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PHYSICAL REVIEW A VOLUME 52, NUMBER 6 DECEMBER 1995

Photoionization of atomic oxygen at the multiplet term level from 20 to 212 ev

S. J. Schaphorst, '* M. O. Krause, C. D. Caldwell, ' H. P. Saha, ' M. Pahler, '~ and J. Jimenez-Micr
'Department of Physics, University of Central Florida, Orlando, Florida 328/6-2385

Oak Ridge Nationa/ Laboratory, Oak Ridge, Tennessee 37831-6201

(Received 10 March 1995)

The valence shell photoionization branching ratios of atomic oxygen are measured at the multiplet term level
in a synchrotron-radiation-based electron spectrometry experiment and calculated using the multiconfiguration
Hartree-Fock (MCHF) method for photon energies between 20 and 212 eV. The [2p]( 5, D, P) branching
ratios, [2s] P to [2s] P intensity ratio, and [2s] to [2p] cross-section ratio for removal of a 2s or 2p electron
are presented, and satisfactory agreement between the experiment and the MCHF calculation is found. In
addition, the relative photoionization cross section is measured between 24 and 122 eV and is compared with

calculations and a previous absolute cross-section measurement. Good agreement between the experimental
and MCHF results is seen.

PACS number(s): 32.80.Fb

I. INTRODUCTION

While a detailed understanding of the photoionization
process in closed-shell atoms has emerged [1—4] following
the first studies at the subshell level [5—7], a corresponding
understanding of open-shell atoms has yet to evolve. The
photoionization of open-shell atoms leads to a multiplet of
final LSJ ionic states due to the angular momentum coupling
possibilities in the presence of an open subshell. Experimen-
tal methods such as electron spectrometry, which can differ-
entiate the photoionization process at the LSJ term level, are
particularly helpful in leading to an understanding of open-
shell systems, but have been relatively rare [8—11] and gen-
erally limited to a narrow range of photon energy. Conse-
quently, theoretical studies that have predicted dynamic
properties in the photoionization of open-shell atoms, from
calculations performed in the 1960's and 1970's to recent
more sophisticated calculations, have remained largely un-

tested by experiment, even though the results of the calcula-
tions have often been at variance with one another.

Of primary interest are the relative photoionization cross
sections for LSJ terms of a particular nl subshell. Under the
assumptions that correlations in the initial and final states of
the system are negligible and that transition amplitudes are
independent of the final ionic state, these branching ratios are
expected to be constant and purely geometric, thereby deter-
mined solely by the angular momentum coupling of the rel-
evant transition states [12—14]. Dynamic effects, such as
those associated with a term dependence of the transition
matrix elements, can cause deviations from purely geometric
values. Approaching threshold, in addition to dynamic ef-
fects, kinetic effects arising from the different binding ener-
gies of the final LSJ ionic states in combination with a slope

*Present address: Fakultat fiir Physik, Universitat Freiburg,
D-79104 Freiburg, Federal Republic of Germany.

Present address: Fafnir GrnbH, Bahrenfelder Strasse 19, D-22765
Hamburg, Federal Republic of Germany.

in the cross section might also be expected to cause such
deviations in the relative cross sections.

Several experiments performed on halogen atoms [11,15—
18] with photon energies 5—20 eV above the valence sub-
shell thresholds have found branching ratios for the LSJ
terms to be surprisingly close to the geometric values. Simi-
larly, studies of the atomic oxygen 2p subshell branching
ratios with photon energies ranging from close to threshold
to 25 eV, which employed He I [19] or synchrotron [9,20]
radiation, and above the 2s~np autoionization resonances
at 40.8 eV [21], have indicated that these ratios do not devi-
ate strongly from the geometric values. However, a measure-
ment of the branching ratios for an open-shell atom over a
broad energy range which is free of Cooper minima and
autoionization resonances is still lacking.

Atomic oxygen represents a particularly good test case for
the inhuence of dynamic effects on the branching ratios over
a wide range of photon energy, as it possesses a relatively
simple electronic structure and lacks a Cooper minimum.
Moreover, the results of such a study will provide detailed
information for the modeling of physical and chemical pro-
cesses in the upper atmosphere, where atomic oxygen is one
of the major constituents. Previously, cross-section data have
been drawn mostly from calculations and a few experimental
data of limited scope, as summarized in the latest compila-
tions [22,23].

We present measured and calculated branching ratios for
photoionization from the open 2p and closed 2s subshells of
atomic oxygen in the photon energy region 20(h v(212 eV.
The experimental results are compared with a multiconfigu-
ration Hartree-Fock (MCHF) calculation, geometric values
based on an LS coupling scheme, and with the most relevant
experimental [9,19—21] and theoretical [24—28] results. The
relative total cross sections for all one-electron processes be-
tween 24 and 122 eV are also determined and compared with
theory as well as an experiment in which the total ion yield
was measured [29]. When combined with recent highly dif-
ferentiated measurements in the energy region of autoioniz-
ation resonances within the 2p manifold up to 29 eV [9] and
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the photoexcited resonant and normal KLL Auger electron
spectra [30—32], the present work provides a comprehensive
account of the dominant photoexcitation and deexcitation
processes for atomic oxygen between 15 and 600 eV.

II. EXPERIMENT

The experiment was performed at the Aladdin storage ring
of the Synchrotron Radiation Center (SRC) in Stoughton,
Wisconsin, using three different SRC monochromators: the
3-m toroidal grating monochromator (TGM) for the photon
energy range 20—122 eV, the Mark V Grasshopper from 100
to 175 eV, and the 10-m TGM at 212 eV. The electron spec-
trometer and experimental setup have been described in de-
tail elsewhere [9,33]. The system consists of three spherical
sector plate analyzers mounted at right angles to one another
on a platform that can be rotated about the direction of the
ionizing radiation. The analyzers have a nominal resolution
of AEIE= 0.01 and for these measurements were operated
with pass energies ranging from 10.0 to 50.0 eV for the best
compromise between effective resolution in eV [full width at
half maximum (FWHM)] and intensity. The effective photo-
electron spectrometry (PES) resolution varied from 0.15 to
0.5 eV for photon energies from 20 to 120 eV and from 0.80
to 1.4 eV for photon energies from 125 to 175 eV and was
1.0 eV at a photon energy of 212 eV.

To avoid effects due to the angular dependence of the
photoelectron intensity, measurements were made at the
pseudo-magic angle 9 =(1/2)cos '( —1/3p) as referred to
the major axis of the polarization ellipse. The degree of lin-
ear polarization p of the incident radiation and the symmetry
of the source volume were monitored based on the angular
distributions of rare gas photoelectron and Auger electron
peaks with well-known angular distribution parameters P.
The degree of linear polarization was measured to be, on the
average, 82(2)% for the 3-m TGM low-energy grating,
72(3)% for the 3-m TGM high-energy grating, 82(1)% for
the Mark V monochromator, and 79(3)% for the 10-m TGM.
The polarization was found to have a slight photon energy
dependence for each monochromator. The monochromators
were calibrated in energy by determining the overlap of the
Xe 5p photolines in first order and the Xe 4d photolines
from second order radiation for the 3-m TGM, the K-shell
absorption edge of a thin Be foil with a Fermi level of 112.00
eV [34] for the Mark V, and the overlap of the Ne 2p pho-
toline with the 02 K Auger line at 500.5 eV [35] for the
10-m TGM.

Oxygen atoms were produced in a 2.45-GHz microwave
discharge from molecular oxygen of purity &99.99%. The
inner walls of the discharge tube were coated with phosphor-
ous pentoxide to reduce the recombination rate on the sur-
faces. The molecular and atomic species flowed into the ion-
ization region through an 11-mm-diam, 30-cm-long Aow
tube coated with halocarbon wax, with a 5-mm-diam Bow
restriction at the end to maintain a pressure gradient between
the discharge tube and the scattering region. By adding a
small amount of N2 to the discharge, the atomic oxygen yield
was seen to improve considerably, from about 25 —30% to
typically 50—60% [30]. ln addition to atomic oxygen, the
discharge produced small amounts of nitric oxide and the
electronically excited 02'Ag state. The presence of these

species complicated the background subtraction procedure.
Photoelectron spectra were normally recorded in the con-

stant pass energy mode in which a staircase voltage is ap-
plied to the source cell, although some measurements in the
constant retardation-acceleration mode in which the pass en-
ergy of the analyzer is varied were performed for consistency
checks on the relative intensities. For the determination of
the [2p]( 5, D, P) branching ratios and the [2s] P to
[2s]4P cross-section ratio over the entire energy region up
to 212 eV, the transmission function of the electron analyzer
was calibrated using the relative cross-sections of the neon
2s and 2p photopeaks [7,36—38]. For measuring the photon
energy dependence of the relative atomic oxygen 2p and 2s
cross sections, the transmission functions of the 3-m TGM
gratings were calibrated primarily using the known Ne 2p
[36,38] cross section and, secondarily, using the relative
cross sections of the ever-present 02 IIg [39]molecular con-
tribution. No such calibrations of the transmission depen-
dence were performed for the other monochromators; hence,
the relative cross-section measurements extend only up to
the 122-eV maximum energy of the 3-m TGM.

III. THEORY

A theoretical calculation was performed for the photoion-
ization of the ground state of the oxygen atom using the
multiconfiguration Hartree-Fock method, which, inter alia,
has been quite successful in explaining the Auger spectra of
atomic oxygen [31].A systematic investigation of the partial
cross section for production of each of the LS components of
the final ionic states arising from removal of either a 2s or
2p electron has been made, i.e.,

h v+0(2s 2p P)~O+(2s 2p S, D, P)+e

~O (2s2p P, D, S, P)+e
(1)

The 1s, 2s, and 2p core orbitals were first obtained from
the MCHF calculation of the two configurations
2s 2p ( P) and 2p ( P) of the oxygen ion, which mix
strongly. To optimize the 1s, 2s, and 2p wave functions for
each of the final ionic states, we performed a MCHF calcu-
lation for the configuration set consisting of
2s 2p ( D, P)3d P and 2s2p ( P, P, D)3psP, varying
the 2s, 2p, 3p, and 3d orbitals to obtain consistent 2s and

2p wave functions for each state. The wave function for the
2s 2p ( P) ground state was then determined using these
1s, 2s, and 2p orbitals. In the calculation of the ground
state, the MCHF expansion is represented as a bound state of
the electron-plus-ion system, and all channels are retained
which can be formed from these ionic configurations. Sepa-
rate MCHF calculations were performed for each ionic state,
keeping 1s, 2s, and 2p orbitals the same as before, and
varying the additional 3s, 3p, and 3d excited orbitals. In
this way the threshold energies for each of the ionic states
were obtained, and they were found to be in very good agree-
ment with experiment.

The final continuum state wave functions corresponding
to each of the ionic states were determined using the MCHF
method for continuum wave functions [40]. The MCHF ex-
pansion for the final continuum states consistent with proper
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LS coupling and parity conservation includes a set of open
channels and some excited bound configurations generated
from the single and double replacement of the core ionic
orbitals, which account for the electron correlation and po-
larization. The excited state orbitals were optimized along
with the continuum in each of the final continuum states.

The bound and continuum orbitals obtained as described
above for the separate LS final states corresponding to each
of the ionic configurations were used along with the initial
state wave functions to calculate the dipole matrix elements
for the partial photoionization cross sections. The length and
velocity forms of each of the partial cross sections are found
to be in reasonably good agreement, as are those for the
corresponding branching ratios for each of the various pro-
cesses. The total cross sections have been calculated by sum-
ming over the partial cross sections, and in this case the
length and velocity forms are also in satisfactory agreement.

(b) t:2p]

2D

4 I 2p
S

[2s]

Q+
hv = 91.0 eV

0=57'

IV. RESULTS AND DISCUSSION

The atomic oxygen photopeaks were extracted from
"discharge-on" ("on") spectra by subtracting the spectra as-
sociated with the precursor molecule 02, the additive Nz,
and species created by the microwave discharge. The proce-
dure is illustrated in Fig. 1. In Fig. 1(a) is shown an "on"
spectrum recorded at a photon energy of 91.0 eV. Below the
"on" spectrum are spectra of the 02+, N2+, and NO+ mol-
ecules corresponding to the same photon energy. Normaliza-
tion of the spectra relevant to each other for the purposes of
the subtraction was performed at the features indicated by
circles, asterisks, and lines.

"Discharge-off'* ("off") spectra for N2 were recorded in-
dividually for photon energies up to 122 eV and for 02 at all
photon energies. It should be noted at the 02 spectra usually
contained an admixture of N2 which was, however, different
in the "off" spectra from that in the "on" spectra. Above
122 eV the partial cross sections for the production of the
N2+ bands were obtained by extrapolation and normalized to
the g+ peak, indicated with a line in Fig. 1(a). "off" spec-
tra were not recorded directly for NO. However, for photon
energies below approximately 70 eV, the PES resolution was
sufficient to separate the NO+ structure from the atomic oxy-
gen photopeaks. The contributions of NO+ to the "on" spec-
tra at higher energies were determined by using the intensi-
ties of the well-isolated X'X+ and C II peaks marked by
asterisks in Fig. 1(a) and applying the partial cross sections
as measured in previous studies [41—44]. The NO+ spectrum
in Fig. 1(a) has been simulated on the basis of these partial
cross sections.

Following the subtraction of the 02+, N2+, and NO+
contributions from the "on" spectrum, there remains a back-
ground spectrum associated with the photoionization of the
excited 02'6 state labeled *02+ in Fig. 1(b). A higher-
resolution spectrum recorded at 21.9 eV shown in Fig. 2
displays more clearly the main contributions from *02+
(and also from NO ). The PES resolution for photon ener-
gies below approximately 120 eV permitted the *02+ con-
tribution, which is small relative to the 0 [2p] photopeaks,
to be separated by a fitting procedure. The population of the
metastable electronically excited O2'Ag state by a micro-
wave discharge has been previously observed and studied

N2

NO+

I 5 25 35 45
Binding Energy (eV)

FIG. 1. Photoelectron spectrum of the oxygen atom recorded at
a photon energy of 91.0 eV. (a) displays a "discharge-on" spectrum
and the corresponding "discharge-off" spectra for the precursor
molecule O2 and the additive N2. The NO molecule is created in
the microwave discharge and the NO+ spectrum is based on the
partial cross sections from previous studies [41—44]. Symbols iden-
tify the peaks in the spectra in (a) used for the normalization in the
subtraction procedure. (b) displays the resulting atomic oxygen
spectrum with its [2p] and I2s] photopeaks in addition to the
*02+ structure associated with the photoionization of the excited
02'6 state. Each spectrum was recorded at the pseudo-magic
angle and contains 512 channels.

[45—47]. We found that in the photon energy range from 70
to 120 eV, the intensities of the *02+ peaks between 16 and
20 eV relative to the II peak at 11.5 eV binding energy are
by and large independent of photon energy. We maintained
the constant spectral distribution of the *02+ structure at
h v) 120 eV, where a direct identification of the overlapping
*02+ peaks was no longer possible, and subtracted their
contributions by normalizing to the well-isolated H peak.

The atomic oxygen photolines were fit with Pearson-7
functions, which approximate the Voigt line profile [48], al-
though it should be noted that the contribution of the natural
width to the total width for these spectra is negligible. The
widths and shapes of the 0+ peaks were fixed to be the same
in the fitting procedure, which is particularly advantageous in
differentiating the [2p] D and [2p] P peaks from the un-
derlying *Oz+ and NO+ structure and any residuals in spec-
tra recorded at higher photon energies. (We use the notation
in which a square bracket indicates a vacancy in a subshell. )
The intensities for the resulting atomic peaks obtained from
the fitting procedure were corrected for the electron analyzer
transmission function.
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he = 21.9 eV
C3 8=57

C3

V
2—

N

0

O 0

o2(rL)
I I ll

No (n)
I o

2p

10 12 16

Binding Energy (eV)

18 20

FIG. 2. Photoelectron spectrum of the atomic oxygen [2p] final

ionic states recorded at a photon energy of 21.9 eV, following the

subtraction of the 02+ and N2+ components. Molecular products
created by the discharge are identified. The solid line represents a

fit to the data. The spectrum consists of 256 channels.

The uncertainties in the intensities derive from (1) statis-
tical uncertainty in the recorded intensities, (2) the uncer-

tainty in the subtraction of the contributions from the mo-
lecular components, (3) the scatter between different
measurements, and (4) the uncertainty in the transmission
function correction for the analyzers. At the lower photon
energies, the major uncertainty arises from the transmission
function correction. At higher photon energies the major un-

certainty arises from the background subtraction of the
*02 and NO+ structure underlying the [2p] D and P
peaks and the need to extrapolate in order to determine the
relative intensities for the molecular bands.

A. Branching ratios for the [2p] multiplets

The measured branching ratios for the 0+[2p] S, D,
and P multiplet lines are listed in Table I and compared in

Fig. 3 with our MCHF calculation and the geometric values.
The larger error bars for photon energies above about 100 eV
reflect primarily the uncertainty in the molecular background
underlying the D and P peaks. The branching ratios be-
tween 137 and 175 eV, measured with the Grasshopper, also
suffer from a lower photon flux and a low PES resolution,
which complicated the subtraction procedure. This could
cause a possible systematic error that would increase with

photon energy due to the increasingly lower resolution of the
monochromator. Estimated to be smaller than the other un-

certainties, this error was not included in the assessment of
the overall uncertainty. The increased photon flux from the
10-m TGM permitted a higher-resolution spectrum to be re-
corded at 212 eV and led to the smaller errors at this photon
energy. This spectrum is shown in Fig. 4.

For photon energies above the 2s~np autoionization re-

gion ending at 40 eV, the experimental and MCHF [2p]
branching ratios agree satisfactorily regarding the magni-
tudes and energy dependences. However, the experimental
data taken by themselves would allow for slight slopes
within the error limits. While the experimental and MCHF
branching ratios for the S and P ionic states agree well
over the photon energy range from 35 to 125 eV, the experi-

TABLE I. Measured photoionization branching ratios for the
atomic oxygen [2p]( S, D, P) final ionic states.

hi (eV)

19.9
21.9
23.9
34.9
40.9
44.9
49.9
60.4
70.5
80.8
91.0

100.0
101.2
111.4
121.7
125.0
138.5
150.0
175.0
212.0

0.382(25)
0.337(19)
0.311(19)
0.290(15)
0.299(15)
0.299(15)
0.304(14)
0.318(13)
0.310(11)
0.311(12)
0.308(12)
0.323(19)
0.295(13)
0.307(13)
0.308(24)
0.330(24)
0.316(22)
0.310(23)
0.330(32)
0.352(26)

2D

0.466(25)
0.477(22)
0.476(21)
0.459(17)
0.460(17)
0.465(16)
0.452(16)
0.442(15)
0.450(13)
0.443(14)
0.441(14)
0.438(22)
0.425(15)
0.437(17)
0.459(34)
0.433(28)
0.413(23)
0.408(31)
0.378(44)
0.407(31)

2p

0.151(16)
0.186(16)
0.213(15)
0.252(14)
0.241(13)
0.236(12)
0.244(13)
0.240(12)
0.240(11)
0.246(10)
0.251(11)
0.240(20)
0.280(11)
0.256(12)
0.233(28)
0.237(27)
0.271(22)
0.282(28)
0.292(39)
0.241(26)

0.6 —,
P

I

o+lz j
MCHF (L)
MCHF (V)

Ct ~--- geometric
0.5 2

D

0.4
WOHOH F101

n

's
U I t'l T T

0.3— I-

P

0. 1

10
I ~ I

90 130 170

Photon Energy (eV)
50

FIG. 3. Comparison of experimental and theoretical atomic oxy-

gen [2p] branching ratios. The MCHF length and velocity gauge
results are indicated by solid and dashed lines, respectively. The
geometric values are represented by the dotted lines. The

[2p] D, S, and P final ionic states are represented by circles,
triangles, and squares, respectively, with measurements made on the

Mark V monochromator indicated by open symbols.

mental [2p] D branching ratio decreases slowly between 40
and 212 eV, whereas the MCHF values show a very slight
increase over this photon energy range. The measured and
calculated ratios in this region lie close to the geometric val-

ues of 5/12, 1/3, and 1/4 for the D, S, and P states, re-
spectively [13].The good agreement between the measured
branching ratios and the geometric values at high photon
energies indicates the relative accuracy of LS coupling and
the single-configuration model [13] in describing the initial
and final states, in addition to the expected independence of
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the transition matrix elements in the final ionic states. The
apparent deviations of the experimental branching ratios be-
tween 137 and 175 eV, and to a lesser extent at 212 eV, from
the essentially constant values might be attributed to the dif-

FIG. 4. Photoelectron spectrum of atomic oxygen recorded at a
photon energy of 212 eV following the subtraction of the Oz
Nz+, and NO+ contributions. The solid line represents a y fit to
the data. The spectrum consists of 256 channels and has not been
corrected for transmission function effects of the electron spectrom-
eter. Several correlation satellites (5) are marked, aud the positions
of the [2sj D, S multiplet lines are indicated. The peak (?) at 26.8
eV may be due to excited Oz.

ficulties in subtracting the NO+ and *Oz+ structure at the
resolution attainable in this range.

While our experimental work presents the only data over
a wide photon energy range, several calculations exist which
cover the energy range shown in Fig. 3. For the sake of
clarity, these earlier theoretical results and the measurements
of the [2p] intensity ratios available below 41 eV are not
included in the figure, but are compared with our results at
selected photon energies in Table II. A comparison of the
branching ratios in terms of the D to S and P to S
cross-section ratios as shown in Table II is preferable close to
threshold due to the relatively large uncertainty in the elec-
tron analyzer transmission function for electrons of low ki-
netic energy and the relative ease of establishing a reliable

S reference. The ratios predicted in an early close-coupling
calculation [24] are seen to converge to the asymptotic geo-
metric ratios by 95.0 eV but disagree with our experimental
and theoretical results close to threshold. In the HF calcula-
tion of Starace et al. [25] up to 124 eV, the relatively large
discrepancies between the length and velocity gauge results
indicate the importance of including the coupling of the [2p]
continuum channels as noted by Henry [24]. The results of a
recent R- matrix calculation given in the length gauge [28]
exhibit surprising undulations in the branching ratios up to
200 eV, as is demonstrated, for example, by the significant
difference in the calculated ratios at 40.8 and 95.0 eV (see
Table II).

For photon energies below the 2s~np autoionization en-

ergy region, our calculated and measured [2p] branching

TABLE II. Comparison of experimental and theoretical [2P] D to S and P to 5 photoionization cross-
section ratios for atomic oxygen. The experimental values of Refs. [9] and [20] are interpolated from their
data. The velocity gauge calculations are indicated with square brackets.

(eV) This work

Experiment

c,d MCHF

Theory

R-matrix' HFf

19.9
21.22
21.9
23.9
40.8
95.0

1.22(10)
1.37(12)"
1.42(11)
1.53(12)
1.51(11)"
1.42(6)'

1.63(15)
1.56(19)

1.58(16)
1.51(15)
1.48(15)
1.42(14)

1.57 (14)'

1.65(13)

'DI4S
1.05[0.99]
1.14[1.10]
1.19[1.17)
1.25[1.24]
1.46[1.45]
1.40[1.39]

1.39
1.46
1.50
1.58
1.71
1.14

1.44[1.13]
1.48[1.19]
1.50[1.22]
1.53[1.29]
1.50[1.42]
1.17[1.26]

1.50[1.54]
1.54[1.59]
1.55[1.61]
1.56[1.64]
1.33[1.62]
1.25[1.27]

19.9
21.22
21.9
23.9
40.8
95.0

0.40(6)
0.47(7)"
0.55(6)
0.68(7)
0.80(8)"
0.81(6)'

0.88(8)
0.97(15) 0.82(7)'

0.92(13)

2p(4g

0.56[0.51]
0.64[0.61]
0.68[0.66]
0.74[0.73]
0.88[0.94]
0.77[0.85]

0.61
0.68
0.72
0.79
0.99
0.63

0.88[0.59]
0.95[0.66]
0.96[0.69]
1.00[0.75]
0.99[0.91]
0.69[0.76]

0.86[0.81]
0.92[0.86]
0.93[0.87]
0.97[0.92]
0.85[0.89]
0.75[0.75]

'Reference [20].
Reference [9].

'Reference [19].
"Reference [21].
'Reference [28].
Reference [25].
sReference [24]; values extracted from plot.
"Interpolated.
'Averaged between 80 and 110 eV.
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ratios diverge from the relatively constant values obtained at
high photon energy. Our experimental D to 5 ratio in-

creases with increasing photon energy whereas the interpo-
lated values from the measurements of van der Meulen et al.
[9] indicate a slight decrease in this ratio with increasing
photon energy over this energy range. At 19,9 eV our mea-
sured value is considerably below those of van der Meulen et
al. and Hussein et al. [20]. Indeed, Hussein et al. observed
no significant deviation in the D to 5 ratio down to a
photon energy of 18.79 eV. In an experiment which used He
I radiation at 21.22 eV, Samson and Petrovsky measured a

D to 5 ratio of 1.57(14) [19]which lies above the ratio of
1.37(12) interpolated from our data. In this energy range
close to threshold, the MCHF D to 5 ratios lie below the
experimental and other theoretical values. Calculations pre-
dict, however, a rise in this ratio as the photon energy in-
creases from 19.9 to 23.9 eV with which only the present
measurement agrees. The deviation between the MCHF and
HF results close to threshold is indicative of the importance
of including electron correlation for such calculations which
involve low-kinetic-energy electrons.

An increase in the P to 5 ratio with increasing photon
energy is also seen in the present experimental results and
the various calculations between 19.9 and 23.9 eV, with the
experimental results generally lying lower than the calcu-
lated values and displaying a much steeper rise in the ratio.
At 19.9 eV our measured value for the P to 5 ratio is over
a factor of 2 smaller than that measured by Hussein et al.
Over the photon energy range from 0.16 eV above the P
threshold at 18.79 eV to hv = 21.38 eV, Hussein et al.
measured values ranging from 0.82 to 1.10 with no clear
photon energy dependence. At 21.22 eV, Samson and Petro-
vsky measured a value of 0.82(7) for the P to 5 ratio,
which also lies significantly above a value of 0.47(7) inter-
polated from our experimental results. The R-matrix results
agree rather well with the MCHF calculation in this energy
region, with the MCHF calculation giving a value of 0.64
(0.61) in the length (velocity) gauge at 21.22 eV.

Although the determination of the branching ratios close
to the ionization thresholds was not a primary goal of our
study, the comparison in Table II of the low-energy data from
various sources demonstrates that the different experimental
and theoretical results often display considerable variances in
this range. This is not surprising, as this region is expected to
be most sensitive to the details of electron correlation and
dynamics in the calculation, and the experiment is more sus-
ceptible to the difficulties associated with detection of low-
energy electrons. Our experimental data, while in fair agree-
ment with the MCHF results, follow the same trend as the
calculation. It is evident from the intercomparison of all
available results that an extensive effort will be required for
a definitive establishment of the near-threshold behavior.

As shown in Table II, our measured and calculated D to
45 and P to 5 ratios agree within the errors with those of2 4

Dehmer and Dehmer at 40.8 eV [21].A close-coupling cal-
culation at this photon energy, which includes some configu-
ration interaction and the coupling of the [2s] P and P
continuum channels in addition to the [2P] continua, pre-
dicts a P cross section larger than the D cross section
[26], which disagrees with both of these experimental re-
sults, our MCHF calculation, and other calculations

2p
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FIG. 5. Comparison of experimental and theoretical atomic oxy-
gen [2s] P to P cross-section ratios. The MCHF length and ve-2 4

locity gauge results are indicated by solid and dashed lines, respec-
tively. The geometric values are given by a dotted line. Also shown
are R-matrix results of Bell and Stafford [28] (triangles). The mea-
surements made on the Mark V monochromator are indicated by
open symbols.

[24,25,28], as pointed out by Bell and Stafford [28]. The
average experimental D to 5 and P to 5 ratios between
80 and 110 eV are 1.42(6) and 0.81(6), respectively, and
compare excellently with the corresponding MCHF results
(see Table II).

C. Subshell cross-section ratios

The experimental [2s] to [2p] cross-section ratios be-
tween photon energies of 35 and 212 eV are compared with
the MCHF calculation and a previous HS calculation [27] in
Fig. 6. As was the case for the [2p] branching ratios, the
dominant contribution to the errors for hv~ 110 eV is the
uncertainty in the molecular background underlying the

[2p] D and P peaks. The experimental values for photon2 2

energies above 45 eV lie lower than the calculated ratios, but

B. [Zs] multiplet cross-section ratios

In Fig. 5 the measured 0+[2s] P to [2s] P cross-section
ratios for photon energies from close to the P threshold to
212 eV are compared with the MCHF results, the R-matrix
results of Bell and Stafford [28], and with the geometric
ratio, which is 0.5. The principle contributions to the errors
are the uncertainty in the transmission function correction
and statistical uncertainty. The transmission function correc-
tion to the raw ratios, however, is less than 4% for photon
energies above 130 eV and is well calibrated by the Ne [2s]
to [2p] intensity ratios. A sharp rise in the 0+ [2s] P cross
section relative to the [2s] P cross section within = 25 eV
of the P threshold is found in both the experimental and
theoretical results and stems from the relatively large differ-
ence in binding energy of the [2s] ionic states. The experi-
mental asymptotic value of 0.46(5) lies below the geometric
and the MCHF high-photon-energy ratios. The R-matrix re-
sults display a more gradual rise in this ratio, reaching a
broad maximum at approximately 140 eV and decreasing to
=0.41 at 200 eV.
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FIG. 6. Comparison of experimental and theoretical atomic oxy-

gen [2s] to [2p] cross-section ratios. Results of a Hartree-Slater
calculation [27] are represented by open diamonds.

both the experimental and theoretical values display a nearly
linear rise in the ratio up to the highest recorded photon
energy. The MCHF calculation has a slightly steeper slope
than the HS results over this energy range. A similar, ap-
proximately linear, rise with photon energy in the [2s] to

[2p] cross-section ratio has been observed for neon

[7,36,37]. The slope of the linear rise of the ratio for neon,
reaching a value of 1.0 at h v= 625 eV, is lower than that for
oxygen by roughly a factor of 3.4 . The steeper slope in

oxygen is only partly due to the smaller number of 2p elec-
trons.

D. Partial and total cross sections

The relative partial photoionization cross section for the
0+[2p] S state was measured at selected photon energies
between 24 and 122 eV. The measurement was put on an
absolute scale by normalizing the sum of our partial cross
sections to the absolute 0+ total cross-section measurements
of Angel and Samson [29] in the photon energy region from
35 to 41 eV; we match our data at 37.6 eV to o, , = 8.6 Mb
for the total 0+ cross section. Autoionization resonances oc-
curring in this range were of no concern since experimental
observation has shown these features to be small [29].Using
the measured o[2s]/o[2p] ratios and the [2p] branching
ratios, which are given in Table I and Figs. 3 and 6, the
corresponding partial cross section for the 0 [2s] S state
amounts to 2.36(12) Mb at 37.6 eV. This value serves as the
reference point for both the partial and total cross sections
presented in the following over the photon energy range
from 24 to 122 eV. The uncertainties of the data include
those in the cross-section ratios for the 2s and 2p subshells,
those in the branching ratios, and the uncertainty in the trans-
mission function of the monochromator. The quoted uncer-
tainty of 4.4% in the absolute cross-section measurement of
Angel and Samson [29] is not included here.

In Fig. 7 we compare the measured [2p]"S partial cross
section with our MCHF results throughout and the R-matrix
results of Bell and Stafford [28] in the energy region undis-
turbed by resonance processes. The measured values are seen
to agree well with the MCHF results in the region of con-
tinuous photoabsorption. At the lower photon energies the

FIG. 7. Comparison of experimental and theoretical atomic oxy-
gen [2p] S partial photoionization cross sections. The experimental
data represented by the filled circles are normalized to 2.36 Mb at
37.6 eV. The theoretical results include our MCHF length and ve-

locity gauge calculations (solid and dashed lines, respectively) and

a recent R-matrix calculation [28] (open inverted triangles). Ener-

gies of the multiplet components are indicated by connected vertical
lines.

experimental data are in better accord with the results in the

length gauge, while at the higher energies, h v)100 eV, the
accord is better with the results in the velocity gauge. Over
the entire range the MCHF length results are 15—20%
higher than those of the MCHF velocity gauge. The R-matrix
predictions, presented in the length gauge only [28], lie
within 20% of the experimental and the MCHF length re-
sults, although this partial cross section decreases less
steeply with energy in the R-matrix formulation than in the
MCHF calculation.

While a partial cross section such as shown in Fig. 7
provides a critical analysis of the photoionization process,
the total cross section affords an overall view of the phenom-
enon. Figure 8 shows the measured total cross section on an
absolute scale as the sum of the partial cross sections for
single-electron emission from the 2p and 2s subshells. (Spe-
cific values are given in Table III.) These data are compared
with the direct measurement of the 0+ ion current by Angel
and Samson [29]. There is a good agreement for the cross-
section dependence of these two data sets that have been
obtained by different methods. The ion yield and electron
spectrometry measurements should in principle differ above
40 eV due to the inclusion of excited states of 0 in the ion
yield measurement. The contribution of the two 0+ satellites
seen in Fig. 4 at binding energies of 42.30 and 52.80 eV to
the total 0+ cross section, however, is only 2.5(1.2)% at 212
eV. The satellite with a binding of 26.8 eV may arise from
the 02'5 ~ 5, transition calculated by Jonathan et al. to
have a vertical ionization energy of 26.50 eV [45].

The MCHF calculation for the sum of the [2p] and [2s]
cross sections agrees satisfactorily with the experimental re-
sults on the absolute scale, which is based on the measure-
ment of Angel and Samson. As was the case for the

[2p] S partial cross section, the length gauge gives better
agreement at the lower energies and the velocity gauge at the
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FIG. 8. Comparison of experimental and theoretical atomic oxy-
gen photoionization cross sections. Our data (solid circles) are nor-

malized to o. = 8.6 Mb at hv = 37.6 eV. Solid triangles are abso-
lute ion yield measurements [19]. Results of the R-matrix
calculation are given by the open inverted triangles. Connected ver-
tical lines indicate the energies of the multiplet components.

V. CONCLUSIONS

The valence shell photoionization branching ratios of
atomic oxygen have been measured at the I.S term level with
synchrotron radiation-based electron spectrometry and calcu-
lated using the MCHF method for photon energies from
close to threshold to 212 eV in the regions of continuous

TABLE III. Measured photoionization cross section o. for the
sum of the main [2p] and [Zs] photolines, normalized to 8.6 Mb at
37.6 eV.

higher energies. The R-matrix results, given in the length
gauge, agree well with the corresponding MCHF results,
apart from the less steep energy dependence, as is seen even
more distinctly in the [2p] 5 cross section. We note that, in
addition to the recent R-matrix calculation [28], there have
been a number of other measurements and calculations of the
total photoionization cross section of atomic oxygen which
are not included here but have been previously intercom-
pared [22,23,28,29].

photoabsorption. The experimental [2p]( 5, D, P) branch-
ing ratios compare well with those from the MCHF calcula-
tion over the entire energy range, except for the very lowest
energies, and are close to the geometric values at photon
energies above 90 eV. The MCHF ratios are essentially con-
stant above 90 eV. The results of the branching ratios indi-
cate that the partitioning of the 2p subshell cross section into
the multiplet components is governed primarily by geometric
considerations provided the photon energies are greater than
about five times the ionization threshold energies. Closer to
threshold the experimental and theoretical branching ratios
deviate from the constant values, indicating the presence of
dynamic and kinetic effects. Previous measurements of these
ratios, which have been performed only up to 41 eV, are at
variance with our data in some cases. For the [2s] P to
[2s] P cross-section ratio we observe a gradual rise of the
ratio until a fairly constant value is reached in both the ex-
periment and the MCHF calculation at an energy that is
roughly three times the P binding energy. The theoretical
value at high energy is slightly higher than the geometric
value, while the experimental value is slightly lower. The
experimental partial and total cross sections, placed on an
absolute scale, as well as the [2s] to [2p] subshell cross-
section ratio, are seen to be in good agreement with the
MCHF results and the results of an R-matrix calculation in
the 24 —122-eV range covered by our work.

In summary, this study of the oxygen atom provides a
base-line result for the photoionization process in a simple
open-shell atom over a broad photon energy range. Specifi-
cally, this work yields partial and total photoionization cross
sections in the continuous region of absorption for the outer
subshells of the 0 atom. At high photon energies the parti-
tioning of a subshell cross section into its multiplet compo-
nents is shown to be dominated by geometric effects, that is,
by the angular momentum coupling of the final ionic states.
We may infer from the present results that the geometric
values should be a good approximation for the branching
ratios in other open-shell atoms for excitation energies some-
what above the pertinent ionization thresholds and outside
regions of autoionization resonances and Cooper minima. In
the general case, the effect of these features, as well as the
inhuence of two-electron interactions leading to correlation
satellites, must await further detailed examination.

hv (eV) KT (Mb)

23.9
34.8
35.5
40.7
44.7
45.2
49.9
60.4
70.5
80.8
91.0
101.2
111.4
121.7

12.7(1.3)
9.21(91)
8.62(85)
8.00(84)
6.25(76)
6.56(66)
5.42(55)
3.66(31)
3.17(29)
2.50(20)
1.81(18)
1.43(12)
1.03(2)

0.93(17)
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