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Natural widths in open-shell atoms: TheK absorption spectrum of atomic oxygen
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Total-ion-yield measurements and Hartree-Fock calculations are presented fa-thrgpln=2 to 5 pho-
toexcitations in atomic oxygen. Energies and relative intensities of [the]2s?2p*(*P)np and
[1s]2s?2p*(?P)np series members are determined, and the apparent linewidths are measured. It is shown that
natural widths in an open-shell atom can be deduced from an absorption spectrum only with the aid of
theoretical input. The linewidth for the six individual components contained in #e 2p transition is
determined to be 140) meV.[S1050-2946)50308-2

PACS numbds): 32.30.Rj, 32.70.Cs, 32.70.Jz

The natural width of a level is due to the finite lifetime of present study provides the entire photoabsorption spectrum
the corresponding hole state and represents one of the basicthis open-shell atom, yielding the energies and the relative
properties of an atom. As such, many studies have beeintensities of the principally resolvable members of the two
aimed at determining this property. However, for most ele-absorption series converging to tfiés]2s?2p*(*P) and
ments, investigations have been limited, regardless of thpls]2s?2p*(?P) ionization thresholds. Such data are not
method applied, to condensed or molecular systems in whicbnly of intrinsic value, presenting a challenge to theory, but
the natural width of an atomic level is masked or influencedare of importance for quantitative evaluation of upper atmo-
in @ myriad of wayg1,2]. Chemical and solid-state effects spheric and interstellar procesgdst, 15 and for disentan-
such as multiplet splitting, crystal fields, vibrational struc-gjing lifetime and chemical effects in molecular and solid-
ture, ligand fields, and valence electron densities place seritate systems.
ous limitations, even for high-resolution studig&-5], on The total-ion-yield experimentequivalent to photoab-
the reliability of the values of this atomic property eXtraCtedsorptior) was performed at the high-resolution HERMON

from the data. The limitations are exacerbated in determinar’nonochromato{lﬁ] of the Wisconsin Synchrotron Radia-

tions that rely on measurements Of_ IlneW|dths, because_ MO§hn Center. Atomic oxygen was produced by dissociation of
effects apply to each of the levels involved in the transition. .\ - oxygen in a microwave-driven discharge as de-
Few restrictions obtain to the rare gases, although, even then, . . . X
. . . : . stribed elsewher¢l7]. The ions created by the incoming
consideration must be given to isotope effed@§ interac- o ) .
tions between the particles produdd, the presence of an radiation were extracted in a strong field, accelerat_ed to 3
excited electrorig], and multiple, including secondary, ion- K€V and detected by means of a channeltron which was
ization event$1,9,10, depending upon the particulars of the mounted perp(_andlcylar to the photo_n beam in the horizontal
case at hand. plane. By adding nitrogen to the discharge, the number of
An experimental determination of the natural width in an©XYgen atoms was seen to increase considerably. Best per-
open-shell atom has not been delineated so far, althougifrmance of the discharge, giving a yield of approximately
some potentially suitable inner-shell studies have been rea0% atomic species, was achieved at an oxygen-to-nitrogen
ported[11—13. We demonstrate by way of a high-resolution pressure ratio of about 5 to 2. Differential pumping of the
photoabsorption measurement that this task is much mor@nization chamber resulted in a total pressure of
complex than in a closed-shell configuration and, in the gen2 X 10™2 Pa in the interaction region, which excludes a pres-
eral case, cannot be accomplished without the assistance sfire broadening of the spectral features. A Lexane window
theoretical input for proper definition of the width of a level that was introduced between the interaction chamber and the
or a transition. We support the analysis of the data by anonochromator maintained the ultrahigh vacuum in the
calculation of energies and rates of transitions relevant to thmonochromator. The window did not introduce any structure
excitation of aK electron in the oxygen atom chosen for this in the vicinity of theK edge of oxygen, as determined in an
work. auxiliary ion-yield spectrum with no oxygen present. The
In addition to providing a benchmark value for the tran- photon energy scale was calibrated with respect to the well-
sition and level widths oK-shell excited atomic oxygen, the known O 1s— #* resonance in CO at 534.21 ¢¥8,19 by
using mixtures of CO, @, and O.
Figure 1 gives an overview of the region of the Rydberg
*Electronic address: alm@phys.physics.ucf.edu resonances and illustrates the procedure used for determining
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oF T T T T TABLE I. Theoretical energie6n eV) and relative intensities of
v the six transitions contained in thed-2p resonance at 527.85 eV.
g atomic+molecular
g [ Transition Energy Rel. Enerdy  Rel. Intensity?
c 3 3
= P,—3pP, 528.1241 0 1
T 05} molecular 3p,—3%P, 528.1550 0.031 0.3333
Z e, 3p,3p, 528.1066 -0.018 0.1143
L] . 3p,—3p, 528.1375 0.013 0.0227
L= P 3"4 _ 3p,.3p, 528.1533 0.029 0.0091
- p  atomic 3p,—3P, 528.1289 0.005 0.0023
00 C 1 L 1 . e
505 530 535 540 545 550 aNormalized to the strongest transition.
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FIG. 1. lon-yield spectrum of thesl—np excitations in atomic
oxygen, recorded with moderate resolving powleandwidth 250

meV). The upper spectrum shows a superposition of the moleculaf®

and atomic spectra as recorded. In the lower spectrum, theo®-
tribution (middle, discharge offis subtracted.

the atomic ion yield. Two spectra, one with discharge on
and another with discharge off were recorded. The atomi
spectrum is isolated by subtracting the molecular spectru
using the intensity of the & 7* peak for normalization.
The main resonancest-2p at 527.8%10) eV and higher

Rydberg membersi=3,4, converging to the’P and 2P

different slit settings of the monochromator, and repetitions
of the measurements, allowed us to verify the original cali-
bration[16] of the resolving power and, at the same time,
ssess deviations due to possible beam line instabilities. One
of the high-resolution spectra is displayed in Fig. 2. The
nearly Lorentzian contour of thest-2p peak shows that
the bandwidth makes a small contribution only, whereas the
contours of the higher members may indicate the presence of

'multiplets. The sources of the minor fluctuations cannot be

nﬁ:dentified with certainty.

Under the assumption that the-32p peak represents a

single line, we fitted the peak with a single Voigt profile and
extracted a Lorentzian width of 143 meV. This would nor-
mally be regarded as the linewidth for this transition. How-

thresholds, respectively, are clearly seen. The continuOUs ey in the open-shell configuration of O, this peak consists

background in the spectrum amounts to 20%
1s—2p peak intensity with the discharge on. As known
from previous measuremenf47], the discharge also pro-
duces NO and molecular oxygen in the metastdtilestate.

of the

of six transitions connecting the multiplets of the initial and
final states:

1s22p22p*(3Pg1.9 +hv—1s2p?2p5(3Pg 1 9.

We found that NO makes no discernible contributions, while

metastable @ is assumed to be responsible for the residual
peak at 530.5 eV.

| In order to estimate the influence of the fine structure on
the width of the resonance, we performedadminitio calcu-

Spectra were recorded at photon bandwidths ranging frortttion using a Hartree-Fock prograf@0]. For the ground

57 to 270 meV full width at half maximum. The use of

state we used a singles22p* configuration, while for the
excited state, configuration interactiaiCl) between the
2s%2p*np,n=3-5, basis states was taken into account. If
the oxygen atom were in its ground statg**P,), only

1 7/ 1 M T T T T T T T T
= 157 mev|139 mev ° z"Fp::;";em“_ two transitions, split by 31 meV and having an intensity ratio
z 107 <20 v of 3:1, would be active. However, in addition to the
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FIG. 2. High-resolution ion-yield spectrum of the-np exci- 0.0
1 1 1 n 1 1 1 1 1 n 1 1 1

tations in atomic oxygen, recorded with a bandwidth of approxi-
mately 57 meV for the §—2p transition (left) and 139 meV for

the higher Rydberg members. The solid curve represents a Hartree
Fock calculation of energies and relative intensities, convoluted
with the total linewidth and normalized to the intensity of the

4P threshold at 543.9 eV was not calculated.
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FIG. 3. Bar diagram of the relative transition intensities from a
1s—2p transition. The continuous part of the spectrum above theCl Hartree-Fock calculation. The relative populations of the initial

statesl (°P,), 1(®P,), andI(®P,) were taken into account.
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TABLE II. Comparison of experimental and theoretical energies and relative intensities of the two
Rydberg series converging to tf® and 2P limits of atomic oxygen.

Configuration EnergyeV) Relative Intensity
Expt. Th. Expt. Th.
1s'2s?2p5(°P) 527.8510) 528.13 100 100
1s'2s?2p*(“P)3p 541.2715) 542.27 6.26) 5.1
1s'2s22p*(“P)4p 542.6715) 543.76 1.62) 1.9
1s'2s?2p*(*P)5p 543.1815) 544.30 0.365) 1.1
1s'2s?2p*(?P)3p 545.5915) 545.62 5.46) 2.0
1s'2s22p*(?P)4p 547.1615) 547.24 1.92) 0.5
1s'2s22p*(?P)5p 547.7115) 547.85 0.365) 0.24

&Calibrated with reference to CO: @%: 7* at 534.21 eV, given if19]. The error in the reference is not
included.

2p*(®P,) ground state, the @(3P;) and 2*(°P,) excited  values cannot be obtained from a photoabsorption measure-
states are also populated, with ratios1¢tP,) : 1(3P,) : ment, as is possible for a closed-shell atf8fh but would

1 (3P,) ~1:0.34:0.09 under the conditions of the dischargehave to come from a photoelectron measurement done in the
[21]. These ratios are used to adjust the theoretical transitioabsence of postcollision effects and at extremely high reso-
rates of the excited states; the weighted relative rates adation.

given in Table I. Although it would seem that the linewidths of the higher

Based on this information, thest-2p contour for each members of the absorption series should be closer to the
spectrum was then fitted by six Voigt profiles of equal width natural widths of theK-shell ionized atom, they are unsuit-
and proper spacing. These fits were rather insensitive table for width determinations because of the dramatically
variations of about 10% applied to the energy spacings anghcreased multiplet splitting of the possible transitions and
relative intensities, and resulted in an improygdcompared  ultimately the merging of the highest members into a quasi-
to the one-line fit. A Lorentzian linewidth of 148 meV  continuum[28]. To assess the composition of the higher ex-
was obtained by averaging over the widths derived from 1%itation lines, we extended our calculation to the series mem-
separate spectra with different slit settings. The error obers withn=3-5. These six members of both series contain
+9 meV is based on the Gaussian distributione standard 113 lines, even if those lines with an oscillator strength of
deviation of the width measurements. It is to be noted thatless than X 10~ * that represent in sum less than 1% of the
the differenceof about 3 meV between the single line and thespectral intensity are neglected. The calculated spectrum is
multiline fits is not subject to the total error of 9 meV. shown in Fig. 3 as a bar diagram of the major lines.

The linewidth of 1409) meV, derived primarily from ex- For comparison with the measured spectra, tse>2p
periment, compares with the theoretical values of 169 meV{eature was convoluted with a Voigt profile, which has an
obtained in a multiconfigurational Hartree-Fo¢kCHF) instrumental (Gaussiah width of 57 meV and a natural
calculation[22], and values of 135 and 139 meV, obtained in(Lorentzia) width of 140 meV, while the &—np,
an S-matrix calculation[23]. In spite of this considerable n=3-5 lines were convoluted with profiles containing a
discrepancy, both calculations give satisfactory agreemerbaussian width of 139 meV and aa hocLorentzian width
with the experimenf24,25 for the various Auger rates of of 140 meV. The spectrum thus generated is compared in
the O atom, with the MCHF result®22] being somewhat Fig. 2 with the measured spectrum, matching the intensities
superior to theS-matrix resultg26]. at the Is—2p peak. A definite correspondence between the

By definition, the natural level width pertains to tlen-  experimental and the theoretical spectra is observed. How-
ization of an electron from that level. Hence, the naturalever, the calculation seems to underestimate the splitting be-
K-level width in the[ 1s]2s%2p* configuration is not equiva- tween the two Rydberg series leading to tH®)np and
lent to the linewidth we report. An estimate for thewidth ~ (?P)np coupled excited states. As a consequence, while the
might be made by a statistical adjustment to the lifetime-excitation energies for théP series are in accord with ex-
defining Auger rate, taking into account the lower valenceperiment, the*P is shifted towards energies about 1 eV too
electron density of the @ configuration. However, such an high. Values of the transition energies and relative intensities
estimate would be quite coarse because the Auger rates dare summarized in Table Il. Surprisingly, for the relative
pend markedly on the Coulomb field at latv Instead, we intensity we find a better agreement between experiment and
need to rely on the result of a calculation that agrees weltheory for the *P series than for the’P series. Detailed
with the width in the] 1s]2s?2p°® configuration derived here inspection of the fine structure of théR)3p peak neverthe-
to yield a good value for the naturd-level width in less shows variances.

[1s]2s%2p*. This K-level width must be broken down into In conclusion, we measured and calculated the energies
the individual widths of the multiplets created by the open-and relative intensities of the excitation series—np in

shell structure. According to Petrini and Ajau26], the  atomic oxygen. The individual linewidth for the six transi-
calculated Auger widths arel'(*P)=126 meV and tions contained in thes— 2p transition was evaluated to be
I'(?P)=109 meV for O" with a K electron removed into 140(9) meV. We demonstrated that this value cannot be de-
the continuum[27]. An experimental verification of these rived from experimental data alone, but requires theoretical
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input on the multiplet splitting and the rates of all possiblement for all relevant parameters remains a challenge to
transitions. We also showed that the natufalevel width  theory.

in oxygen cannot be deduced from an absorption spectrum. __ . . :
Although for the case of the oxygen atom the multiplets '!'h|s work was supported by the National Smenc;e Foun-
occurring in both the initial and final states play only a smalidation under Grant No. PHY-9507573. We are indebted
role for the I 2p transition, multiplets and partial transi- © H- P- Saha and to D. Petrini for communicating to us,
tion rates assume greater importance for the transition t§"d letting us use the results of their preliminary calcula-
higher excited states and, in many instances, for transitionéons. We thank H. Hohst for his advice regarding the prop-
between core and partially filled subshells in other open-shefrties of the HERMON monochromator. The University of
elements. Energies and relative intensities of the spectralVisconsin Synchrotron Radiation Center is supported by the
lines up ton=5 are by and large reproduced by our HF National Science Foundation under Grant No. DMR-
calculation. However, a quantitative agreement with experi9212658.
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