PHYSICAL REVIEW A VOLUME 60, NUMBER 5 NOVEMBER 1999

Absolute cross sections for the photoionization of atomic oxygen: <2electron ionization
and satellite production in the threshold energy range

O. Wilhelmi, G. Mentzel, B. Zimmermann, and K.-H. Schartner
I. Physikalisches Institut, Justus-Liebig-UniversitB-35392 Giessen, Germany

H. Liebel and H. Schmoranzer
Fachbereich Physik, Universit&aiserslautern, D-67663 Kaiserslautern, Germany

B. M. McLaughlin
Department of Applied Mathematics and Theoretical Physics, The Queen’s University of Belfast, Belfast BT7 1NN, Northern Ireland
(Received 5 May 1999

Absolute cross sections forslectron photoionization of atomic oxygen into the final ionic statés O
(2571 4P, 2D¢®, 25°, 2P®) and for the occupation of the 'O(3s 2“P®) satellite states have been determined
experimentally by photon-induced fluorescence spectroscopy. Comparison of the experimental results with
theoretical predictions using multiconfiguration-interaction wavefunctions employinglihiaitio R-matrix
technique are made. Suitable harmony is seen only in the case of cross section ratigsfoerioval or
3s-satellite excitationS1050-294{@9)02011-9

PACS numbdss): 32.80.Fb, 32.80.Dz

I. INTRODUCTION ionospherg7] and in predicting the intensities of ionic emis-
sion lines arising from fluorescen¢8]. As pointed out by
Photoionization cross-section data of atomic oxygen is oBell and co-workers, considerable effort, both theoretical and
vital importance for many applications in astrophysical,experimental has been dedicated towards obtaining total
ionospheric, and atmospheric physics. Atomic oxygen isross section§9—11] for photoionization of neutral atomic
seen to play a key role in the chemistry cycle of the terresoxygen. However, there is still a lack of available experi-
trial ionosphereg[1]. Extreme ultraviolet radiation from the mental data for the individual transitions which leaves the
sun ionizes thermospheric constituents, resulting in the forfinal O ion in the 22p* *P®, 2D®, 2S?, and ?P® states or
mation and heating of the ionosphere over much of thehe 3s “P® and 3 ?P® states.
planet. The primary source of energetic electrons and ions in In the present study photon-induced fluorescence spec-
the daytime thermosphere is from the photoionization oftroscopy(PIFS was applied to measure absolute cross sec-
atomic oxygen. Photoelectrons from atomic oxygen providdions for the photoionization out of thes2p* 3P® ground
the major source of heating in the daytime mid-latitude iono-state of atomic oxygen. For the various individual transitions
sphere. Additionally, photoionization of atomic oxygen is of investigated experimentally, comparisons are made with the-
great importance in the formation of the F layers in theoretical predictions on atomic oxygen. The theoretical calcu-
Earth’s ionosphere. In this region electrons can travel folations are performed using thab initio R-matrix method
long distances, spiraling along the lines of force of the earthe@mploying multiconfiguration target wave functions for the
magnetic field 2]. initial and final states of the collision complex. Cross sec-
The total rate of electron production depends on the totalions were determined for the photoionization of & élec-
cross section, but individual cross sections are required ttron into the final ionic states,
calculate the energy distribution of the photoelectrons and
the intensities of the spectral lines which can be emitted fol-  o(3pe) 4 1y, .0 (25 2p* 4P®,2D®,2S°,2P®) + &,
lowing the production of the atomic oxygen ion*Gn ex- (1
cited states. Remote sensing of the atmosphere using selected
emissions in the far—l_JItravioIet band continues_to be an areg 4 for the population of thes®24P® satellite states of O
of intense effort, motivated by the goal of continuous moni-
. ; ) " namely,
toring of ionospheric densities and temperatures from space
[3-5]. The F region of the earth’s ionosphere can be sensed 3me o 2e 53 dme 2men
remotely by measuring features produced by radiative re- OCP®) +hvsg—07(25°2p*(°P)3s "P%“P%)+e",
combination of atomic oxygen ions, the inverse process of 2
photoionization. The densities and temperatures of atmo-
spheric and ionospheric species can be deduced by measwherevggis the frequency of the synchrotron radiation pho-
ing emissions of known origin and photochemistry traceablgons. The final ionic states relax via radiative transitions. The
to the species in question and by using inversion techniqueffuorescence emitted in these transitions was detected in the
[4, 6]. present experimental arrangement. The various decay pro-
It is well established that cross sections for individual cesses of the photoionized atomic oxygen ion may be sum-
transitions are used in predicting electron temperature in thenarized as follows:
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Energy (eV) TABLE |. Photoionization processes in atomic oxygen investi-
i gated in the present study. The synchrotron radiation energy
40 necessary to reach the excited singly ionized state is given in eV,
379 T and the fluorescence wavelengtttin units of A) for the transition
- into the final ionic stat¢12] are included for completeness.
) 3s Excited ionic state Final ionic state
28.5 1 Threshold Fluorescence
Ground state energy(eV) wavelength(A)
O (2s2p* 4P®) 0" (2s?2p? 4s°)
186 | hvge=28.5eV A=833A
16.9 | 0" (2s2p* 2D®) 0O*(2s?2p® 2D°,2pP°)
13.6 | hvse=34.2eV A=719A,797 A
0" (2s2p* 2s°) 0" (25%2p® 2P°)
0(2s%2p* 2P®) hvge=37.9eV A=644 A
O+(252p4 Zpe) O+(2522p3 ZDO,ZPO)
4.2 - hvgg=40.0 eV A=538A,581 A
2 1 0"(2s?2p?(3P)3s *P?)  O'(2s%2p° *3°)
- hvee=36.6 eV A=539A
O"(25%2p?(3P)3s ?P®) O™ (2s?2p® ?D°,2P°)
hvge=37.1eV A=617A 673 A

FIG. 1. Energy-level scheme for states of neutral and singly:
ionized atomic oxygen including the ionic state continua. Energy
levels are taken from Striganov and Sventitg&i2], and assigned Il. EXPERIMENT
by electron configurations. For neutral atomic oxygen a few excited
states are included as examples. One example of photoionization
followed by radiative fluorescence decay is illustrated. To obtain absolute experimental cross sections for the
photoionization of atomic oxygen by PIFS, an atomic oxy-
0" (2s2p* *P®,2D*2S°,2P®) gen source was set up at the synchrotron radiation facility
BESSY I. Atomic oxygen was provided by a microwave-
1 driven discharge source. Atomic and molecular oxygen
emerging from that source in an effusive beam was inter-
0" (2s22p? *S°,2D°,2P°) + hy sected by a beam of synchrotron radiation. A schematic dia-
gram of the atomic oxygen source is illustrated in Fig. 2.
and Fluorescence emitted in transitions of excited ionic states
was dispersed in the vacuum ultraviol®UV) spectral re-

A. Overview

0" (2s%2p?(3P)3s “P®,2P®)
O: Pyrex
! ‘1' di);charge
0*(2522p® 4S°,2D°,2P°) + hu 3) tube
Cooling — )
where vy is the frequency of the fluorescence photons. == Coaling

Figure 1 shows an energy-level scheme with one example 8 sfubtunsr
illustrating a Z-electron ionization followed by fluorescent ﬂﬂ
decay of the final O state. All of the atomic processes in- HUU
vestigated here in detail are listed in Table |, where we also k
include the energy of the exciting synchrotron radiation and
the fluorescent transition wavelength of the subsequént O
states produced in the photoionization processes.

Since there are no competitive, nonradiative relaxation
processes and the exciting photon energies do not allow cas-
cade population from energetically higher ionic states, the
fluorescence intensities of the radiative transitions are pro-
portional therefore to the partial photoionization cross sec-
tions. For photoionization into the @2s2p* “P®) state of Synchrotron
singly ionized atomic oxygen, a cross section for the disso- Lﬁ{‘;}'on
ciative ionization process from molecular oxygen was also
possible to be determined, namely, for the process

Movable Microwave
short circuit hollowguide

Nozzle

Effusive
beam

3w N 44 B FIG. 2. Atomic oxygen source used in the present experiment.
O,(X Eg )+ hvgg—0+0"(2s2p” “PS)+e”. (4
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Microwave hollowguide consists of atoms and molecules. In order to separate the
with funing devices fluorescence signal originating from photoionization of at-
oms and molecules of oxygen into the same final ionic states,
Afomnic oxygen the composition of the effusive beam has to be known.
source The most important parameter is the degree of dissocia-
tion D, i.e., the ratio of dissociated molecules to the mol-
SYNCHIONON  -eeeeeeeemienne ne AT ecules fed to the discharge. The degree of dissociation cannot
radiation beam L be extracted from the fluorescence data in the photoioniza-
tion experiment described here. It was determined by inter-
secting the effusive beam with a 3-keV electron beam, keep-
ing all the discharge parameters constant. Fluorescence from
excited oxygen atoms for the transition
D 0(25%2p3(?P°)3s 1P%)—0(2s?2p* D) at 999 A was de-
tected, having the discharge turned on and off. Since excita-
tion by 3-keV electrons obeys optical dipole selection rules,
singlet states cannot be excited from atomic oxygen triplet
ground state O3P®). Therefore, fluorescence from that sin-
glet transition results from dissociative excitation of mol-
ecules. When turning the discharge on, a decrease in this
fluorescence intensity is observed, which indicates a decrease
of O, molecules in the effusive beam due to dissociation.
The relative decrease of intensity from dissociative excita-
tion gives the relative decrease of @olecules in the effu-
sive beam. The degree of dissociatiris therefore derived
gion by a 1-m normal-incidence monochromator. A two-from the intensity ratio of the line at 999 A with the dis-
dimensional position sensitive detector mounted in the posicharge on and off:
tion of the exit slit was allowed to simultaneously register

Position sensitive
channel-plate
detector

m- VUV -
monochromartor

FIG. 3. Top view of the experimental setup.

fluorescence from different transitiosig. 3). Fluorescence lg%?:éarge on

intensities were recorded in dependence of the synchrotron D=1- ok 5)
radiation energy. Normalization to absolute cross sections | Ghmeharge oft

was carried out by comparison to a photoionization cross

section In argon. The electron impact experiment gives a degree of dissocia-

tion of about
B. Atomic oxygen source — setup

The atomic oxygen source consists of a pyrex discharge D~0.30,
tube stuck through a microwave hollow guideig. 2. A
2.45-GHz microwave with 120 W power travels through aj.e., a mass flow of 1 sccm nolecules fed to the discharge,
rectangular hollow guide terminated by a movable short cirgpjits up into a mass flow of 20.3 sccm=0.6 sccm atoms
cuit. Incident and reflected waves interfere to yield aang 0.7 sccm molecules. The density of oxygen atoms in the
standing-wave pattern. By moving the short circuit, anjneraction region, taken from an effusive beam simulation
electric-field maximum can be put to the discharge tube. Im[l3] is in the order of magnitude of:210%3cm 3,

pedance matching is achieved by a three-stub tuner. The results of this experiment do not give any evidence of

A constant mass flow of 1 sccm molecular oxygen is fedatomic oxygen in metastable G¢) or O (1S°) states in the

to the pyrex discharge tube by a mass flow controller. Theeffusive beam(cf. Sec. V Q. A small amount of molecular
discharge tube is 18 mm in diameter, and can be cooled by ygen in the metastable ,(Q(a 'A,) state, found in our
g 1

flow of cold nitrogen vapor, produced by electric heating of ectron-impact measuremerjtsd] is assumed to be negli-

S . ) : I
I|qU|d.n|trogen ina c!osed dewar container. The extension o ible. In the electron-impact measurement fluorescence from
the discharge is limited by a 6-mm aperture separating th

discharge from a 95-mm-long exit channel. At the end of the € flrst'and Secpnd negative band system ¢t B ob-
exit channel is a teflon nozzle, with dimensions 0.8 mm inserved in the visible and near-ultraviolet spectral range

diameter and 3 mm long, forming the effusive beam an(1|(67.0_265 nm 3|multan_eous_ly to the VUV fluorescence, o
verify the degree of dissociation and the absence of meta-

maintaining the pressure difference between discharge tUbetabIe molecular states. To check for ionized atomic oxvaen
and interaction region, where the source pressure is es Ir_1 the effusive beam .fluorescence from doubl ioniyz%d
mated to be approximately 0.8 mbar. In order to improve th tomic oxygen was in\;esti ated in the electron—imy act mea-
degree of dissociation in the molecular oxygen discharge, gurementggThe weak fluo?escence intensit obseprved from
small amount(5—-7% of methane (Ch) was added to the o T . o ty )
radiative transitions in doubly ionized atomic oxygen is at-
mass flow. ) o .
tributed to double ionization of atomic oxygen, because of a
cross-section estimation based on the total cross-section ratio
for single and double ionization of atomic oxygEtb]. We
In the molecular oxygen discharge only a certain percenteonclude that atomic oxygen ions are neutralized in the
age of the @molecules are dissociated, so the effusive beanmozzle.

C. Atomic oxygen source — operation parameters
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The analysis of the constituents of the effusive beam is in 500 550 600 650 700 750 800 850
agreement with similar experimenfd6-22, and justifies T T
the assumption that the effusive beam consists only of elec 100 - a) Discharge on 1
tronic ground state oxygen atoms and molecules, namely 80 [ N 1
O(P?) and Q (X 33). i o

60 |- al

D. Synchrotron radiation beamline
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Experiments were carried out at the U2-FSGM-undulator = 40 %! o

beamline at BESSY |. Using both of the two crossed undu- i t ¥

lators, the beamline provided sufficient photon flux for a ~ 2°[ &, RS
PIFS experiment on atomic oxygen. Due to the weak fluo- 0 _ Il . I\ L A ‘
rescence intensity, the exit slit of the FSGM monochromator ———t—+—t——t——+—+—+—+
had to be set to 150@m, resulting in an exciting photon 80 I ) Discharge off 1
energy bandwidth of about 100 meV full width at half maxi- i 1
mum (FWHM) at energies between 28 and 42 eV. A step &
width of 100 meV in the exciting photon energy was chosen 5
in our experiment. The photon flux transmitted through the 3 | |
experimental setup was monitored by the electric current of 54 | _
an A/-photon cup, and amounts to4¥@hotons per second.

a.
oL

[N

60 |- -

The photon flux in higher-order synchrotron radiation is ne- 0 | guesstaitinssibiosctirib bimiictonsiot ittt msbmisd W
glected(due to the weak fluorescence intensity at excitng g f *~ "~ ° © © T Tt T ]
photon energies below threshold in Figs. 5, 6, apdntl the | ¢) Fluorescence from atomic ionization

energy scale of the exciting photons is fixed by the energies  go | - extracted from a) & b)

of the ionization thresholds.

S

40

Count

E. Fluorescence detection 20 '
The synchrotron radiation beam intersected the effusive
beam from the atomic oxygen source 3 mm below the nozzle 0 A A } / \ " ’
exit. The intersection position was fixed by five aligned cir- 500 550 600 650 700 750 800 850
cular aperturegthe smallest one 2.5 mm in diameterhe

fluorescence from the transitions in"@roduced after photo-

ionizatiqn or dissociative ionization, was dispersed by a 1-n_1 FIG. 4. VUV spectra in the wavelength range 490—860 A at the
normal-incidence monochromator, mounted under the magigyciting photon energy of 41.44 eV. The counts collected in about
angle with respect to the synchrotron radiation b€&ig. 3). 25 min are displayeda) The spectrum recorded from an effusive
The magic angle mount suppressed the influence of the albeam from the burning dischargé) The spectrum recorded from
gular distribution of the fluorescence. The monochromatog pure molecular oxygen effusive beat). The fluorescence result-
was equipped with a 1200 lines per mm osmium coated graing from the atoms in the effusive beam from the burning discharge
ing, blazed at 600 A. The observed fluorescence wavelengtind extracted from the spectra@j and(b). The very low fluores-
ranged from 400 to 1250 A. The use of a two-dimensionakence intensity can be seen from the accumulated cdnotshor-
position sensitive multichannel-plate detector allowed themalized to atomic mass flow
detection of a spectral range of around 350 A simulta-
neously. The entrance slit of the 1-m normal-incidenceintensity at the wavelength of 833 A. Since dissociative
monochromator was set to 4@0n, giving a resolving power 2s-electron ionization from the molecular oxygen, O
of about 200. (X 32;) ground state needs exciting photon energies of at
The photoionization experiments were performed on adeast 5.1 eV dissociation energy above the atomic
effusive beam with discharge on and on a pure molecula@s-electron ionization threshold&f. Fig. 1), dissociative
oxygen beam with discharge offigs. 4a) and 4b)]. The ionization can only occur for the O(2s2p* “P¢,2D®) states
fluorescence intensity from the molecules in the effusiveover the photon energy range considered here. Due to its
beam was subtracted, using the degree of dissociitioto ~ very weak fluorescence intensity, dissociative ionization into
obtain the fluorescence intensities originating from photoionthe O (2s2p* ?D®) state was supposed to be negligible.

Fluorescence wavelength (A)

ization of atomic oxygen onlyFig. 4(c)]. The resulting in- The fluorescence intensity for each transition was cor-
tensity was normalized to the atomic mass flow. rected for the relative quantum efficiency of the grating-
detector system and normalized to the exciting photon flux.

| :|discharge on” (1~ D)l gischarge off 6) The exciting photon energy was scanned in 100-meV steps.

atom 2DM ' This scanning was repeated three times in two different mea-

suring periods at BESSY I. The integration time per step was
whereM is the mass flow. a few minutes in each scan. Additionally, spectra were re-
corded at selected energies with an integration time of 30
From Figs. 4a), 4(b), and 4c), it becomes evident, that min to obtain information about transitions of very weak
this subtraction could only be performed for the fluorescencdluorescence intensities and to yield better statistics.



3706 O. WILHELMI et al. PRA 60

F. Normalization procedure TABLE II. Comparison of various theoretical and experimental

The fluorescence intensities from photoionization Ofbranchlng ratios.

atomic oxygen were compared to the fluorescence intensit "1 20 1 200
from the Ar 3s-electron photoionization at 920 and 932 A, XNa):/e(}f)ngth Reference (;((Zzp -1 Pso)/ o(2p -1 4P )/
. .. p ) o(2p™+ *S°)
measured under the same experimental conditions at the ex-
citing photon energy of 30.5 eV. Setting the mass flow of Ar 584 Present 1.47 0.69
to that of Q, the target density had to be corrected. The Ref. [10] 1.46 0.68
difference in target density results from the difference in par- Ref.[30] 1.29 0.81
ticle velocity due to the masses of O,,Gind Ar. A simula- Ref.[31] 1.48(1.192 0.95(0.69
tion of the effusive beams for O, 0and Ar[13] showed no Ref.[32] 1.54(1.59 0.92(0.86
significant differences in the effusive beam profiles. The Ref.[17] 1.57+0.4 0.82+0.07
three different scans have been averaged and then normal- 304 Present 167 0.97
ized to the absolute cross section of As-8lectron photo- Ref.[10] 1.71 0.99
ionization 0.79 Md23] Ref.[30] 1.18 1.34
Ref. [31] 1.49(1.42 0.99(0.9)
IIl. THEORETICAL OVERVIEW Ref.[32] 1.33(1.62 0.85(0.89
Ref.[33] 1.65+0.15 0.93:0.10

The success adb initio R-matrix methods in the study of
valence shell photoionization from the ORC) ground state  &/z1ues in parentheses are velocity formulation results.
and the O {D®) and O {S°) excited states of atomic oxygen
is well documented in the literatuf@4,11,10,9,2% where it
is seen that there is a degree of harmony between the avail-
able theoretical and experimental wdrk6,26. Further de- The experimental cross sections for the photoionization
tails may be found in the review article of Bell and Kingston processes in Table | are presented with the results of the
[11]. For the valence shell processes the range of photooalculations in Figs. 5, 6, and 7. Convolutions of the calcu-
energies extends to 275.5 g¥5 A) in previousab initio  lated cross sections with a Gaussian function of 100-meV
studies[11,10 and to 212 eM58.5 A) in experimental stud- FWHM of the exciting photons are also displayed to allow a
ies[16]. In the case of the Auger processes, in particular focomparison with the experimental data. The fluorescence oc-
1s~! removal, the relevant photon energy range extendsurring in the case of the final O(2s™! ?P€) and O
from 525 to 560 eV as noted in recent experimental work(2s™ ! 2S°) ionic states was extremely weak; it was only
[27,16,28,18 Ab initio studies have been made recefil9]  analyzed in the resulting spectra at certain exciting photon
using theR-matrix approach to investigate and provide in- energies.

IV. RESULTS

formation on cross sections for tHe-shell excitation and According to Table I, there are two radiative decay chan-
ionization from the ground state of atomic oxygen nels of O (2s~! ?P®) with fluorescence wavelengths of 581
0O(1s%2s%2p* 3P®), where the processes and 538 A. The fluorescence at 538 A was not resolved from
the fluorescence of the 'O(3s *P®) satellite state at 539 A.
hv+O(3P®) — O* (1s2522p*(2*P®)np 3P°) To obtain the cross section for photoionization into” O

(2571 2P®), the branching ratio for the two radiative decay
channeld (538 A)/I (581 A)=4.0[34] was applied to get the
fluorescence intensity at 538 A. From the weak intensity of
the fluorescence line at 581 A it can be concluded, that most
were studied in detail. Cross-section calculations for the phoef the intensity at 538 A/539 A results from the decay of the
toabsorption process were carried out in both the length angatellite 3 “P® state[Fig. 4(c)]. Furthermore, in Fig. 7 the
velocity gauges with agreement achieved to within a fewthreshold for the O (3s *P®) satellite excitation at 36.6 eV
percent. In the vicinity of the oxygei edge, a suitable can clearly be seen in the experiment, whereas here is no hint
accord with the available synchrotron experimental dataf the O (2s~! 2P®) photoionization threshold at 40.0 eV.
[28,18, was achieved. The theoretical calculations of
McLaughlin and Kirby[29] treated not only the 4 ¢ re-
moval processes, but also include the valence shell processes
involving 2s~* and 2~ * removal and production of the™O The error bars of the experimental data represent the sta-
(3s 2%P®) satellite states which are presented here. tistical error of Eq.(6): the double standard deviations of the
The theoretical predictions of McLaughlin and Kir@39]  fluorescence intensity signalgscharge or@Nd! gischarge ofs @Nd
extend the work of Bell and co-workers to the region of thethe statistical variations of mass flow and degree of dissocia-
K edge and are of similar quality in the valence region, agion D are summed. The statistical error from intensity nor-
can be seen from Table Il, where comparisons are made fanalization to the exciting photon flux is included. The sub-
the available cross-section ratios fqn 2! removal. Theoret- traction of thel gischarge offSIgNal had only to be carried out
ical partial cross sections fors2* removal or population of for the O" (25~ *P€) cross section.
the O" (3s 2%P®) satellite states, based on the work of The relative systematic error of the normalization proce-
McLaughlin and Kirby[29] (that includes 15 final states of dure was determined by the relative error of the Ar
the O" ion) are presented and compared with the currenBs-electron photoionization cross section, the relative statis-
experimental observations made at BESSY |. tical error of the normalization measurement, the relative er-

N !
O (1s2s?2p*(?*Pe))+e”

A. Experimental uncertainties
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FIG. 6. Experimental and theoretical cross sections fér O
(2571 2D®) and O" (257! 2S?) photoionization. The solid lines are
the ab initio R-matrix calculations(top graphg and the dashed

(bott h t th uti ith a G an functi lines (bottom graphk represent the convolution with a Gaussian
ottom graphrepresent the convolution with a f>aussian IuUnction ¢ i of 100-mev experimental energy resolution half-width.

of 100-meV experimental energy resolution half-width. The SO"dThe solid squares are taken from the 100-meV scanning experi-

squares are taken from the 100-meV scanning experiment, and tqﬁent, and the open diamonds are taken from the measured spectra.
open diamonds are taken from the measured spectra. Error b

. - %ror bars include statistical errors only.
include statistical errors only.

FIG. 5. Experimental and theoretical cross sections for O
(2571 *P®) and O" (25! 2P®) photoionization. The solid lines are
theab initio R-matrix calculationgtop graph, and the dashed lines

. _ . ing all the systematic errors listed in Table Ill, the present
ror of the degree of dissociation, and the relative error of the . . ;
e . . experimental arrangement cannot deliver absolute photoion-
guantum efficiency correction for the different fluorescence. . . o
ization cross sections more accurate than within a factor 2.
wavelengths. The latter error could even affect the cross-
section ratios. The contributions to the total systematic error
are listed in Table 11l V. DISCUSSION
Variations in the intersection of effusive beam and syn- _ ) _
chrotron radiation beam within the area fixed by the aper- A. Experimental and theoretical off-resonance cross sections
tures(cf. Sec. 11 B have to be taken into consideration. Al- ] ] o
though no significant changes in this intersection have been The theoretical cross sections fas-2lectron photoioniza-
observed while scanning the exciting photon energy, eveHon are Igrger than the experlmental cross sections. They are
after successive electron injections at BESSY |, a systematigeen to differ by a factor @&igs. 5 and & Given the fact that
error for normalization to the Ar&electron photoionization the absolute values of the cross sections of the present cal-
cross section was determined, simulating different overlap§ulations are in good agreement with the earlier work of Bell
of synchrotron radiation beam and effusive beams for Ar andind co-workers, it would indicate that this deviation is due to
0/0,. The maximum deviation amounts to a relative system-a systematic error in the normalization of the measured fluo-
atic error of 27%. It has to be noted here that the effusiverescence intensities to absolute cross sections. However, the
beam simulatiorj13] used to check the density distribution experimental cross-section ratios do agree well with the the-
could not be applied to an effusive beam containing atomioretical predictions. On the other hand, we note that the mag-
and molecular oxygen at once. Nevertheless, experimentalitude of the theoretical cross sections for production of the
tests have proved reliability of combining separate simulaO* (3s 2*P®) satellite excitations are smaller than the ex-
tions for effusive beams with atoms and molecules. Regardperimental valuesFig. 7).
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UM B DR L A autoionization of doubly excited states, like in the
oer o' (3s P*j] ° [ o'(3s %) 7 case of the &-electron photoionization of neor35],
05 | d o5 L N show up in the theoretical cross sections as Rydberg
—_ i | i _ series converging to satellte thresholds, e.g., O
S o4l 4 04 - (25%2p?(3P)3s(*P®,2P®)ng/nd 33°,3P°,3D°). The variety
< - 1 - 1 of coupling possibilities gives rise to resonance structure
-% 03 03 - more complicated than in the case of the rare gases.
¢ I I The convolution of the dominant O(2s™ ! #P®) cross
g 02 02 section with the exciting photon bandwidth shows that the
8 o1k o1 L rich resonance structure, due to autoionizing excited states of
| | atomic oxygen which is evident in the theoretical predic-
0.0 0.0 F tions, cannot be stringently tested by the present experiment
P T T S I T SR S where the energy resolution of the exciting photon is limited
34 36 38 40 42 34 36 38 40 42 to 100 meV(Fig. 5. The few clear resonance features re-
N AL Ial P L L maining in the convo.lution of the'th(.eoreftical Cross sectiqn do
1 0" (3s 'P°) | 7| 0(3s *P°) j not reproduce the hints of autoionization resonances in the
012 | 4 o012 | - experimental cross section. For photoionization into the O
= (2s71 *P®) ionic state, experiment shows an enhancement
s 0o e 7 close to threshold. Conversely, theory does not show any
S 008 i | 1 oos b ] resonance structure at such exciting photon energies, but in-
= L ] L 1 creases linearly from threshold to the first resonance.
2 0.06 | - o0.06 The experimental photoionization cross section for pro-
@ I i duction of the O (2s™* ?2D®) ionic state(Fig. 6), shows a
8 0.04 i TR ] 0.04 | pronounced resonance structure close to threshold, as does
0.02 |- T ] 002 excitation of the O (3s 2%P®) satellite stategFig. 7). A test
- é h . - of the detailed resonance structure found in the theoretical
e T predictions requires a much higher resolution measurement,

which could not be performed at the target density and ex-
citing photon flux achieved with the present experimental
setup.

FIG. 7. Experimental and theoretical photoionization cross sec-
tions for the excitation of the O (3s 2*P®) satellite states. The C. O (2571 ?D®) and O* (2s™! 2S®) cross sections

e b o Figre 6 shows the cross secions frecton photo-
grap P ionization from the O IP®) ground state into the O

Gaussian function of 100-meV experimental energy resolution half-_ =75~ 1 2der .
width. The solid squares are taken from the 100-meV scannin 2s . D _) and d (2s %) I'OnIC states. AssumingS
experiment, and the open diamonds are taken from the measur&?l"p“ng in the picture of the independent-electron model,

34 36 38 40 42
Exciting photon energy (eV)

spectra. Error bars include statistical errors only. both transitions are not allowed since theélectron ejected
has no angular momentum before the photoionization.
B. Autoionization resonances Therefore its photoionization should not affect the total an-

Atommi , hell - theref gular momentum, i.e., € ! ionization from the O IP®)
tomic oxygen is an open-shell atom; therefore, reso i siate should lead to *O(2s~1 P®) and O

nance structure may result from two types of autoionizingrng_l 2pe) jonic states only. In earlier investigations of the

S;S:ed SttgteZXCCEiltl(Jesegnbey tgre 'rgé?gnteﬁggsg:]ga\&ngFiu;f;:;? s-electron photoionization, only these ionization channels
ay y ave been discussé6,36].

states. One electron excitations manifest themselves in To examine the photoionization from GR®) to the O
the Ehgzoretica&! psredictions as 4R2ydberg3 Sg”es O(Zs‘1 2D®) ionic state, the 719 A fluorescence from the
;Znstp C() 0(222p 4TZOF’,GI)3:)’3S,)O3PS,2§§E)( ngmergi)’n P°)t,o transition O (2s2p* 2D®—2s22p® ?2D°) was scanned in

. <pr("mnp =S5, ’ ging ite of its low intensity. The threshold at 34.2 eV indicates
their respective ionic core thresholds. Resonances due fat the O (25 * 2D®) ionic state is indeed ionized from
the O @P®) atomic oxygen ground statef. Fig. 1). Photo-
ionization from the metastable atomic ®D¢) state to O
(2s1 2D®) would result in a threshold at 32 eV. Since no

TABLE lll. Contributions to the total systematic error.

Source of systematic error Amount / ! )
threshold is observed at 32 eV, while the cross section for the
Reference cross secti$a3] 19% 2s~! photoionization of the metastable state €Df) of
Degree of dissociation 16% atomic oxygen is of the same order of magnitude as the
Normalization measurement 6% corresponding cross section of the ground state 3@°)
Quantum efficiency correction 23% (concluded from calculations of the total photoionization
Variation of beam intersection 27% cross section by Bell and co-workdikl,9]), we assume that
Sum 91% the contribution of metastable atoms to the effusive beam

can be neglected.
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TABLE IV. Comparison of the ratios of experimental fluorescence intensities from the spectra iidrig. 4
with calculated transition probabilities for the respective excited ionic states.

Intensity ratio Transition probability ratio
Excited ionic state (experimenk (theory?
O*(2s2p* 2P®) Isg1 A/l 538 a=0.25[34] 3 Asgr A/ = Agzg 4=0.30
O+(252p4 2De) | 797 A/l 719 A~ 0 EA797 A/EA719 A= 0.0094
O+(2522p2(3P)35 ZPE) | 673 A/l 617 A= 0.19 EA673 A/ZAGJJ A= 0.16

&Theoretical values from Ref37].

The O" (257! ?D®) and O" (2s™! %S°) photoionization  The o(2P?)/a(*P?) cross section ratio close to the*tO
channels prove that the assumption of an independengos-1 2pe) photoionization threshold from present work as
electron model inLS coupling does not hold. Theoretical || as the result of Schaphorst al. [16] is significantly
predictions take this into account by using multiconfigurationsmajler than the geometrical cross-section ratios derived
interaction wave functions for both the ground state of thefrom MCHF calculations, indicating that there is a deviation
neutral atom and the final ionic states of atomic oxygen.  from theL S-coupling schemégeometrical valugin this ex-

citing photon energy range.
D. Fluorescence branching ratios Furthermore, the sum of all the fous2! photoionization

The fluorescence spectrum in Fig(ch recorded at an Cross sections can be compared to the sum of fhie' 2ross
exciting photon energy of 41.44 eV illustrates the intensitiesSeCtions[36]. The ratio of Z™* to 2p~* photoionization
of the different radiative transitions listed in Table |. From Cross sections is shown together with the earlier results of
the ionic states of atomic oxygen with two radiative decaySchaphorset al.[16] in Fig. 9. The difference between the
channels, the branching ratios for the decay of O Present theoretical a_nd experimenta-&ectron photo_|on-
(2s2p* 2D°) to O" (2s22p®2D°) at 719 A and to O ization cross sections can also be seen in the

(2s?2p®2P°) at 797 A, and the decay of ©

(25?2p?(®P)3s 2P®) to O' (2s?2p® ?D°) at 617 A and to N - . - T - —]

O" (2s22p® 2P°) at 673 A have been determined from the 012 i1t work ]

spectrum. The branching ratio for the decay of" O - .

(2s2p* 2P®) to O" (2s%2p®2P°) at 581 A and to O 07 L 0.08 1]

(25°2p® 2D°) at 538 A cannot be extracted from experimen- '

tal data, as the fluorescence line at 538 A is not resolvec __ - 0.04} 11

from the more intensive fluorescence line at 539 A resulting < 06 L |

from the O" (3s *P®) satellite state. Comparing the present © 0.00p | , .

experimental branching ratios with the theoretical values & - 40 41 42 4

[37], in Table IV, indicates agreement to better than 20%. o5 L P S e -
= ’//‘,/: ---------- vvv' "V%v

E. Cross-section ratios Q. i v . iy

:‘ '/‘/,’ % } /}/ } »'%vv",.'_v.'..v_

In view of the unavoidably large systematic errors in the ", 0.4 | v
experimental measurements for the absolute cross section % | v i
no helpful conclusions can be drawn, although a degree o o i '/'/
harmony with experiment is clearly seen in the convoluted 8 03 | /v/ ]
theoretical cross sections. Furthermore, the experimenta g | 0 ) ]
resolution (100 meV is clearly insufficient to resolve the 3§ ' } 7 :::3'(;"::'("L)
autoionizing features predicted theoretically, which typically & 0.2 |- ﬁ /,/' _______ MCHF (V) .
have energy widths less than 25 meV. However, information § | J e geometrical ratio i
from cross section ratios is possible and has been shown t ;5 b o Schaphorst et al.
be constructivé16]. o1 T this work : Theory -
In Fig. 8, the ratio of the cross sections for ejection of a | O  this work : Experiment |
2s electron in the photoionization process producing the O
(2571 2P®) and O (2s™! *P®) ionic states of atomic oxy- 00F ™ . | . | . L
gen is compared with the previous work of Schaphetsil. 50 100 150 200

[16]. As pointed out above, the ratio of the’ @2s~* 2P®) to

O" (2571 *P®) cross section derived from the experiment
agrees with the results of the theoretical predictions pre- g g Experimental and theoretical *O (2s°%)
sented here, although there is a difference in the absolutg2pe);(4pe) photoionization cross-section ratio. Results are pre-
cross sections. Our ratio is smaller than the experimental angbnted for arR-matrix [10] and multiconfiguration Hartree-Fock
the theoretical multiconfiguration Hartree-FA®RCHF) val-  calculation[16] compared with the present experimentatly sta-
ues given by Schaphorst al.[16], but is in suitable agree- tistical error bars shownand theoretical work and that of
ment with values from an earlié®-matrix calculation37]. Schaphorset al. [16] including the geometrical value.

Exciting photon energy (eV)
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FIG. 10. Present experimental results for the dissociative ioniza-
tion cross section for the process ,(& 329’)+hvSR—>O
+0"(2s71 4P®)+e~. The solid squares are taken from the 100-

0.4

Cross section ratio o(2s")/s(2p™)

—0—HS meV scanning experiment, and the open diamonds are from the
————————— MCHF (L) measured spectra. Error bars include only statistical errors.
021 YT MCHF (V) 7

e Schaphorst et al.
this work : Theory
O this work : Experiment

does not show a threshold behavior, like the cross sections
for photoionization of the ground state of atomic oxygen.
The energetical threshold at 33.6 eV for the dissociative ion-
ization of G, results from threshold energy for photoioniza-
tion out of the atomic oxygen ground state to thé O
(251 *P®) state(28.5 eV} plus a dissociation energy of at
least 5.1 eV. In our experimental observations, the dissocia-
FIG. 9. Experimental and theoretical "(s™")/O"(2p"Y) tjve jonization cross section is seen to increase from around
photoionization cross-section ratios. Results are presented fcg5 eV to a maximum(0.18 Mb at around 42 eV before

Hartree-Slater (HS) (from Ref. [16]) and multiconfiguration falling off monotonically as the energy is increased.
Hartree-FockkMCHF) calculationg/16] compared with the earlier

findings of Schaphorsgt al. [16] and the present theoretical and
experimental workonly statistical error bars shown

0.0 |-
A ] . 1 A ] . ]

50 100 150 200
Exciting photon energy (eV)

VI. CONCLUSIONS

Absolute cross sections for thes-2lectron photoioniza-
fion into the final ionic states O(2s™* *P®, ?D*®, S, 2P°)
and for the occupation of the O(3s2%P®) satellite states
Q_ave been determined experimentally by PIFS. The mea-
sured cross sections agree within a factor of 2 with the the-

o(2s YH)/o(2p~ 1) cross-section ratio. The cross-section ra-
tio derived from our theoretical cross sections agrees we
with the experimental data of Schaphagstl. [16], support-

ing the theoretical cross sections and reinforcing the sugge

tion that our experimental data suffers a systematic error. . o : - .
oretical predictions using theb initio R-matrix approach.

In contrast to the & * o(?P®)/o(*P®) cross-section ra- - . . o .
o(Pla( P This is also the experimental uncertainty which is dominated

tio, the theoretical cross section values for production of theb A i in th lizati q M
satellite O (3s2P¢, “P®) states in Fig. 7 at 42 eV, away DY @ Systematic error in the normalization procedure. Mean-
ingful conclusions can be drawn for cross section ratios

from the resonant structure, yield a ratio of 0.5, which is the" 2. . . . _
geometrical ratio. The experimental cross sections cannot b hich are |rllsU|tabIe harmony W.'th expenmental measure-
determined free from resonance influence, but their ratignents for 2 _remov_al or 3-lsatelllte excitation, b.Ut not f_or
seems to correspond to the geometrical ratio predicted bij'€ Cross-section ratio ofsZ* removal to 3-satellite exci-
theory as well. ation.

Although agreement of experimental and theoretical cross C!early h|gher photoq energy reSOIu“@O. mevV or bet-
section ratios for 81 removal on the one hand and for €0 is desirable to delineate the autoionization states of

3s-satellite excitation on the other is observed, contradictiorftoMIc oxygen, together with greater P.hOt(.)n flux, dissocia-
between experiment and theory has to be stated for the rat on fragmention, and target state densities in these extremely

of 2s™ ! removal cross section tos3satellite excitation cross ifficult experiments. Further gxperimental work, perhaps
section(Figs. 5, 6 and . performed at third generation light sources, would be desir-

able to test the absolute values of 2 hole or 3%*P® sat-
ellite state theoretical photoionization cross sections with
higher sensitivity.

In the scans taken with the discharge turned off, the fluo-
rescence occurring at 833 A from the' @2s™! *P®) state
was the only fluorescence wavelength which could be regis-
tered. The cross section for dissociative ionization from the The experiments were financially supported by the
ground state of molecular oxygen, QX 32;), is presented Deutsche Forschungsgemeinsch&FG). The assistance of
in Fig. 10. The dissociative ionization cross section gf O G. Reichardt at BESSY | and A. Werner in the preparation of

F. Dissociative ionization
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