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Angle-resolved photoelectron spectroscopy of atomic oxygen
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Using synchrotron-radiation-based angle-resolved photoelectron spectroscopy, the relative partial
photoionization cross sections for the production of the S' and D' ionic states in atomic oxygen,
as well as the corresponding asymmetry parameters, are measured from threshold at 13.62 to about
30 eV. The cross sections are placed on an absolute scale using previous data obtained with an elec-
tron spectroscopy modulation method. Attention is focused on the numerous autoionization reso-
nances below the 2p ' D', 2p

' P', and 2s ' P' limits. The behavior of the asymmetry parame-
ters across these resonances is observed for the first time. The 2s2p ( P')3p('S', 'P', 'D') reso-
nances are fitted by a Fano-type profile to obtain accurate values for the position, width, and q pa-
rameter.

I. INTRODUCTION

Photoelectron spectroscopy has long been used to
study the electronic structure of both the parent atom
(molecule) and its ion, and the interplay between theory
and experiment greatly contributed to the understanding
of many-electron effects. At first, attention was focused
on the rare gases which are easily accessible experimen-
tally and whose closed-shell nature made calculations
tractable. However, in order to obtain good agreement
between theory and experiment for the partial photoion-
ization cross section (o, ) and the asymmetry parameter
(P;), even for these relatively simple systems, it proved
essential to include the detailed coupling between the
various open and closed channels. Open-shell atoms (e.g. ,
chalcogens, halogens), on the other hand, are believed to
provide a much more stringent test for both theory and
experiment. From the theoretical point of view the cou-
pling between the multiplet states generated upon remo-
val of a single electron is, especially at low photoelectron
kinetic energy, of crucial importance. Experimentally,
the reactive and transient nature of these species often
causes complex problems in the determination of o; and
/3;. Nevertheless, it is clear that our knowledge of elec-
tron correlation will greatly benefit from a detailed com-
parison between theoretical and experimental results for
these systems. It is therefore not surprising that a lot of
effort, albeit mostly theoretical, has been devoted to the
study of the photoionization of atomic oxygen. '

The first calculation of the total photoionization cross
section was reported in 1939 by Bates et al. ,

' and subse-
quently many authors have published improvements.
The correct treatment of exchange was included by Bates
and Seaton, while the coupling between open channels
was first added by Henry. Henry' also pioneered the in-
clusion of the efFect of autoionization on o; and P;.
Several other papers dealing with autoionizing reso-

nances have been published since then. ' '

Despite the large number of theoretical publications
that have appeared in the literature, the amount of
theoretical work done on partial cross sections or branch-
ing ratios ' ' ' ' ' ' ' ' and asymmetry parame-
ters' ' ' ' is still rather limited, especially when calcu-
lations extending beyond the independent-particle ap-
proximation' ' ' ' are considered.

The first He I a photoelectron spectrum of atomic oxy-
gen was presented by Jonathan et al. ' Subsequently
the branching ratios for the production of the S', D',
and P' ionic states as well as the asymmetry parameters
were measured at the discrete Ne I, He I, and He II wave-
lengths. ' ' So far, the only photoelectron spectro-
scopic study employing the continuum of synchrotron ra-
diation is the one by Hussein et al.

Several attempts3 ' ' ' have been made to mea-
sure the absolute photoionization cross section of oxygen
atoms, most recently by Angel and Samson, ' who ex-
tended the work of Samson and Pareek. In both cases a
mass-resolved ion-detection technique was used. Howev-
er, their results differ by a substantial amount from the
value at 584 A obtained by Van der Meer et al. , who
employed an electron spectroscopy modulation method.

It is well known that autoionization phenomena can
strongly modify photoionization cross sections, and
numerous groups have studied the formation and decay
of autoionizing states below the 2p ' D' and 2p ' P'
thresholds. 3 ' ' O' ' ' '" ' ' ' Only recently Angel
and Samson ' presented results for the Rydberg series
converging upon the 2s ' P' limit. To date, no experi-
mental data on the behavior of the asymmetry parameter
across any of these resonances have been published.

At this point it is good to emphasize that, apart from
its intrinsic physical interest, photoionization of atomic
oxygen by solar radiation plays a vital role in the Earth' s
upper atmosphere. For a better understanding of a
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variety of chemical and physical atmospheric processes
the knowledge of the two basic photoionization pararne-
ters (o „P;) as a function of photon energy is of utmost
importance. In this study we combined angle-resolved
photoelectron spectroscopy and synchrotron radiation to
study the partial photoionization cross sections, and the
corresponding asymmetry parameters, for the production
of the S' and D ' ionic states between threshold at 13.62
and approximately 30 eV. Special attention was paid to
the autoionization regions just below the D', P', and
P'limits. A preliminary account of our work in the P'

autoionization region has been presented earlier.

II. EXPERIMENT

8 =
—,'arccos[(3p ) '] .

The asymmetry parameter /3, can be calculated from

P; =4(R; —1)/[3p (R;+1)—(R; —1)],

(2)

(3)

where R, is the ratio of the intensities measured parallel
and perpendicular to the polarization vector. Because of
the positioning of the analyzers these intensities can be
measured simultaneously. Using the asymmetry parame-
ter derived in this manner the cross section can then be
extracted from the measurements taken at either 0' or 90
with the aid of Eq. 1. In general, the agreement between
this scheme and the direct measurement of o'; (Eq. 2) was
excellent.

In order to produce oxygen atoms, molecular oxygen
of purity greater than 99.999%%uo was subjected to a 2.45-
GHz microwave discharge using a Microtron 200, Mark
3 power generator (Electron Medical Supplies Ltd. ). The
discharge was triggered by a high-voltage spark, and was
maintained in an 11-rnm-diam phosphorous pentoxide
coated quartz tube. To prevent rapid deterioration of the
coating the microwave cavity was air cooled. However,
the cooling was kept to a minimum to increase the oxy-

Our electron spectrometry with synchrotron radiation
studies were carried out at the Aladdin storage ring in
Wisconsin with a spectrometer described in detail be-
fore. ' ' Only a concise account will be given here.

The apparatus contains three electrostatic analyzers
mounted at right angles to each other on a rotatable plat-
form which in itself is perpendicular to the incoming
photon beam. In this arrangement and within the dipole
approximation the following relation holds for the mea-
sured intensity I;(8) of the photoelectrons ejected from
level i at an angle 6I with respect to the main polarization
direction:

d 0 ). 0 E.

I,(0)- = [1+—,'P;(1+3p cos20)] .
dQ 4~

In this formula do. ;/dA is the differential partial cross
section, o.; and P; represent the angle-integrated partial
cross section and the asymmetry parameter for level i,
and p stands for the degree of linear polarization of the
synchrotron radiation.

From Eq. (1) it is clear that the partial cross section o. ;
can be obtained directly at the so-called magic angle 0
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FIG. 1. Schematic view of the experimental apparatus.

gen atom yield. The dissipated microwave power
amounted to about 100 W. Under these conditions the
amount of excited molecular oxygen 02('b ) produced
proved to be small. The resulting gas mixture Aowed into
the ionization chamber through a 11-mm-diam Pyrex
tube coated with halocarbon wax to suppress wa11 recom-
bination reactions. The distance between the discharge
and the ionization region was approximately 30 cm. No
evidence for excited atomic species was found. A
schematic view of the experimental setup is given in Fig.
1.

Because only about 20% of the 02 molecules entering
the discharge are dissociated, two sets of experiments
were performed, viz. one set with the microwave
discharge on and another with the discharge off. From
those two measurements it is then possible to obtain spec-
tra of atomic oxygen virtually free of Oz( Xg ) signals by
a suitable subtraction procedure.

Measurements were normally performed in the con-
stant ionic state (CIS) mode in which both the photon
energy and the photoelectron energy are scanned syn-
chronously as to stay on top of a chosen peak in the pho-
toelectron spectrum. Conventional photoelectron (PE)
spectra were used to correct for the decay of the photon
Aux with time and for pressure variations in the source
cell, as well as to relate different CIS scans to each other.
Both CIS and PE spectra were taken in the constant pass
energy mode, i.e., by scanning the (de)accelerating volt-
age which the photoelectrons pass before entering the
analyzers. The pass energy was typically 12.5 eV. The
resolution of the electron analyzers was nominally set to
hE/F. =0.01. In this way only relative partial cross sec-
tions are measured. They can be put on an absolute scale
using data available in the literature.

The experiments described in this work were per-
formed during two experimental periods on two different
beamlines, namely a 4-m normal-incidence monochroma-
tor (NIM) equipped with a 1200-1/mm gold-coated grat-
ing and a 1-m Seya-Namioka monochromator in which a
1440-1/mm osmium-coated grating was insta1led. In both
cases the bandpass of the monochromator, which in a
CIS scan is the only factor contributing to the overall
resolution, was normally set to about 0.7 A. The mono-
chromators were calibrated against the we11-known Xe
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5p ~5p ( P»2)ns'Ind' and Ar 3s 3p ~3s3p ( S,&z)np
resonance lines, ' and the atomic oxygen lines for
which the energy is accurately known. ' ' ' To deter-
mine the setting for the magic angle 8 [Eq. (2)] it is
necessary to obtain both the degree of polarization and
the orientation of the main polarization vector, which
may be tilted out of the horizontal plane of the storage
ring due to the interaction with various optical com-
ponents. This was done by measuring PE spectra as a
function of the angle 8 for a photoline with a high P
value, e.g. , Xe 5p at 21.22 eV. The tilt angle amounted
to 15' on the 4-m NIM, and 0' for the 1-m Seya-Namioka
beamline.

Rare-gas calibration measurements served to deter-
mine the polarization of the photon beam and a correc-
tion factor which includes the inhomogeneity of the
source volume and the differences between the response
functions of the analyzers. Using several rare-gas 1ines at
photon energies at which the asymmetry parameter is
known to an accuracy of better than 0.05, e.g. , Ar 3p, Kr
4p and Xe 5p at 21.22 eV (Ref. 67) and Ar 3p at 16.53
eV, we found a polarization of p =0.77+0.03 for the
NIM and 0.90+0.01 for the Seya-Namioka beamline.
The above correction factor, which is used for the accu-
rate determination of the asymmetry parameter, is be-
lieved to be constant at high photoelectron kinetic ener-
gies, but may vary when the ionization thresholds are ap-
proached. To study its low-energy behavior CIS scans
between the Xe 5p

' P, &2 and P3/2 1imits were record-
ed. No erroneous results were found for electron kinet-
ic energies greater than about 0.5 eV. All calibrations
were repeated several times during the experimental
periods.

The relative partial cross section can then be obtained
from

Series

s2p(D)ns D
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3po

3D o

2s 22p 3( 2po) ns 3p o

nd P'
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monochromators used in this work dropped rapidly
above 30 eV, only the resonances below the D ', P', and
P' limits could be studied.

An energy diagram of the relevant levels in this region
is given in Fig. 2. Table I lists the optically permitted
Rydberg series and, within the LS coupling scheme, the
continua in which they are allowed to autoionize. Unfor-
tunately, due to the limited resolution in the PE spectra,
which did not allow us to separate the weak P' photoline

30.0

27.0

TABLE I. Optically permitted Rydberg series and the con-
tinua into which they are allowed to autoionize assuming LS
coupling is valid.

o.; -I; (8 )/N(h v),
where N(h v) is the (relative) number of photons at a par-
ticular photon energy. The function N(hv) was deter-
mined by the photoelectron for analysis of x rays
method in which the well-known cross sections of the
Xe Sp and Ar 3p levels were used.

III. RESULTS AND DISCUSSIQN

24.0

e 21.0

Cg4

The ground-state configuration of atomic oxygen cor-
responds to 2s 2p ( P'). Removal of a 2p electron leads
to the 2s 2p ( S'), 2s 2p ( D'), and 2s 2p ( P') ionic
states at 13.62, 16.94, and 18.64 eV, respectively. ' On
the other hand, the ejection of a 2s electron gives rise to
the 2s2p ( P'), 2s2p ( D'), 2s2p"( S'), and 2s2p ( P')
ionic states at 28.49, 34.20, 37.88, and 39.98 eV. '

Usually there are several optically allowed Rydberg
series associated with each ionization limit. Apart from
the ones converging upon the lowest ionic state, the indi-
vidual Rydberg levels can, selection rules permitting, au-
toionize into the available continua. Hence we can anti-
cipate extensive autoionizing structure, both in the par-
tial cross sections (Beutler-Fano profiles) and in the asym-
metry parameters, in the extreme ultraviolet spectra of
oxygen atoms. However, because the photon Aux of the
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FIG. 2. Energy-level diagram of atomic oxygen. Only the
four lowest ionic states together with members of several au-
toionizing Rydberg series are shown.
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from the interfering O2 spectrum, no reliable measure-
ments for the I" ionic state could be obtained. Thus,
from the three energetically accessible states, only results
for the 5' and D' levels are presented.

As mentioned before, only relative partial cross sec-
tions were measured. Our relative values, however, were
put on an absolute scale using the results of Van der Meer
er al. at 584 A 10+( S'), 2.4 Mb; 0+( D') 3.6 Mbj,
which we believe are more accurate than those given by
Samson and Pareek.

In the present experiment at the Synchrotron Radia-
tion Center we obtained essentially the same results as
those reported by Van der Meer et ah. , although our error
bars were somewhat larger. In addition, the ratio be-
tween the partial cross sections for the 02( Xs )

~0~+( II )+e and the 0~('6 )~0~+( II )+e tran-
sitions as reported by Van der Meer et a/. , was recently
corroborated by experiments at 584 A performed by
Cockett.

In order to remove interfering signals arising from
ground-state molecular oxygen 02( Xg ) a subtraction
procedure was applied. Its eIt'ectiveness is illustrated in
Fig. 3. At the photon energy at which these spectra were

taken (17.1 eV) autoionization in the oxygen mole-
cule leads to the population of high vibrational lev-
els in the 02+( II ) ionic state which overlap with the
0+( S') band. However, from Fig. 3 it is clear that in
the combination spectrum the contribution of the
Oz( Xs )~0&+( Ils)+e transition is almost complete-
ly removed.

Over the whole region surveyed in this study, the un-
certainty in our relative partial cross sections is approxi-
mately 20% as evaluated from such factors as the repro-
ducibility of the spectra and the uncertainty in the deter-
mination of the photon Aux as a function of energy. The
possible error in the absolute partial cross section de-
pends, of course, on the accuracy of the normalization
standard. Van der Meer et aI. only quoted the statisti-
cal scatter in their experimental cross-section ratios,
which amounted to +3%. Therefore, barring systematic
errors in the normalization standard, our absolute cross
sections are correct to approximately 20%.

The error limits (one standard deviation) for the asym-
metry parameters can, in general, be put at +0. 10. This
estimate includes the statistical error as well as the uncer-
tainty in the relative efFiciencies of the analyzers and the
polarization.

This section is divided into four parts, three dealing
with the autoionizing resonances below the D', I", andI" limits, and another in which the structureless region
between approximately 19.0 and 25.0 eV is addressed.
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A. Resonances below the D' threshold

The absolute photoionization cross section for the 5'
channel between the first ionization energy at 13.62 and
about 17 eV is presented in Fig. 4. Since the S' ionic
ground state is the only state accessible, this value
represents the total photoionization cross section, and
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FIG. 3. Photoelectron spectra at a photon energy of 17.10 eV

and at an angle of 0 with respect to the main polarization vec-
tor. Upper panel, discharge on; center panel, discharge off;
lower panel, linear combination of discharge-on and discharge-
off spectra in which the signal due to the 02('X~ )

~02 ( II~ )+e transition has been removed. The spectra con-
tain about 120 points each.

FIG. 4. Absolute photoionization cross section for the 5'
ionic state between the S' threshold at 13.62 eV and the D'
threshold at 16.94 eV. The CIS spectrum has been taken in

0
steps of 20 meV and with a resolution of 0.7 A. The spectrum is
normalized to the absolute cross section at 21.22 eV as de-
scribed in the text.
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can be directly compared with ion measurements in the
same region. ' ' ' ' ' The data in Fig. 4 were taken
at a resolution of approximately 0.7 A. In order to ac-
commodate the complete region between the S' and D'
limits in one scan, a rather coarse step size of 20
meV/point was chosen. Resonances due to the
ns'( S', P, D'), and ns "( P') series as well as the
2s 2p ( P')~2s2p ( P') inner valence shell excitation
are clearly seen.

The same part of the spectrum was studied at much
higher resolution by Dehmer et al. , ' ' who employed
a mass-resolved ion-detection technique. These authors
concentrated on the resonances of P' symmetry, which,
assuming Russell-Saunders (LS) coupling is valid, are for-
bidden to autoionize, and did not report absolute values.
By contrast, Samson and Pareek and Angel and Sam-
son ' presented absolute photoionization cross sections,
but omitted the resonance features from their data.

Based on the results of Van der Meer et al. our
values for the absolute photoionization cross section close
to the S' threshold are about 15% lower than those pre-
dicted by a sophisticated calculation recently done by
Bell et al. ' In good agreement with this calculation, we
And that the nonresonant cross section stays virtually
constant when the ionization threshold is approached.
This is in contrast to the results of Samson and Pareek
and Angel and Samson, ' who measured a significant
drop. The discrepancy between the relative experimental
results in this region is as yet unresolved. It should be
noted that theory is divided on this issue. The random-
phase-approximation with exchange calculations of
Vesnicheva et al. and Orlov, Cherepkov, and Cher-
nysheva show the gradual decrease in the nonresonant
cross section as observed by Samson and Pareek and
Angel and Samson, ' while the R-matrix calculations
of Taylor and Burke, and Pradhan, and Bell et al. '

predict a similar trend as observed in the present work.
Figure 5 shows the absolute photoionization cross sec-

tion and the asymmetry parameter for the S' ionic state
in the region of the 3d'( S', D'), 4s'( D'), 3d'( P'), and
2s2p'( P') resonances. These data were taken at a reso-
lution of 0.7 A and a stepsize of 5 meV/point. In this
range the determination of cr; and 13; is often complicated
by the overlap of the 0 ( S') and 02+( IIg) bands in the
PE spectra. Although these bands are normally well
separated, autoionization in the molecule leads to the
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FIG. 5. Absolute photoionization cross section (upper panel)
and asymmetry parameter (lower panel) for the S' ionic state
across the 4s' and 3d' resonance region. The CIS spectra have

0

been taken in steps of 5 meV. The resolution of 0.7 A was
insufficient to fully separate the different (J',J")pairs associated
with each transition. The indicated positions are an average
over all J levels.

population of very high vibrational levels in the ion,
thereby partly obscuring the 0+( S') band. In this case,
the autoionization proceeds most likely through Rydberg
levels converging upon the 02+( II„) state at 16.101
eV. ' ' Generally, the subtraction procedure outlined
above almost completely removed the 02+ contribution
(where applicable), but sometimes, at a particularly
strong resonance, some traces remained. Thus both the
asymmetry parameter and the partial cross section show

TABLE II. Resonance parameters for the 4s'('D') and 3d'('S', D') autoionizing states. L stands for a calculation in the length
formulation, V represents a calculation in the velocity gauge.

Energy (eV)
Resonance Ref. 12 Ref. 19 Ref. 20 Ref. 45

state Theo r. The or. Theor. Expt.

FWHM (meV)
Ref. 12 Ref. 19 Ref. 20
Theor. Theor. Theor.

Ref. 12
Theor.

q parameter
Ref. 19
Theo r.

Ref. 20
Theor.

4s'( D')

3d'('S')

3d'('D')

15.428

15.423

15.418 15.416

15.410 15.406

15.229 15.229 15.274 15.179 0.093

0.102

0.389

0.094 0.088

0.109

0.436

61.2

61.8

20.2

—57.6 (L)
—41.7 (V)

-40

62.5 (L)
69.6 (V)
16.6 (L)
17.7 ( V)
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FIG. 6. Photoionization cross section (upper panel) and
asymmetry parameter (lower panel) across the 4s' resonance as
calculated by Smith (Ref. 19). In order to facilitate a compar-
ison with our experimental values (see Fig. 5), the theoretical

0
data have been convoluted by a Gaussian of 0.71-A FWHM
representing the monochromator slit function.

a somewhat larger scatter than noted in the other spec-
tra.

When compared with the results of 0ehmer
et al. ' ' it is clear that we find a much lower intensity
for resonances of P' symmetry. Even though this may
be partly caused by difFerences in resolution and the mesh
with which the resonances were scanned, the main reason
for the high intensity of the P' resonances in the spectra
of Dehmer et al. could lie in the presence of traces of ox-
ygen in their helium discharge lamp. Because the P'
states are forbidden to autoionize within an LS coupling
scheme (see Table I), they decay partly by emission, and
the addition of only a small amount of oxygen to the
lamp gas leads to the selective population of the P'
states. " ' States of S' or D' symmetry decay solely by
autoionization and are therefore not enhanced.

The resonances in Fig. 5 have been the subject of
several theoretical treatments, the results of which are
summarized in Table II. None of these studies incor-
porated spin-orbit coupling, hence the P' resonances
were not included and the fine structure of the transi-

0
tions, with the different (J',J") pairs as much as 2 A
apart, was omitted. The calculations' ' ' predict a

large value for the Fano line profile index '
~q, i.e., a

Lorentzian line shape, which is supported by our experi-
ment. Unfortunately, our resolution did not allow a de-
tailed study of the fine-structure components of each
transition.

Figure 6 shows the result of a calculation by Smith' of
the photoionization cross section and the asymmetry pa-
rameter across the 4s'('D') resonance. In order to facili-
tate a comparison with our experiment Smith's data have

0

been convoluted by a Gaussian of 0.71-A full width at
half maximum (FWHM) representing the monochroma-
tor slit function. To the best of our knowledge this is the
only calculation of the behavior of the asymmetry param-
eter across an autoionizing resonance in atomic oxygen.
As can be seen from Figs. 5 and 6 the agreement for the
cross section is quite good, especially in the velocity
gauge. For the asymmetry parameter the agreement is
less satisfactory, but again, the velocity form seems to be
closer to the experimental values. The sign of the q pa-
rameter, which was found to be negative by Smith, ' but
is positive in all other calculations, ' ' could not be es-
tablished unambiguously from the experimental data.

The only other experimental value for the asymmetry
parameter of the 0+( S') ionic state below the D'
threshold has been published by Samson and Hancock.
At the Ne I line (735.9 A, 16.85 eV) they reported a value
of 0.00+0.02, which seems very reasonable when com-
pared to our measurements, even though the Net line is
close to the 12d'( S', P', D') resonance ' ' so some
autoionization may occur.

B. Resonances below the I"threshold

In this energy region both the S' and D' channels are
open. The absolute photoionization cross sections and
the asymmetry parameters for both ionic states are
shown in Figs. 7 and 8. In the cross section of the D'
state we observe strong nd "( P', D') resonances, and a
weaker ns"( P') series, while in the S' channel we can
only detect evidence for the nd"( D') autoionizing lines
as could have been expected on the basis of LS coupling.
Surprisingly, the asymmetry parameter for the S' state
shows virtually no sign of autoionizing resonances,
though both the ns" and nd" series are easily identified
in the D'channel.

A number of theoretical studies' ' ' ' ' concerning
the resonances have been performed, although only the
total cross section has been addressed. The results of
some of these calculations are presented in Table III. We
find a Lorentzian line shape for the nd" series in both the
S' and D' channels in agreement with the high ~q~

value predicted by theory for the total cross section. The
ns" resonances, which are only visible in the D' channel,
appear to have a negative q of about —2, again in good
agreement with theory. Our resolution did not allow a
detailed study of the width of these resonances, but espe-
cially the ns" series appears to be broader than predicted
by the calculations in Table III. Since none of the calcu-
lations for the asymmetry parameter in this
range' ' ' ' incorporates the resonance structure, a
comparison between theory and experiment with regard
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TABLE III. Resonance parameters for the lower members of the Rydberg series converging upon the P' limit. I. stands for a cal-

culation in the length formulation, V represents a calculation in the velocity gauge. These values pertain to the total cross section.

Resonance
state

Ref. 12
Theo r.

Energy (eV)
Ref. 20
Theor.

Ref. 45
Expt.

FWHM (meV)
Ref. 12 Ref. 20
Theo r. Theo r.

q parameter
Ref. 12 Ref. 20
Theo r. Theor.

5s "( D')

6s "( P')

3d "( P')
4d"( P')
5d "('P')
3d "('D')

4d "('D')

Sd"('D')

17.703

18.050

17.780
18.088

17.780

18.088

17.722

18.057

17.115
17.777
18.083
17.110

17.775

18.083

17.687

18.042

17.103
17.775
18.086
17.105

17.775

18.086

3.39

1.68

1.48
0.765

1.25

0.686

0.648

& 0.01
~ 0.01
~ 0.01

0.265

0.123

0.066

—5.99

—5.56

—7.92
—7.47

—2.113 (L)
—2.971 ( V)
—2.191 (I.)
—2.934 (V)

—16.00 (L)
—16.92 ( V)
—18.49 (L)
—19.71 (V)
—18.19 (I-)
—18.37 (~

to P; could not be made.
The good agreement between our intensity ratios, i.e.,

cr( D')/o(5'), a.nd those published by Hussein et at. is
illustrated in Table IV. Between the D' and P' thresh-

olds our total nonresonant cross section, obtained by add-
ing the partial cross sections of the S and D 1onic
states, is about 20% lower than the values calculated by
Bell et al. ,

' as compared to a 15% smaller value below

10.0

8.0—

6.0—
0
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0

4.0—
0

2.0—

0.0
2.5

2.0 — 4
I
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—1 ~ 0

4

6
1.5—

1.0—
C4
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= 2 0

I
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5 6 7
I I I II
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I I I I II
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E

I
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0
~ W

10.0-
04

5.0—
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—0.5
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= 2 0
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5 6 7
I I I III

6 7 8
I I I II

I I I

17.5 18.0 18.5
Photon Energy (eV)

ns"

= 2 0

0(D)

ns"

= 2 0

o (D)
19.0

FIR. 7. Absolute photoionization cross section (upper panel)
and asymmetry parameter (lower panel) for the S' ionic state
between the D' threshold at 16.94 eV and the P' threshold at
18.64 eV. The CIS spectra have been taken in steps of 10 meV

0
and with a resolution of 0.7 A. The ns" Rydberg series is indi-
cated, but not observed in this channel.

FIT&. 8. Absolute photoionization cross section (upper panel)
and asymmetry parameter (lower panel) for the D' ionic state
between the D' threshold at 16.94 eV and the P' threshold at
18.64 eV. The CIS spectra have been taken in steps of 10 meV
and with a resolution of 0.7 A. The ns" Rydberg series i.s clear-
ly visible in this channel.
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TABLE IV. Intensity ratio Io( D')/o( S')] at selected photon energies outside the autoionization
resonances.

Photon energy (eV)

17.22
17.59
17.92
18.28
18.79
19.08
19.37
19.68
20.00
20.66
21.38

o.( D')/o. { S')'

1.12
1.57
1.43
1.87
1.65
1.63
1.63
1.61
1 ~ 56
1.51
1.51

(2D o) y (4So)b

1.13
1.43
1.53
1.72
1.70
1.57
0.97
1.61
1.64
1.77
1.50

'This work; estimated errors 10%.
"Reference 52. These data show an anomaly at 19.37 eV; errors quoted 15%.

the D' ionization limit. This indicates that Bell et al.
correctly incorporated the D' channel, that opens at
16.94 eV.

Our experiment shows that the nonresonant cross sec-
tion for both the 5' and the D' components remains
fairly constant between the D and P' thresholds. Al-
though this is supported by the R-matrix calculations of
Pradhan and Bell et a/. ,

' it is in disagreement with the
measurements of Angel and Samson, ' who found a
rise towards the P' limit. Again, the reason for the
discrepancies between the different experimental relative
cross sections is unclear. Finally, no experimental deter-
mination of the asymmetry parameters exists in this re-
gion to compare with the present results.

C. The structureless region between 19.0 and 25.0 eV

Since this region does not contain any autoionization
resonances we expect a rather smooth curve for both the
photoionization cross section and the asymmetry param-
eter. Our results for the S' and D' components are
shown in Figs. 9 and 10, along with the available mea-

surements at the He Ia wavelength. ' ' ' Also shown
are the results of several theoretical calculations which,
at least to some extent, include the effect of electron
correlation. ' ' ' Our numerical values are presented
in Table V.

Within the error limits, our results for the asymmetry
parameter agree with the values given by Samson and
Hancock, even though theirs are slightly higher. No
other experimental points exist in this region.

For the asymmetry parameter of the 5' ionic state the
agreement with theory is quite good. Although there is
some discrepancy in the case of the D' component, the
shape of the curve is very well represented by the calcula-
tion of Vesnicheva et al. In both instances the theoret-
ical values are too high compared with the present exper-
imental ones.

It should be noted that most of the asymmetry parame-
ter calculations at the Hartree-Slater or Hartree-Fock
level' ' ' give results similar to the more sophisticated
calculations shown in Figs. 9 and 10, indicating that, at
least at these photon energies, electron correlation may
not be all that important.

TABLE V. Experimental absolute photoionization cross sections (tr) and asymemtry parameters (P)
for the S'and D'ionic states between 19.0 and 25.0 eV.

Photon energy (eV)

25.00
24.50
24.00
23.50
23.00
22.50
22.00
21.50
21.00
20.50
20.00
19.50
19.00

0.( S') (Mb)

1.87
1.91
2.02
2.10
2.15
2.22
2.32
2.36
2.39
2.39
2.32
2.24

o (2D o) (Mb)

2.53
2.67
2.86
3.05
3.21
3.31
3.44
3.56
3.60
3.61
3.62
3.65

p(4go)

0.87
0.86
0.83
0.80
0.74
0.71
0.67
0.65
0.58
0.56
0.51
0.45
0.36

13( D')

0.57
0.51
0.43
0.41
0.37
0.31
0.22
0.17
0.11
0.08
0.04
0.03
0.00
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TABLE VI. Resonance parameters for the 2s ~3p('S', 'P', 'D') autoionizing Rydberg states derived
from the experimental profile. Details of the fit procedure are described in the text. The numbers in
parentheses are estimated probable errors which include the uncertainty in the description of the mono-
chromator slit function, and for the resonance energy, the energy calibration of the monochromator.

Ionic state

S'

2D 0

Resonance state

2s2p ( P')3p('D')
2s2p ( P')3p( S')
2s2p ( P')3p( D')
2s2p ( P')3p('S')
2s2p "( P')3p( P')

Energy (eV)

25.75(0.03 )

25.82(0.03 )

25.75(0.03 )

25.83(0.03)
25.95(0.03 )

FWHM (meV)

8(1)
2(1)

13(1)
15(1)
32(1)

—2.1(0.1)
2.7(0. 1)

10(2)
4(1)

—0.7{0.1)

When plotted as a function of photoelectron kinetic en-
ergy (not shown), the asymmetry parameters for the ~S'
and D' levels almost coincide, as predicted by the calcu-
lations of Manson et al. , who showed that anisotropic

effects, which would cause a difference between the two
components, are small for second row atoms.

For the partial cross sections we find large discrepan-
cies, not only between the experimental values,

4.0—
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o(s) 7.0—
2 0

6.0—
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3.0—
0
O~ Z.O—
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This Work
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Ref .26
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This Work
Ref. 53
Ref. 32
Ref . 36

I
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This Work
Ref .47
Ref. 29
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Ref. 19 L
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Ref. 29
Ref. 19 V
Ref. 19 L

I I I

23.0 24.0 25.0 26.0
Photon Energy (eV) Photon Energy (eV)

FIG. 9. Absolute photoionization cross section (upper panel)
and asymmetry parameter (lower panel) for the S' ionic state
between 19.0 and 25.0 eV. L and V stand for length and veloci-
ty results. The total cross sections at the Hera wavelength of
Samson and Pareek (Ref. 53), Cairns and Samson (Ref. 32), and
Comes, Speier, and Elzer (Ref. 36) have been broken down into
partial cross sections using the branching ratios of Samson and
Petrosky (Ref. 42) ~ The uncertainties in these partial cross sec-
tions are 15%, 36%, and 16%, respectively. The experimental
value for the asymmetry parameter of Samson and Hancock
(Ref. 47) has an uncertainty of 0.02. Theoretical values are from
Smith (Ref. 19), Henry (Ref. 9), Pradhan (Ref. 22), and Vesni-
cheva et al. (Ref. 29).

FIG. 10. Absolute photoionization cross section (upper
panel) and asymmetry parameter (lower panel) for the D' ionic
state between 19.0 and 25.0 eV. L and V stand for calculations
in the length and velocity formulation. The total cross section
at the He I a wavelength of Samson and Pareek (Ref. 53), Cairns
and Samson (Ref. 32), and Comes, Speier, and Elzer (Ref. 36)
have been broken down into partial cross sections using the
branching ratios of Samson and Petrosky (Ref. 42). The uncer-
tainties in these partial cross sections are 15%, 36%, and 16%,
respectively. The experimental value for the asymmetry param-
eter of Samson and Hancock (Ref. 47) has an uncertainty of
0.05. Theoretical values are from Smith (Ref. 19), Henry {Ref.
9), Pradhan (Ref. 26), and Vesnicheva et al. (Ref. 29).
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but also among the various calculations. ' ' ' The
disagreement between the calculations is not well under-
stood since in this energy region even the relatively
straightforward Hartree-Fock method should produce
fairly accurate results.

Our results seem too low when compared with either
the other experimental values, or the calculations. How-
ever, this may be caused by our choice of the measure-
ments of Van der Meer et aI. as a normalization stan-
dard. From our experimental results it appears that the
S' and D' partial cross sections are dropping toward

higher energies, which, apart from the normalization fac-
tor, is confirmed by the most recent calculations on the
partial cross sections by Pradhan. 2 ' 6

D. Resonances below the I'' threshold

We reported on the resonances belonging to the
2s~np(n ~ 3) Rydberg series in an earlier, preliminary
paper. Here we have put the cross sections for the S'
and D' components on an absolute scale, and we have
fitted the first (n = 3) resonance with a Fano-type profile.

Figure 11 shows the absolute photoionization cross

section for the S' and D' ionic states across the np Ryd-
berg series. As pointed out before (Table I), the first
member of the series shows evidence for only the
2s2P ( P')3P( S') and 2s 2p ( P')3P( D') lines in the S'
channel, whereas in the D ' channel a11 three
2s 2p ( P')3p( 5', P', D') autoionizing states are ob-
served. For the higher members of the series (n )3) the
individual states are no longer resolved. It should be not-
ed that, just as for the resonances below the I" thresh-
old, here I.S coupling also seems to be appropriate. This
is in contrast to the resonance below the D' limit, where
a breakdown of the I.S coupling scheme occurs.

In order to obtain more accurate values for the posi-
tion, the width and the Fano line profile index q for the
individual resonances we have fitted the n =3 member of
the series with a Shore profile, while taking into ac-
count the finite width of the monochromator slit func-
tion.

In the case of overlapping, but noninteracting reso-
nances the cross section is given by

cr;(E)=C+g(a, E, +bj )/(i+8 ),

I I

si(D) ~ data
fit
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0,0

5 6 7
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3 0
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FIG. 11. Absolute photoionization cross section for the S'
{upper panel) and D' (lower panel} ionic states across the
2s~np {n «3) autoionizing Rydberg series. The CIS spectra
have been taken in steps of 10 meV and with a resolution of 0.7
0
A. Portions of these spectra are shown in Ref. 57 at a resolu-
tion of 0.3 A.

FIG. 12. Absolute photoionization cross section for the S'
ionic state across the 2s —+3p {'S','D') autoionizing resonances.
The lower panel contains the profile as calculated with the pa-
rameters in Table VI. The upper panel shows the same profile

0
convoluted with a Gaussian of 0.71-A FWHM, which
represents the monochromator slit function, together with our
experimental data points. Details of the fit procedure are de-
scribed in the text.
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TABLE VII. Theoretical resonance parameters for the 2s~3p ('S', 'P", 'D') autoionizing Rydberg
states as calculated by Taylor and Burke (Ref. 20) for the total cross section. I. stands for length gauge,
V for velocity gauge.

Resonance state

2s2p ( P')3p( D')

2s2p ( P')3p( S')

2s2p ( P')3p( P')

Energy (eV)

25.87

25.96

26.07

FWHM (mev)

0.713

0.334

3.57

—1.19 (L,)—0.54 ( V)
—2.17 (I.)
—1.53 ( V)
—0.67 (1.)—1.25 (V)

E =2(E E')/—I

In Eq. (5), o;(E) is the photon-energy-dependent partial
cross section, C stands for the nonresonant part of the
cross section that varies only slowly with the photon en-
ergy E, and a and b are parameters that determine the
shape of the profile. The reduced energy c, is the dis-
tance from the exact position E' of resonance j expressed
in units of its width I j (FWHM).

Alternatively, the cross section may be expressed as a
Fano profile:

o; (E)=o+g [.o. '. ( q, +e, ) j /( 1+EJ. ) .
J

(7)

In Eq. (7), cr is the slowly varying, nonresonant part of
the cross section, o.' arises from the interaction of the au-
toionizing Rydberg state j with the continuum, and q is
the Fano line profile index. The q. is related to a and b.
according to

q =[b +(a +b )'~ ]/a (8)

5.0

4.0—

l 1

(D)q p( )

sp( p )

I

~ data
fit

3.0—
0

~ W

0
Q

2.0—
0
O

1.0—

a 4
'W

0.0
o(D)

6.0—

& 5.0—
0

0
O

3.0—

o 2.0

I I

si(n )

3I(P )

ao0(D)00—
25.25 25 50 2575 26 00 26 25 26 50

Photon Energy (ev)

FIG. 13. Absolute photoionization cross section for the 'D'
ionic state across the 2s~3p { S,'P', 'D') autoionizing reso-
nances. The lower panel contains the profile as calculated with
the parameters in Table V. The upper panel shows the same
profile convoluted with a Gaussian of 0.71 A FWHM, which
represents the monochromator slit function, together with our
experimental data points. Details of the fit procedure are de-
scribed in the text.

The fit procedure employed a Simplex algorithm in
which the parameters are given a trial value first. Next,
the resonance profile is calculated according to Eq. (5)
and the result is convoluted with the monochromator slit
function to account for the broadening of the lines. Then
the root-mean-square deviation between the calculated
and experimental line shapes is computed and new trial
values for the parameters are obtained. The procedure is
repeated iteratively until the least squares deviation is
minimal.

The profiles in the S' and D' channels were fit with
two and three resonances, respectively, i.e., spin-orbit
coupling was neglected. The monochromator slit func-
tion was described by a Gaussian of 0.71-A FWHM as
determined by fitting the Xe 5P ('S, ) —+Xe 5p ( P»z)8s'
resonance at 12.58 eV and the Ar 3s 3P ('S, )~Ar
3s3p ( S,&2)5P resonance at 28.00 eV. Moreover, the
gaussian character and the FWHM deduced from these
lines gave the lowest root-mean-square deviation in the
fitting of the oxygen resonances. The results of the fit are
presented in Figs. 12 and 13, and Table VI. The pro-
cedure followed is supported by the high quality of the
fits.

The few calculations for the np( S', P', D') reso-
nances that exist ' ' are mostly concerned with the
total cross section. Thus a detailed comparison between
experimental (Table VI) and theoretical parameters
(Table VII) is not possible to date. It seems, however,
that the calculated width of the resonances are about an
order of magnitude too low. On the other hand, the
shape of both resonances in the 5' channel appears to be
reproduced very well by the calculations by Pradhan
(Fig. 2). In addition, the P' is calculated to have the
largest width, which is indeed borne out by our experi-
ment.
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IV. CQNCI. USIONS

By combining synchrotron radiation and photoelectron
spectroscopy we performed an angle-resolved photoemis-
sion experiment on atomic oxygen over a wide energy
range. Both the partial cross sections and the asymmetry
parameters for the S' and D' ionic states were studied
from their respective thresholds to -just above the
2s ' P' limit. Attention was focused on the numerous
autoionization resonances in this region.

The asymmetry parameter values compare favorably
with the few data available from previous experiments
done with line sources. Although accurate relative par-
tial cross sections have been obtained, some ambiguity
remains in putting these relative measurements on an ab-
solute scale.

In spite of the fact that a large number of theoretical
papers dealing with the photoionization of atomic oxygen

have appeared in the literature, the present experiments
reveal an urgent need for the calculation of partial cross
sections and asymmetry parameters across the autoioniz-
ing resonances, which dominate the spectrum from the
first ionization potential to about 30 eV.
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