations. The experiment was carried out on dv=245.04(3) eV. An additional calibration was per-
bending-magnet beamline at the Aladdin storage ring irformed at a nominal photon energy of 280 eV using Ax-2
Stoughton, Wisconsin, on the HERMON monochromatorphotopeaks and their resulting Auger lines. From this cali-
[10]. The experimental setup utilizes a microwave dischargdration set the binding energies of the H@-photopeaks
tube to dissociate a suitable molecule, in this case HCI, int¢used to establish the binding energies of the glghoto-
its constituent atoms. In addition, Ar was added to help stapeaks, also recorded at a photon energy of 280 eV, were
bilize the discharge. Based on previous measurements unddetermined. We foundEy(2p3,) =207.401(39) eV and

1050-2947/99/6(B)/174714)/$15.00 PRA 60 R1747 ©1999 The American Physical Society



RAPID COMMUNICATIONS

R1748 WHITFIELD, HALLMAN, KRAUSE, CALDWELL, AND COWAN PRA 60
sso0 |+ ' o ¢ T T T The ground-state configuration of atomic chlorine is
I Cl+HCI 2p Photoelectron Spectrum | 15%25?2p®3s?3p°(°P3),). Following the removal of a g
5000 k- hv =245.04(3) eV, 6,, | electron, there are ten terms that can arise from coupling the
L ] 2p°® subshell with the B° subshell:1Ss,, 3s;, 'P;, 3P,
4500 |- . 3P,, %P,, D,, D4, 3D,, and ®D;. All of these corre-
I 1 spond to allowed ionic states because, when coupled to an
4000 |- 7 es (?Syp or aned (?Dyp59 continuum electron, the di-
3500 k- i pole selection rule$Ps;,—2Sy,, 2Pz, 2D spare sat-
I J isfied.
¢ 3000 35 3 87 38 39 . Binding energies of the ten different terms were calcu-
< i lated using a Slater-Condon superposition-of-configuration
§ 2500 |- R . method[16]. To assess the effects of configuration interac-

tion (Cl) on the computed values, several different calcula-
tions were performed. The first were single-configuration
calculations for the ground configurations of the atom and

2000 |- ¢l 2p Photoelectron Spectrum

1500 - -

I ] the ion. Then calculations were done for both atom and ion,
1000 | . including configurations corresponding to @ 8 4p exci-
tation and 3 to 3d, 4d, and T excitations. The only exci-
500 |- 1 tation of importance was that froms3to 3d, and so for
o I 1 simplicity all further calculations included only the ground

ST T configurations and the excited configurations®2s3p°3d

30 31 32 33 34 35 36 37 38 39 40 for the atom and 953S3p53d for the ion. The perturbations
were larger for the ion than for the atom, resulting in down-
ward shifts in each computed threshold energy by amounts
FIG. 1. Discharge-on PES of the Gt HCI 2p photopeaks averaging about 0.4 eV. Calculations of the level displace-

(upper pait The step size is 25 meV. The underlying Hg-2 Ments from configuration centers of gravity were made using
photopeaks, thin lines, are also shown. Discharge-off RE®). ~ Coulomb scaling factors of 0.85, 0.90, and 0.95 to approxi-
The CI-2p PES resulting from the subtraction of the fitted HGi-2 Mate the effects of neglected small CI effects. The best
peaks(lower pari. agreement with experiment was seen for a scaling factor of
0.90, and this was used for final resul¥his differs from
Ep(2p12) =209.012(39) eV, in excellent agreement with the value 0.80 used earlig8].)
the values of Shawet al.[12]. We also calculated weighted bound-free oscillator
Figure 1 illustrates the basic procedure used in obtainingtrengths(gf), per Rydberg width of continuum, for transi-
an HCl-free atomic chlorine photoelectron spectr(PES.  tions from 20°3s23p®+2p®3s3p®°3d to (2p°3s?3p°
In contrast to earlier studig$,8,9), obtaining an HCl-free  +2p®3s3p®3d)es,ed, using an average kinetic energy of
PES by subtraction of the discharge-on PES from thehees or ed electron of 35 eMsee Fig. 1; values for tran-
discharge-off PES proved difficult for the following reasons. sitions from the ground level of the atom were then summed
First, the HCI-2 photopeaks and the Clp2photopeaks are over all final states corresponding to each ion-core level.
strongly overlapping, making it difficult to determine the ap- Calculations were made using Coulomb scaling factors of
propriate normalization factor between the two spectra. Sed.85 to 0.95; differences in summed oscillator strengths were
ond, we observed a broadening of the width of the photominor, and in all cases were less than 2% of the value for the
peaks in the discharge-on PES as compared to the dischargstrongest transitiofthat for the *D threshold.
off PES due to small changes in the source volume potential The upper panel of Fig. 2 shows the Q+-PES from Fig.
with the discharge running. Without correctly accounting for1l converted to a binding-energy scale, including the overall
this broadening, significant error would be introduced intofit and its decomposition. In the lower panel the predicted
the subtraction process. As a result, the following procedur¢heoretical PES and its decomposition are shown. The peak
was followed. First, a fit of the postcollision interaction full width at half maximum(FWHM) and shape were set to
(PCI) [13] distorted HCI-2 photopeaksinset of Fig. was  match the values obtained from the fit of the data. Ti%
done using a distorted Pearson-7 funct{dd]. Then, the designation of each photopeak is also given. Note that the
entire discharge-on PES was fit with symmetric Pearson-theoretical PES has not been shifted in any way. In Table |
functions for the CI-® lines [15] and distorted Pearson-7 we list both the experimental and theoretical binding ener-
functions for the two HCI-p lines where the degree of gies and relative intensities that are made with respect to
asymmetry wadixedto be the same as in the discharge-off peak 7, since this peak is the most clearly resolved peak of
spectrum. The upper part of Fig. 1 shows the transmissioappreciable intensity. The experimental relative intensities
corrected Ch HCI discharge-on PES with the fitted profiles are an average of the values determined at the magic angle,
of the HCI-2p photopeaks. Subtraction of the fitted HGh-2 and those derived from the 0° PES using the measygred
photopeaks from the discharge-on PES yields an HCl-fre@alues. Both sets of measurements yielded results within 8%
PES, the lower PES in Fig. 1. While the fitted HGb-profile  of each other, except for peaks 1 and 2 where the disagree-
does not entirely account for all of the HCp2hotopeaks in ment is up to 14%. The assignments of the peaks, in both
the region around 38 eV, we do not expect this to introducd.SJ and jj coupling, are also given based on their corre-
significant error into our final analysis. spondence to the theoretical PES.

Kinetic Energy (eV)
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A0 ——T——T T T T T T T T With regard to point(i), a difference in binding energy
i 2 Cl 2p Thresholds 1 between peaks 1 and 2 is found to be 0385 eV, while
1800 i r data ] theory gives 0.224 eV. Here it would be difficult to argue
1500 — fit | that the splitting should be smaller because a shoulder, peak
i 1, is clearly seen in the data, even with the presence of the
«n 1200 unsubtracted HCI linessee Fig. 1 This argument also ap-
§ i plies to the relative intensity between these two lines, which
8 900 [ would appear to be underestimated by theory. While experi-
600 ment clearly indicates a larger intensity imparted to these
i lines than theory, we cannot rule out that we overcorrected
300 for transmission effects or did not subtract out all of the
i residual HCI-2 photopeaks, and thereby exaggerated the
] 4008 intensity of these Cl peaks. In any case, discrepanc_ies_ are
| probably no greater than to be expected from the limited
12000 accuracy of the present theoretical method.
- For point(ii), no definitive conclusions can be drawn. The
___ 10000 region between peaks 2 and 3 corresponds to the location of
%, 8000 [ the subtracted HCI{2,,, photopeak. Because this region is
S X so sensitive to the subtraction process, it is possible that
< 6000 these peaks are present in our PES but were subtracted out
2 i along with the HCI line. In fact, a closer inspection of the
4000 | bottom PES in Fig. 1 indicates the presence of a small shoul-
2000 der between a kinetic energy of 36.0 and 36.5 eV, which
- could be the®D, line.
0 . . . . . . . With respect to poinfiii), our experimental resolution

206 ' 207 208 209 210 211 212 213 ' 214 and HCI subtraction procedure does not allow us to rule out
the possibility that peaks 3 and 4 could be combined into one
peak. It should be mentioned that the fit was carried out
assuming that the FWHM ddll peaks is the same. This in

fit and its decomposition into eight peaks of equal widtipper genergl, need not be true, particu!arly for inner-shell photo-
parh. The theoretical PES including tHeSJ assignments of each ionization of open-shell atoms. This was demonstrated theo-

peak (lower parl. Note: the3D, peak is barely visible below the etically in the Auger decay of AF."’ where a clear difference
3p, line. in the widths of the Auger multiplet terms was foupti7].
We expect the natural width of the Cp2photo peaks to be

Comparing experiment and theory we find good qualita-about the same as those of the autoionizimy3?ns,md
tive agreement and considerable quantitative agreement. Tistateq 8]. Calculated widths of these autoionizing states are
major discrepancies af@ the relative intensity and splitting generally on the order of 20 meV, but could be as high as
of peaks 1 and 2 and their combined intensity in comparisori20 meV in some cases. As our resolution is about 350 meV,
to the rest of the PESji) the apparent lack of peaks in the it is almost entirely due to the analyzer and the photon beam.
experimental PES between lines 2 and 3, &id where  This makes it unlikely that we could observe any real differ-
theory predicts one large peakP,, two are deduced from ence in the natural widths of these photopeaks, even if some
the fit of the datapeaks 3 and ¥ have natural widths as large as 120 meV.

Binding Energy (eV)

FIG. 2. The CI-2 photoelectron PES from Fig. 1 indicating the

TABLE |. Binding energies, relative intensities, agdvalues of the chlorine 2 photopeaks observed at 2458¢eV.

Peak Binding energyeV) AE (eV) Relative intensity(%) Assignment
number Experiment Theory Expt.-Theor.  “Idgf Expt. Theor. B LSJ ji
1 207.85015) 207.694 +0.156 1867 190 65.2 1.1615 p, (.3,
2 208.17615) 207.918 +0.258 4985 300 174 1.0615) 3D, (2.3,
208.560 738 25.8 °D, .Y,
32 209.45715) 208.946 +0.511 415 1106) 14.5 1.0015) 33, G,
42 209.68315) 209.642 +0.041 3585 8®B) 125 1.4615) P, 2.3,
209.665 47 1.64 D, (.4,
5 210.18915) 210.298 —0.109 489 1®) 17.1 1.3215 %P, .3,
6 210.68810) 210.685 +0.003 1966 ®) 68.6 1.1610 3P, (3.3,
7 211.54810) 211.399 +0.149 2864 100 100 1.100) D, .3,
8 213.14715) 212.964 +0.183 232 81) 8.10 0.5210 s, .4

%peaks 3 and 4 could be one peak corresponding téRbdine.
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The B values derived from our spectra recordedfat closed-shell atom inner-shell photoionization leads to a
=0° and 90° are listed in Table I. With the exception of simple well-resolved spin-orbit doublet. However, the open-
peak 8, there is not a large variation in tBevalues among shell atom leads to a considerable increase in the complexity
the photopeaks. This result may initially seem somewhat surof the PES, where any definitive indication of the spin-orbit
prising. However, since thg value of each photoline is SPlitting becomes tenuous at best. These results imply the
principally determined by the mixture ofs to ed partial ~ need for caution when using binding energies found in tabu-
waves, it is unlikely that this mixture will change much from lations for the elements in their natural foriiis] or for free
photoline to photoline, particularly since the incident photonat(_)ms[lg_] vv_hen apph_ed to op_en-shell atoms. In_these_ tabu-
energy is relatively far above threshold. It should be note ations, binding energies are given in terms of spin-orbit dou-
that, while the relative variation in the values from peak to lets, even though thgy have I|m|ted_relgvance fo_r open-shell
peak is likely to be of high accuracy, the absolute values ma toms. For example, in Re[f1_8] the binding energies of the
have an uncertainty greater than that indicated in Table I-"2Par,12Photopeaks are given as 200 and 202 eV, respec-
(statistical only, where the absolutg values could be lower tively. Not only are there not two photopeqks, but t_he _thresh-
by as much as 0.8 units. olds are spread over more than 5 eV. This result is likely to

. h neral for shallow core levels. However, for
In conclusion, we have measured and calculated the 2betege eral case Tor snajlow core leve's. HOWever, 10

ﬁjeep core levels the spin-orbit splitting will become suffi-

fine-structure dynamics arising from the open-shell charactememIy large. such that any multiplet splitting arising from

of atomic chlorine. Of the ten predicted thresholds, we ob-the onen-shell nature of the atom will be superimposed on
serve eight. Binding energies, relative intensities, gndal- P P P

ues for all photopeaks have been determined at a photo%aCh spin-orbit doublet. Hence, for this regime, the tabulated

energy of 245.08) eV. Measured values are in reasonablytsrf)énézzgglb;?gr':i% igﬁglﬁz may serve as a rough estimate of
good agreement with our calculations. Present discrepancies '
between experiment and theory can be partly attributed to the This work was supported by an internal research grant
moderate resolution of this experiment. A definitive explanafrom the University of Wisconsin—Eau Claire and the Na-
tion will require a measurement with improved resolution.tional Science Foundation under Grant No. PHY-9507573.
With the exception of one peal@ values of the various The University of Wisconsin SRC is operated under National
photopeaks are quite similar, indicating little change in theScience Foundation Grant No. DMR-9531009. Support from
relative mixture of thess to ed partial waves. the SRC staff is gratefully acknowledged as is a loan of part
Finally, it is worth contrasting the inner-shell behavior of of the experimental apparatus from Oak Ridge National

this atom with its closed-shell counterpart, argon. In theLaboratory.
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