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Absolute cross sections for the photoionization of atomic oxygen: 2s-electron ionization
and satellite production in the threshold energy range
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Absolute cross sections for 2s-electron photoionization of atomic oxygen into the final ionic states O1

(2s21 4Pe, 2De, 2Se, 2Pe) and for the occupation of the O1 (3s 2,4Pe) satellite states have been determined
experimentally by photon-induced fluorescence spectroscopy. Comparison of the experimental results with
theoretical predictions using multiconfiguration-interaction wavefunctions employing theab initio R-matrix
technique are made. Suitable harmony is seen only in the case of cross section ratios for 2s21 removal or
3s-satellite excitation.@S1050-2947~99!02011-9#

PACS number~s!: 32.80.Fb, 32.80.Dz
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I. INTRODUCTION

Photoionization cross-section data of atomic oxygen is
vital importance for many applications in astrophysic
ionospheric, and atmospheric physics. Atomic oxygen
seen to play a key role in the chemistry cycle of the terr
trial ionosphere@1#. Extreme ultraviolet radiation from the
sun ionizes thermospheric constituents, resulting in the
mation and heating of the ionosphere over much of
planet. The primary source of energetic electrons and ion
the daytime thermosphere is from the photoionization
atomic oxygen. Photoelectrons from atomic oxygen prov
the major source of heating in the daytime mid-latitude ion
sphere. Additionally, photoionization of atomic oxygen is
great importance in the formation of the F layers in t
Earth’s ionosphere. In this region electrons can travel
long distances, spiraling along the lines of force of the ea
magnetic field@2#.

The total rate of electron production depends on the t
cross section, but individual cross sections are required
calculate the energy distribution of the photoelectrons
the intensities of the spectral lines which can be emitted
lowing the production of the atomic oxygen ion O1 in ex-
cited states. Remote sensing of the atmosphere using sel
emissions in the far-ultraviolet band continues to be an a
of intense effort, motivated by the goal of continuous mo
toring of ionospheric densities and temperatures from sp
@3–5#. The F region of the earth’s ionosphere can be sen
remotely by measuring features produced by radiative
combination of atomic oxygen ions, the inverse process
photoionization. The densities and temperatures of at
spheric and ionospheric species can be deduced by me
ing emissions of known origin and photochemistry tracea
to the species in question and by using inversion techniq
@4, 6#.

It is well established that cross sections for individu
transitions are used in predicting electron temperature in
PRA 601050-2947/99/60~5!/3702~10!/$15.00
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ionosphere@7# and in predicting the intensities of ionic emis
sion lines arising from fluorescence@8#. As pointed out by
Bell and co-workers, considerable effort, both theoretical a
experimental has been dedicated towards obtaining t
cross sections@9–11# for photoionization of neutral atomic
oxygen. However, there is still a lack of available expe
mental data for the individual transitions which leaves t
final O1 ion in the 2s2p4 4Pe, 2De, 2Se, and 2Pe states or
the 3s 4Pe and 3s 2Pe states.

In the present study photon-induced fluorescence sp
troscopy~PIFS! was applied to measure absolute cross s
tions for the photoionization out of the 2s22p4 3Pe ground
state of atomic oxygen. For the various individual transitio
investigated experimentally, comparisons are made with
oretical predictions on atomic oxygen. The theoretical cal
lations are performed using theab initio R-matrix method
employing multiconfiguration target wave functions for th
initial and final states of the collision complex. Cross se
tions were determined for the photoionization of a 2s elec-
tron into the final ionic states,

O~3Pe!1hnSR→O1~2s 2p4 4Pe,2De,2Se,2Pe!1e2,
~1!

and for the population of the 3s 2,4Pe satellite states of O1,
namely,

O~3Pe!1hnSR→O1
„2s2 2p2~3P!3s 4Pe,2Pe

…1e2,
~2!

wherenSR is the frequency of the synchrotron radiation ph
tons. The final ionic states relax via radiative transitions. T
fluorescence emitted in these transitions was detected in
present experimental arrangement. The various decay
cesses of the photoionized atomic oxygen ion may be s
marized as follows:
3702 ©1999 The American Physical Society
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O1~2s2p4 4Pe,2De,2Se,2Pe!

↓

O1~2s22p3 4So,2Do,2Po!1hnfl

and

O1
„2s22p2~3P!3s 4Pe,2Pe

…

↓

O1~2s22p3 4So,2Do,2Po!1hnfl , ~3!

wherenfl is the frequency of the fluorescence photons.
Figure 1 shows an energy-level scheme with one exam

illustrating a 2s-electron ionization followed by fluorescen
decay of the final O1 state. All of the atomic processes in
vestigated here in detail are listed in Table I, where we a
include the energy of the exciting synchrotron radiation a
the fluorescent transition wavelength of the subsequent1

states produced in the photoionization processes.
Since there are no competitive, nonradiative relaxat

processes and the exciting photon energies do not allow
cade population from energetically higher ionic states,
fluorescence intensities of the radiative transitions are p
portional therefore to the partial photoionization cross s
tions. For photoionization into the O1(2s2p4 4Pe) state of
singly ionized atomic oxygen, a cross section for the dis
ciative ionization process from molecular oxygen was a
possible to be determined, namely, for the process

O2~X 3Sg
2!1hnSR→O1O1~2s2p4 4Pe!1e2. ~4!

FIG. 1. Energy-level scheme for states of neutral and sin
ionized atomic oxygen including the ionic state continua. Ene
levels are taken from Striganov and Sventitskii@12#, and assigned
by electron configurations. For neutral atomic oxygen a few exc
states are included as examples. One example of photoioniz
followed by radiative fluorescence decay is illustrated.
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II. EXPERIMENT

A. Overview

To obtain absolute experimental cross sections for
photoionization of atomic oxygen by PIFS, an atomic ox
gen source was set up at the synchrotron radiation fac
BESSY I. Atomic oxygen was provided by a microwav
driven discharge source. Atomic and molecular oxyg
emerging from that source in an effusive beam was in
sected by a beam of synchrotron radiation. A schematic
gram of the atomic oxygen source is illustrated in Fig. 2.

Fluorescence emitted in transitions of excited ionic sta
was dispersed in the vacuum ultraviolet~VUV ! spectral re-

y
y

d
on

FIG. 2. Atomic oxygen source used in the present experimen

TABLE I. Photoionization processes in atomic oxygen inves
gated in the present study. The synchrotron radiation energyhnSR

necessary to reach the excited singly ionized state is given in
and the fluorescence wavelengthl ~in units of Å! for the transition
into the final ionic state@12# are included for completeness.

Ground state

Excited ionic state
Threshold

energy~eV!

Final ionic state
Fluorescence

wavelength~Å!

O1(2s2p4 4Pe) O1(2s22p3 4So)
hnSR>28.5 eV l5833 Å

O1(2s2p4 2De) O1(2s22p3 2Do, 2Po)
hnSR>34.2 eV l5719 Å,797 Å
O1(2s2p4 2Se) O1(2s22p3 2Po)

O(2s22p4 3Pe) hnSR>37.9 eV l5644 Å
O1(2s2p4 2Pe) O1(2s22p3 2Do, 2Po)
hnSR>40.0 eV l5538 Å,581 Å

O1
„2s22p2(3P)3s 4Pe

… O1(2s22p3 4So)
hnSR>36.6 eV l5539 Å

O1
„2s22p2(3P)3s 2Pe

… O1(2s22p3 2Do,2Po)
hnSR>37.1 eV l5617 Å,673 Å
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gion by a 1-m normal-incidence monochromator. A tw
dimensional position sensitive detector mounted in the p
tion of the exit slit was allowed to simultaneously regis
fluorescence from different transitions~Fig. 3!. Fluorescence
intensities were recorded in dependence of the synchro
radiation energy. Normalization to absolute cross secti
was carried out by comparison to a photoionization cr
section in argon.

B. Atomic oxygen source — setup

The atomic oxygen source consists of a pyrex discha
tube stuck through a microwave hollow guide~Fig. 2!. A
2.45-GHz microwave with 120 W power travels through
rectangular hollow guide terminated by a movable short
cuit. Incident and reflected waves interfere to yield
standing-wave pattern. By moving the short circuit,
electric-field maximum can be put to the discharge tube.
pedance matching is achieved by a three-stub tuner.

A constant mass flow of 1 sccm molecular oxygen is
to the pyrex discharge tube by a mass flow controller. T
discharge tube is 18 mm in diameter, and can be cooled
flow of cold nitrogen vapor, produced by electric heating
liquid nitrogen in a closed dewar container. The extension
the discharge is limited by a 6-mm aperture separating
discharge from a 95-mm-long exit channel. At the end of
exit channel is a teflon nozzle, with dimensions 0.8 mm
diameter and 3 mm long, forming the effusive beam a
maintaining the pressure difference between discharge
and interaction region, where the source pressure is
mated to be approximately 0.8 mbar. In order to improve
degree of dissociation in the molecular oxygen discharg
small amount~5–7%! of methane (CH4) was added to the
mass flow.

C. Atomic oxygen source — operation parameters

In the molecular oxygen discharge only a certain perce
age of the O2 molecules are dissociated, so the effusive be

FIG. 3. Top view of the experimental setup.
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consists of atoms and molecules. In order to separate
fluorescence signal originating from photoionization of
oms and molecules of oxygen into the same final ionic sta
the composition of the effusive beam has to be known.

The most important parameter is the degree of disso
tion D, i.e., the ratio of dissociated molecules to the m
ecules fed to the discharge. The degree of dissociation ca
be extracted from the fluorescence data in the photoion
tion experiment described here. It was determined by in
secting the effusive beam with a 3-keV electron beam, ke
ing all the discharge parameters constant. Fluorescence
excited oxygen atoms for the transitio
O„2s22p3(2Po)3s 1Po

…→O(2s22p4 1De) at 999 Å was de-
tected, having the discharge turned on and off. Since exc
tion by 3-keV electrons obeys optical dipole selection rul
singlet states cannot be excited from atomic oxygen trip
ground state O (3Pe). Therefore, fluorescence from that si
glet transition results from dissociative excitation of mo
ecules. When turning the discharge on, a decrease in
fluorescence intensity is observed, which indicates a decr
of O2 molecules in the effusive beam due to dissociatio
The relative decrease of intensity from dissociative exc
tion gives the relative decrease of O2 molecules in the effu-
sive beam. The degree of dissociationD is therefore derived
from the intensity ratio of the line at 999 Å with the dis
charge on and off:

D512
I discharge on

999 Å

I discharge off
999 Å

. ~5!

The electron impact experiment gives a degree of disso
tion of about

D'0.30,

i.e., a mass flow of 1 sccm O2 molecules fed to the discharge
splits up into a mass flow of 230.3 sccm50.6 sccm atoms
and 0.7 sccm molecules. The density of oxygen atoms in
interaction region, taken from an effusive beam simulat
@13# is in the order of magnitude of 231013cm23.

The results of this experiment do not give any evidence
atomic oxygen in metastable O (1De) or O (1Se) states in the
effusive beam~cf. Sec. V C!. A small amount of molecular
oxygen in the metastable O2 (a 1Dg) state, found in our
electron-impact measurements@14# is assumed to be negli
gible. In the electron-impact measurement fluorescence f
the first and second negative band system of O2

1 was ob-
served in the visible and near-ultraviolet spectral ran
~670–265 nm! simultaneously to the VUV fluorescence,
verify the degree of dissociation and the absence of m
stable molecular states. To check for ionized atomic oxyg
in the effusive beam, fluorescence from doubly ioniz
atomic oxygen was investigated in the electron-impact m
surements. The weak fluorescence intensity observed f
radiative transitions in doubly ionized atomic oxygen is
tributed to double ionization of atomic oxygen, because o
cross-section estimation based on the total cross-section
for single and double ionization of atomic oxygen@15#. We
conclude that atomic oxygen ions are neutralized in
nozzle.
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The analysis of the constituents of the effusive beam i
agreement with similar experiments@16–22#, and justifies
the assumption that the effusive beam consists only of e
tronic ground state oxygen atoms and molecules, nam
O(3Pe) and O2 (X 3Sg

2).

D. Synchrotron radiation beamline

Experiments were carried out at the U2-FSGM-undula
beamline at BESSY I. Using both of the two crossed un
lators, the beamline provided sufficient photon flux for
PIFS experiment on atomic oxygen. Due to the weak fl
rescence intensity, the exit slit of the FSGM monochroma
had to be set to 1500mm, resulting in an exciting photon
energy bandwidth of about 100 meV full width at half max
mum ~FWHM! at energies between 28 and 42 eV. A st
width of 100 meV in the exciting photon energy was chos
in our experiment. The photon flux transmitted through
experimental setup was monitored by the electric curren
an Al -photon cup, and amounts to 1011 photons per second
The photon flux in higher-order synchrotron radiation is n
glected~due to the weak fluorescence intensity at excit
photon energies below threshold in Figs. 5, 6, and 7! and the
energy scale of the exciting photons is fixed by the energ
of the ionization thresholds.

E. Fluorescence detection

The synchrotron radiation beam intersected the effus
beam from the atomic oxygen source 3 mm below the noz
exit. The intersection position was fixed by five aligned c
cular apertures~the smallest one 2.5 mm in diameter!. The
fluorescence from the transitions in O1 produced after photo
ionization or dissociative ionization, was dispersed by a 1
normal-incidence monochromator, mounted under the ma
angle with respect to the synchrotron radiation beam~Fig. 3!.
The magic angle mount suppressed the influence of the
gular distribution of the fluorescence. The monochroma
was equipped with a 1200 lines per mm osmium coated g
ing, blazed at 600 Å. The observed fluorescence wavele
ranged from 400 to 1250 Å. The use of a two-dimensio
position sensitive multichannel-plate detector allowed
detection of a spectral range of around 350 Å simu
neously. The entrance slit of the 1-m normal-inciden
monochromator was set to 400mm, giving a resolving power
of about 200.

The photoionization experiments were performed on
effusive beam with discharge on and on a pure molec
oxygen beam with discharge off@Figs. 4~a! and 4~b!#. The
fluorescence intensity from the molecules in the effus
beam was subtracted, using the degree of dissociationD, to
obtain the fluorescence intensities originating from photoi
ization of atomic oxygen only@Fig. 4~c!#. The resulting in-
tensity was normalized to the atomic mass flow.

I atom5
I discharge on2~12D !I discharge off

2DM
, ~6!

whereM is the mass flow.

From Figs. 4~a!, 4~b!, and 4~c!, it becomes evident, tha
this subtraction could only be performed for the fluoresce
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intensity at the wavelength of 833 Å. Since dissociati
2s-electron ionization from the molecular oxygen O2

(X 3Sg
2) ground state needs exciting photon energies o

least 5.1 eV dissociation energy above the atom
2s-electron ionization thresholds~cf. Fig. 1!, dissociative
ionization can only occur for the O1 (2s2p4 4Pe,2De) states
over the photon energy range considered here. Due to
very weak fluorescence intensity, dissociative ionization i
the O1 (2s2p4 2De) state was supposed to be negligible.

The fluorescence intensity for each transition was c
rected for the relative quantum efficiency of the gratin
detector system and normalized to the exciting photon fl
The exciting photon energy was scanned in 100-meV ste
This scanning was repeated three times in two different m
suring periods at BESSY I. The integration time per step w
a few minutes in each scan. Additionally, spectra were
corded at selected energies with an integration time of
min to obtain information about transitions of very wea
fluorescence intensities and to yield better statistics.

FIG. 4. VUV spectra in the wavelength range 490–860 Å at
exciting photon energy of 41.44 eV. The counts collected in ab
25 min are displayed.~a! The spectrum recorded from an effusiv
beam from the burning discharge.~b! The spectrum recorded from
a pure molecular oxygen effusive beam.~c! The fluorescence result
ing from the atoms in the effusive beam from the burning discha
and extracted from the spectra of~a! and~b!. The very low fluores-
cence intensity can be seen from the accumulated counts~not nor-
malized to atomic mass flow!.
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F. Normalization procedure

The fluorescence intensities from photoionization
atomic oxygen were compared to the fluorescence inten
from the Ar 3s-electron photoionization at 920 and 932 Å
measured under the same experimental conditions at the
citing photon energy of 30.5 eV. Setting the mass flow of
to that of O2, the target density had to be corrected. T
difference in target density results from the difference in p
ticle velocity due to the masses of O, O2, and Ar. A simula-
tion of the effusive beams for O, O2, and Ar@13# showed no
significant differences in the effusive beam profiles. T
three different scans have been averaged and then nor
ized to the absolute cross section of Ar 3s-electron photo-
ionization 0.79 Mb@23#.

III. THEORETICAL OVERVIEW

The success ofab initio R-matrix methods in the study o
valence shell photoionization from the O (3Pe) ground state
and the O (1De) and O (1Se) excited states of atomic oxyge
is well documented in the literature@24,11,10,9,25#, where it
is seen that there is a degree of harmony between the a
able theoretical and experimental work@16,26#. Further de-
tails may be found in the review article of Bell and Kingsto
@11#. For the valence shell processes the range of pho
energies extends to 275.5 eV~45 Å! in previousab initio
studies@11,10# and to 212 eV~58.5 Å! in experimental stud-
ies @16#. In the case of the Auger processes, in particular
1s21 removal, the relevant photon energy range exte
from 525 to 560 eV as noted in recent experimental w
@27,16,28,18#. Ab initio studies have been made recently@29#
using theR-matrix approach to investigate and provide i
formation on cross sections for theK-shell excitation and
ionization from the ground state of atomic oxyge
O(1s22s22p4 3Pe), where the processes

hn1O~3Pe!→O* „1s2s22p4~2,4Pe!np 3Po
…

↘ ↓
O1

„1s2s22p4~2,4Pe!…1e2

were studied in detail. Cross-section calculations for the p
toabsorption process were carried out in both the length
velocity gauges with agreement achieved to within a f
percent. In the vicinity of the oxygenK edge, a suitable
accord with the available synchrotron experimental d
@28,18#, was achieved. The theoretical calculations
McLaughlin and Kirby @29# treated not only the 1s21 re-
moval processes, but also include the valence shell proce
involving 2s21 and 2p21 removal and production of the O1

(3s 2,4Pe) satellite states which are presented here.
The theoretical predictions of McLaughlin and Kirby@29#

extend the work of Bell and co-workers to the region of t
K edge and are of similar quality in the valence region,
can be seen from Table II, where comparisons are made
the available cross-section ratios for 2p21 removal. Theoret-
ical partial cross sections for 2s21 removal or population of
the O1 (3s 2,4Pe) satellite states, based on the work
McLaughlin and Kirby@29# ~that includes 15 final states o
the O1 ion! are presented and compared with the curr
experimental observations made at BESSY I.
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IV. RESULTS

The experimental cross sections for the photoionizat
processes in Table I are presented with the results of
calculations in Figs. 5, 6, and 7. Convolutions of the calc
lated cross sections with a Gaussian function of 100-m
FWHM of the exciting photons are also displayed to allow
comparison with the experimental data. The fluorescence
curring in the case of the final O1 (2s21 2Pe) and O1

(2s21 2Se) ionic states was extremely weak; it was on
analyzed in the resulting spectra at certain exciting pho
energies.

According to Table I, there are two radiative decay cha
nels of O1 (2s21 2Pe) with fluorescence wavelengths of 58
and 538 Å. The fluorescence at 538 Å was not resolved fr
the fluorescence of the O1 (3s 4Pe) satellite state at 539 Å
To obtain the cross section for photoionization into O1

(2s21 2Pe), the branching ratio for the two radiative deca
channelsI (538 Å)/I (581 Å)54.0 @34# was applied to get the
fluorescence intensity at 538 Å. From the weak intensity
the fluorescence line at 581 Å it can be concluded, that m
of the intensity at 538 Å/539 Å results from the decay of t
satellite 3s 4Pe state@Fig. 4~c!#. Furthermore, in Fig. 7 the
threshold for the O1 (3s 4Pe) satellite excitation at 36.6 eV
can clearly be seen in the experiment, whereas here is no
of the O1 (2s21 2Pe) photoionization threshold at 40.0 eV

A. Experimental uncertainties

The error bars of the experimental data represent the
tistical error of Eq.~6!: the double standard deviations of th
fluorescence intensity signalsI discharge onandI discharge off, and
the statistical variations of mass flow and degree of disso
tion D are summed. The statistical error from intensity no
malization to the exciting photon flux is included. The su
traction of theI discharge offsignal had only to be carried ou
for the O1 (2s21 4Pe) cross section.

The relative systematic error of the normalization proc
dure was determined by the relative error of the
3s-electron photoionization cross section, the relative sta
tical error of the normalization measurement, the relative

TABLE II. Comparison of various theoretical and experimen
branching ratios.

Wavelength
l ~Å! Reference

s(2p21 2Do)/
s(2p21 4So)

s(2p21 2Po)/
s(2p21 4So)

584 Present 1.47 0.69
Ref. @10# 1.46 0.68
Ref. @30# 1.29 0.81
Ref. @31# 1.48 ~1.19!a 0.95 ~0.66!
Ref. @32# 1.54 ~1.59! 0.92 ~0.86!
Ref. @17# 1.5760.4 0.8260.07

304 Present 1.67 0.97
Ref. @10# 1.71 0.99
Ref. @30# 1.18 1.34
Ref. @31# 1.49 ~1.42! 0.99 ~0.91!
Ref. @32# 1.33 ~1.62! 0.85 ~0.89!
Ref. @33# 1.6560.15 0.9360.10

aValues in parentheses are velocity formulation results.
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ror of the degree of dissociation, and the relative error of
quantum efficiency correction for the different fluorescen
wavelengths. The latter error could even affect the cro
section ratios. The contributions to the total systematic e
are listed in Table III.

Variations in the intersection of effusive beam and sy
chrotron radiation beam within the area fixed by the ap
tures~cf. Sec. II E! have to be taken into consideration. A
though no significant changes in this intersection have b
observed while scanning the exciting photon energy, e
after successive electron injections at BESSY I, a system
error for normalization to the Ar 3s-electron photoionization
cross section was determined, simulating different overl
of synchrotron radiation beam and effusive beams for Ar a
O/O2. The maximum deviation amounts to a relative syste
atic error of 27%. It has to be noted here that the effus
beam simulation@13# used to check the density distributio
could not be applied to an effusive beam containing ato
and molecular oxygen at once. Nevertheless, experime
tests have proved reliability of combining separate simu
tions for effusive beams with atoms and molecules. Rega

FIG. 5. Experimental and theoretical cross sections for1

(2s21 4Pe) and O1 (2s21 2Pe) photoionization. The solid lines ar
theab initio R-matrix calculations~top graph!, and the dashed line
~bottom graph! represent the convolution with a Gaussian functi
of 100-meV experimental energy resolution half-width. The so
squares are taken from the 100-meV scanning experiment, an
open diamonds are taken from the measured spectra. Error
include statistical errors only.
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ing all the systematic errors listed in Table III, the prese
experimental arrangement cannot deliver absolute photo
ization cross sections more accurate than within a factor

V. DISCUSSION

A. Experimental and theoretical off-resonance cross sections

The theoretical cross sections for 2s-electron photoioniza-
tion are larger than the experimental cross sections. They
seen to differ by a factor 2~Figs. 5 and 6!. Given the fact that
the absolute values of the cross sections of the present
culations are in good agreement with the earlier work of B
and co-workers, it would indicate that this deviation is due
a systematic error in the normalization of the measured fl
rescence intensities to absolute cross sections. However
experimental cross-section ratios do agree well with the t
oretical predictions. On the other hand, we note that the m
nitude of the theoretical cross sections for production of
O1 (3s 2,4Pe) satellite excitations are smaller than the e
perimental values~Fig. 7!.

the
ars

FIG. 6. Experimental and theoretical cross sections for1

(2s21 2De) and O1 (2s21 2Se) photoionization. The solid lines are
the ab initio R-matrix calculations~top graphs!, and the dashed
lines ~bottom graphs! represent the convolution with a Gaussia
function of 100-meV experimental energy resolution half-wid
The solid squares are taken from the 100-meV scanning exp
ment, and the open diamonds are taken from the measured sp
Error bars include statistical errors only.
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B. Autoionization resonances

Atomic oxygen is an open-shell atom; therefore, re
nance structure may result from two types of autoioniz
excited states caused by the incident photon having suffic
energy to excite one or more electrons to Rydb
states. One electron excitations manifest themselves
the theoretical predictions as Rydberg series
„2s2p4(2De)np 3Po,3Do

…, O „2s2p4(2Se)np 3So,3Po
…,

and O „2s2p4(2Pe)np 3So,3Po,3Do
…, converging to

their respective ionic core thresholds. Resonances du

FIG. 7. Experimental and theoretical photoionization cross s
tions for the excitation of the O1 (3s 2,4Pe) satellite states. The
solid lines are theab initio R-matrix calculations~top graphs!, and
the dashed lines~bottom graphs! represent the convolution with
Gaussian function of 100-meV experimental energy resolution h
width. The solid squares are taken from the 100-meV scann
experiment, and the open diamonds are taken from the meas
spectra. Error bars include statistical errors only.

TABLE III. Contributions to the total systematic error.

Source of systematic error Amount

Reference cross section@23# 19%
Degree of dissociation 16%
Normalization measurement 6%
Quantum efficiency correction 23%
Variation of beam intersection 27%
Sum 91%
-
g
nt
g
in

to

autoionization of doubly excited states, like in th
case of the 2s-electron photoionization of neon@35#,
show up in the theoretical cross sections as Rydb
series converging to satellite thresholds, e.g.,
„2s22p2(3P)3s(4Pe,2Pe)ns/nd 3So,3Po,3Do

…. The variety
of coupling possibilities gives rise to resonance struct
more complicated than in the case of the rare gases.

The convolution of the dominant O1 (2s21 4Pe) cross
section with the exciting photon bandwidth shows that
rich resonance structure, due to autoionizing excited state
atomic oxygen which is evident in the theoretical pred
tions, cannot be stringently tested by the present experim
where the energy resolution of the exciting photon is limit
to 100 meV~Fig. 5!. The few clear resonance features r
maining in the convolution of the theoretical cross section
not reproduce the hints of autoionization resonances in
experimental cross section. For photoionization into the1

(2s21 4Pe) ionic state, experiment shows an enhancem
close to threshold. Conversely, theory does not show
resonance structure at such exciting photon energies, bu
creases linearly from threshold to the first resonance.

The experimental photoionization cross section for p
duction of the O1 (2s21 2De) ionic state~Fig. 6!, shows a
pronounced resonance structure close to threshold, as
excitation of the O1 (3s 2,4Pe) satellite states~Fig. 7!. A test
of the detailed resonance structure found in the theoret
predictions requires a much higher resolution measurem
which could not be performed at the target density and
citing photon flux achieved with the present experimen
setup.

C. O1
„2s21 2De

… and O1
„2s21 2Se

… cross sections

Figure 6 shows the cross sections for 2s-electron photo-
ionization from the O (3Pe) ground state into the O1

(2s21 2De) and O1 (2s21 2Se) ionic states. AssumingLS
coupling in the picture of the independent-electron mod
both transitions are not allowed since the 2s electron ejected
has no angular momentum before the photoionizati
Therefore its photoionization should not affect the total a
gular momentum, i.e., 2s21 ionization from the O (3Pe)
ground state should lead to O1 (2s21 4Pe) and O1

(2s21 2Pe) ionic states only. In earlier investigations of th
2s-electron photoionization, only these ionization chann
have been discussed@16,36#.

To examine the photoionization from O (3Pe) to the O1

(2s21 2De) ionic state, the 719 Å fluorescence from th
transition O1 (2s2p4 2De→2s22p3 2Do) was scanned in
spite of its low intensity. The threshold at 34.2 eV indicat
that the O1 (2s21 2De) ionic state is indeed ionized from
the O (3Pe) atomic oxygen ground state~cf. Fig. 1!. Photo-
ionization from the metastable atomic O (1De) state to O1

(2s21 2De) would result in a threshold at 32 eV. Since n
threshold is observed at 32 eV, while the cross section for
2s21 photoionization of the metastable state O (1De) of
atomic oxygen is of the same order of magnitude as
corresponding cross section of the ground state O (3Pe)
~concluded from calculations of the total photoionizati
cross section by Bell and co-workers@11,9#!, we assume tha
the contribution of metastable atoms to the effusive be
can be neglected.
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TABLE IV. Comparison of the ratios of experimental fluorescence intensities from the spectra in Fig~c!
with calculated transition probabilities for the respective excited ionic states.

Excited ionic state
Intensity ratio
~experiment!

Transition probability ratio
~theory!a

O1(2s2p4 2Pe) I 581 Å /I 538 Å50.25 @34# (A581 Å /(A538 Å50.30
O1(2s2p4 2De) I 797 Å /I 719 Å'0 (A797 Å /(A719 Å50.0094
O1

„2s22p2(3P)3s 2Pe
… I 673 Å /I 617 Å50.19 (A673 Å /(A617 Å50.16

aTheoretical values from Ref.@37#.
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The O1 (2s21 2De) and O1 (2s21 2Se) photoionization
channels prove that the assumption of an independ
electron model inLS coupling does not hold. Theoretica
predictions take this into account by using multiconfigurat
interaction wave functions for both the ground state of
neutral atom and the final ionic states of atomic oxygen.

D. Fluorescence branching ratios

The fluorescence spectrum in Fig. 4~c!, recorded at an
exciting photon energy of 41.44 eV illustrates the intensit
of the different radiative transitions listed in Table I. Fro
the ionic states of atomic oxygen with two radiative dec
channels, the branching ratios for the decay of1

(2s2p4 2De) to O1 (2s22p3 2Do) at 719 Å and to O1

(2s22p3 2Po) at 797 Å, and the decay of O1

„2s22p2(3P)3s 2Pe
… to O1 (2s22p3 2Do) at 617 Å and to

O1 (2s22p3 2Po) at 673 Å have been determined from th
spectrum. The branching ratio for the decay of O1

(2s2p4 2Pe) to O1 (2s22p3 2Po) at 581 Å and to O1

(2s22p3 2Do) at 538 Å cannot be extracted from experime
tal data, as the fluorescence line at 538 Å is not resol
from the more intensive fluorescence line at 539 Å result
from the O1 (3s 4Pe) satellite state. Comparing the prese
experimental branching ratios with the theoretical valu
@37#, in Table IV, indicates agreement to better than 20%

E. Cross-section ratios

In view of the unavoidably large systematic errors in t
experimental measurements for the absolute cross sect
no helpful conclusions can be drawn, although a degree
harmony with experiment is clearly seen in the convolu
theoretical cross sections. Furthermore, the experime
resolution ~100 meV! is clearly insufficient to resolve the
autoionizing features predicted theoretically, which typica
have energy widths less than 25 meV. However, informat
from cross section ratios is possible and has been show
be constructive@16#.

In Fig. 8, the ratio of the cross sections for ejection o
2s electron in the photoionization process producing the1

(2s21 2Pe) and O1 (2s21 4Pe) ionic states of atomic oxy-
gen is compared with the previous work of Schaphorstet al.
@16#. As pointed out above, the ratio of the O1 (2s21 2Pe) to
O1 (2s21 4Pe) cross section derived from the experime
agrees with the results of the theoretical predictions p
sented here, although there is a difference in the abso
cross sections. Our ratio is smaller than the experimental
the theoretical multiconfiguration Hartree-Fock~MCHF! val-
ues given by Schaphorstet al. @16#, but is in suitable agree
ment with values from an earlierR-matrix calculation@37#.
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The s(2Pe)/s(4Pe) cross section ratio close to the O1

(2s21 2Pe) photoionization threshold from present work
well as the result of Schaphorstet al. @16# is significantly
smaller than the geometrical cross-section ratios deri
from MCHF calculations, indicating that there is a deviati
from theLS-coupling scheme~geometrical value! in this ex-
citing photon energy range.

Furthermore, the sum of all the four 2s21 photoionization
cross sections can be compared to the sum of the 2p21 cross
sections@36#. The ratio of 2s21 to 2p21 photoionization
cross sections is shown together with the earlier results
Schaphorstet al. @16# in Fig. 9. The difference between th
present theoretical and experimental 2s-electron photoion-
ization cross sections can also be seen in

FIG. 8. Experimental and theoretical O1 (2s21)
s(2Pe)/s(4Pe) photoionization cross-section ratio. Results are p
sented for anR-matrix @10# and multiconfiguration Hartree-Foc
calculation@16# compared with the present experimental~only sta-
tistical error bars shown! and theoretical work and that o
Schaphorstet al. @16# including the geometrical value.
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s(2s21)/s(2p21) cross-section ratio. The cross-section
tio derived from our theoretical cross sections agrees w
with the experimental data of Schaphorstet al. @16#, support-
ing the theoretical cross sections and reinforcing the sug
tion that our experimental data suffers a systematic erro

In contrast to the 2s21 s(2Pe)/s(4Pe) cross-section ra-
tio, the theoretical cross section values for production of
satellite O1 (3s2Pe, 4Pe) states in Fig. 7 at 42 eV, awa
from the resonant structure, yield a ratio of 0.5, which is
geometrical ratio. The experimental cross sections canno
determined free from resonance influence, but their ra
seems to correspond to the geometrical ratio predicted
theory as well.

Although agreement of experimental and theoretical cr
section ratios for 2s21 removal on the one hand and fo
3s-satellite excitation on the other is observed, contradict
between experiment and theory has to be stated for the
of 2s21 removal cross section to 3s-satellite excitation cross
section~Figs. 5, 6 and 7!.

F. Dissociative ionization

In the scans taken with the discharge turned off, the fl
rescence occurring at 833 Å from the O1 (2s21 4Pe) state
was the only fluorescence wavelength which could be re
tered. The cross section for dissociative ionization from
ground state of molecular oxygen, O2 (X 3Sg

2), is presented
in Fig. 10. The dissociative ionization cross section of2

FIG. 9. Experimental and theoretical O1(2s21)/O1(2p21)
photoionization cross-section ratios. Results are presented
Hartree-Slater ~HS! ~from Ref. @16#! and multiconfiguration
Hartree-Fock~MCHF! calculations@16# compared with the earlie
findings of Schaphorstet al. @16# and the present theoretical an
experimental work~only statistical error bars shown!.
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does not show a threshold behavior, like the cross sect
for photoionization of the ground state of atomic oxyge
The energetical threshold at 33.6 eV for the dissociative i
ization of O2 results from threshold energy for photoioniz
tion out of the atomic oxygen ground state to the O1

(2s21 4Pe) state~28.5 eV! plus a dissociation energy of a
least 5.1 eV. In our experimental observations, the disso
tive ionization cross section is seen to increase from aro
35 eV to a maximum~0.18 Mb! at around 42 eV before
falling off monotonically as the energy is increased.

VI. CONCLUSIONS

Absolute cross sections for the 2s-electron photoioniza-
tion into the final ionic states O1 (2s21 4Pe, 2De, 2Se, 2Pe)
and for the occupation of the O1 (3s2,4Pe) satellite states
have been determined experimentally by PIFS. The m
sured cross sections agree within a factor of 2 with the t
oretical predictions using theab initio R-matrix approach.
This is also the experimental uncertainty which is domina
by a systematic error in the normalization procedure. Me
ingful conclusions can be drawn for cross section rat
which are in suitable harmony with experimental measu
ments for 2s21 removal or 3s-satellite excitation, but not for
the cross-section ratio of 2s21 removal to 3s-satellite exci-
tation.

Clearly higher photon energy resolution~10 meV or bet-
ter! is desirable to delineate the autoionization states
atomic oxygen, together with greater photon flux, dissoc
tion fragmention, and target state densities in these extrem
difficult experiments. Further experimental work, perha
performed at third generation light sources, would be de
able to test the absolute values of 2s21 hole or 3s2,4Pe sat-
ellite state theoretical photoionization cross sections w
higher sensitivity.
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