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Abstract. Ionisation and excitation of atomic oxygen in collisions with protons and electrons were studied
experimentally in the intermediate velocity range applying the method of fluorescence spectroscopy. Ab-
solute emission cross-sections for 2s-electron ionisation, excited ion production and excitation of atomic
oxygen are presented and for electron impact compared to available data. For proton impact no emission
cross-sections have been published so far.

PACS. 34. Atomic and molecular collision processes and interactions –
32.70.-n Intensities and shape of atomic spectral lines

1 Introduction

Ionisation and excitation processes of atomic oxygen are
of strong interest in astrophysics, ionospheric and atmo-
spheric physics or plasma diagnostics. Although electrons,
protons or photons impinge on atomic oxygen quite fre-
quently in natural environments and artificial plasmas, ex-
perimentalists still face difficulties in providing an atomic
oxygen target for their studies and only limited experi-
mental data exist. Fluorescence spectroscopy enables re-
mote investigation of excited oxygen atoms and ions,
but absolute emission cross-sections are required as in-
put for calculations and in order to interpret fluorescence
spectra.

Furthermore, ionisation and excitation of atomic oxy-
gen offer the opportunity to examine structure and dy-
namics of an open shell system. In contrast to the easily
available rare gases, angular momentum coupling results
in three states of the ground state 2p4 electron configu-
ration. Theoretical treatment of atomic oxygen as well as
experiments put an ambitious task to the scientist.

Though a number of approaches to determine VUV
emission cross-sections resulting from electron impact on
atomic oxygen have been carried out [1–6], experimen-
tal difficulties led to large uncertainties and to deviations
between the different results. We present the so far most
comprehensive compilation of experimental absolute emis-
sion cross-sections in the VUV spectral range for electron
and proton impact on O, all measured with the same ex-
perimental setup, supplying best comparability for both
projectiles and all investigated transitions. For proton im-
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pact no experimental partial cross-sections have so far
been available. Electrons and protons in the intermediate
velocity range were employed (electron energies: 200 eV–
2 keV, proton energies: 17 keV–800 keV). The intermedi-
ate velocity range links the description of the collision by
the first Born approximation as high velocity limit with
the quasimolecular low velocity limit.

Absolute emission cross-sections for electron and pro-
ton impact on O2 and highly resolved fluorescence spectra
are presented in the preceding paper I [7]. The experi-
mental setup for the present study has also been used for
measuring photoionisation of O [8]. Photodissociation of
O2 into neutral fragments has been investigated in a re-
lated project [9].

2 Experimental

2.1 Investigated processes

The ionisation and excitation processes with the subse-
quent radiative decay of the excited ions or atoms for
which absolute emission cross-sections are presented, are
summarized in this section. The excited electron, the pro-
duced vacancy or the open shell electrons label the atomic
and ionic states.

2s−1 ionisation:
e−, p+ + O (2p4 3Pe)

↓
e−, p+ + O+ (2s−1 4Pe, 2De, 2Se, 2Pe) + e−

↓
O+ (2p3 4So, 2Do, 2Po) + hνfl, (1)
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Fig. 1. Atomic energy levels and single ionisation thresholds
and continua for all states discussed in this work. One exam-
ple for 2s−1 ionisation into O+ (2s−1 4Pe) followed by the
radiative 2p→ 2s transition is illustrated by the arrows.

ion excitation:
e−, p+ + O (2p4 3Pe)

↓
e−, p+ + O+ (3s 4Pe, 2Pe) + e−

↓
O+ (2p3 4So, 2Do, 2Po) + hνfl, (2)

excitation:
e−, p+ + O (2p4 3Pe)

↓
e−, p+ + O (3d 3Do, 3s′ 3Do, 3s′′ 3Po, 2p5 3Po) + e−

↓
O+(2p4 3Pe) + hνfl. (3)

The wavelengths of the fluorescence photons, indicated
by hνfl in equations (1–3), and the respective fluorescent
transitions are listed in Table 1. Figure 1 shows the en-
ergy levels of equations (1–3) with one example for a 2s-
electron ionisation followed by radiative decay of the ionic
state.

Table 1. Fluorescence wavelengths and electronic transitions
for the absolute emission cross-sections determined in this
study.

Fluorescence Electronic transition

wavelength

2s-electron ionisation

83.3 nm O+: 2s2p4 4Pe → 2s22p3 4So

58.1 nm O+: 2s2p4 2Pe → 2s22p3 2Po

53.8 nm O+: 2s2p4 2Pe → 2s22p3 2Do

71.9 nm O+: 2s2p4 2De → 2s22p3 2Do

79.7 nm O+: 2s2p4 2De → 2s22p3 2Po

64.4 nm O+: 2s2p4 2Se → 2s22p3 2Po

ion excitation

53.9 nm O+: 2s22p2(3Pe)3s 4Pe → 2s22p3 4So

61.7 nm O+: 2s22p2(3Pe)3s 2Pe → 2s22p3 2Do

67.3 nm O+: 2s22p2(3Pe)3s 2Pe → 2s22p3 2Po

excitation

79.2 nm O: 2s2p5 3Po → 2s22p4 3Pe

87.9 nm O: 2s22p3(2Po)3s 3Po → 2s22p4 3Pe

98.9 nm O: 2s22p3(2Do)3s 3Do → 2s22p4 3Pe

102.7 nm O: 2s22p3(4So)3d 3Do → 2s22p4 3Pe

2.2 Experimental setup

A microwave driven atomic oxygen discharge source was
set up at a 1 MeV van de Graaff accelerator for the proton
impact measurements. An electron gun could be mounted
alternatively. Partially dissociated oxygen was emerging
from the source in an effusive beam, which was intersected
by the projectile beam. Fluorescence emitted in transi-
tions from excited ionic and atomic states was dispersed
in the VUV spectral region by a 1-m normal-incidence
monochromator. A two-dimensional position sensitive de-
tector, mounted in the position of the exit slit, allowed
to register fluorescence from different transitions simulta-
neously. Normalisation to absolute emission cross-sections
was carried out by comparison with reference emission
cross-sections in argon and krypton. Fluorescence in the
visible and near UV spectral region was dispersed by a
second monochromator and recorded in order to support
the analysis of the effusive beam.

2.3 Atomic oxygen source – setup

The atomic oxygen source consists of a pyrex discharge
tube inserted into a rectangular microwave hollow guide
as sketched in Figure 2. Microwaves at 2.45 GHz with
120 W power propagate in the hollow guide terminated
by a movable short circuit. Incident and reflected waves
interfere to yield a standing wave pattern. By adjust-
ing the short circuit, an electric field maximum forms in
the discharge tube. Impedance matching is achieved with
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Fig. 2. Overview of the atomic oxygen source.

a 3-stub-tuner. Two microwave chimneys, enclosing the
discharge tube and acting as mismatched hollow guides,
avoid microwave power to be radiated out of the hollow
guide. Discharge ignition has to be enforced by a high
voltage spark.

The discharge volume is 18 mm in diameter and is
limited in its downstream extension by a 6 mm aperture
separating the discharge volume from a 95 mm long exit
channel. At the end of the exit channel, a teflon nozzle
(0.8 mm in diameter, 3 mm long) forms the effusive beam
and maintains the pressure difference between discharge
tube and interaction region. At a constant mass flow of
1 sccm O2 fed to the discharge tube, the source pressure
is estimated to be 0.8 mbar, causing a background pres-
sure of approximately 1× 10−4 mbar. In order to improve
stability of the discharge and to increase the dissociation
fraction, a small amount of methane CH4 (3–5%) is added
to the mass flow. The discharge tube is manufactured with
a surrounding cooler and can thus be cooled by a flow
of cold nitrogen vapour, produced by electric heating of
liquid nitrogen in a closed dewar container. No coating
or surface treatment was applied to the pyrex discharge
tube.

2.4 The 1 MeV van de Graaff accelerator
and the electron gun

Projectile beams intersected the effusive beam 3 mm be-
low nozzle exit. The intersection position was defined by
five aligned circular apertures, the smallest one 2.5 mm
in diameter. The apertures served as a differential pump-
ing stage to keep the vacuum in the accelerator beam-
line and at the electron gun on a suitable level. In order

Projectile beam

1m - VUV -
monochromator

Position sensitive
channel-plate
detector

Cup

Photomultiplier

Lens system

Monochromator
for visible spectra

Microwave hollowguide
with tuning devices

Entrance
slit

Fig. 3. Top-view of the experimental setup, illustrating the
detection branches for VUV and visible/near UV fluorescence.

to monitor the position of the projectile beam, the aper-
tures were electrically insulated and the projectile current
on the apertures was measured. The projectile beam cur-
rent passing through all apertures was collected in a cup.
The 1 MeV van de Graaff accelerator focussed a proton
beam with energies from 90 keV to 800 keV and typical
currents between 15 µA and 20 µA through the experi-
mental arrangement. At proton energies below 70 keV the
proton currents were limited to 2–4 µA due to the fo-
cusing properties of the ion lenses. Electron beams with
energies between 200 eV and 2 keV were provided by a
modified TV electron gun. Careful screening of magnetic
stray fields was carried out. Since the projectile current
was used to normalise the fluorescence signal, all mea-
sured currents in the cup and on the apertures behind the
effusive beam were summed. The apertures were set to
potentials of +40 V to correct the measured currents for
secondary electrons.

2.5 Fluorescence detection in the VUV spectral region

The VUV fluorescence from radiative transitions of ex-
cited O+ and O states was dispersed by a 1-m normal-
incidence monochromator, mounted under the magic an-
gle with respect to the projectile beam (Fig. 3). The
magic angle mount suppressed the influence of the angular
distribution of the detected fluorescence intensities. The
monochromator was equipped with a 1200 lines per mm,
osmium coated grating blazed at 60 nm. A fluorescence
wavelength range from 40 nm to 125 nm was observed.
The entrance slit of the 1-m normal-incidence monochro-
mator was set to 200 µm.

A two dimensional position sensitive multichannel-
plate detector allowed to detect a spectral range of 35 nm
simultaneously, thus requiring measurements at three
grating positions to cover the wavelength range of inter-
est. Figure 4 displays spectra recorded for 2 keV electron
impact with discharge on and off.

The relative spectral quantum efficiency was obtained
from fluorescence line intensity measurements on Ar and
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Fig. 4. VUV spectra resulting from 2 keV electron impact on
effusive beams: top graph – discharge on, center graph – dis-
charge off. The bottom graph shows the difference spectrum
derived according to equation (6) from the spectra with dis-
charge on and off. Spectra are not corrected for spectral quan-
tum efficiency of the present grating-detector combination.

Kr effusive beams under 2 keV electron impact. Fluores-
cence intensity ratios were compared to accurate emission
cross-sections ratios by Jans et al. [10]. The determina-
tion of the spectral quantum efficiency was restricted to
a wavelength interval between 54.32 nm and 96.50 nm.
Due to the weak reflectivity of the grating above 100 nm
fluorescence wavelength, no quantitative analysis of fluo-
rescence lines with wavelengths longer than that of the
102.7 nm line could be carried out.

The influence of resonance radiation trapping has been
tested by reducing the mass flow which has shown to be
in good approximation equivalent to reducing the target
density. Figure 5 illustrates the mass flow dependence of
the intensities of two fluorescence lines resulting from ex-
cited O states. The linear relation between the experi-
mental intensities and the mass flow allows to exclude
resonance radiation trapping, considering the relative low
density and the localized target volume.
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Fig. 5. The dependence of fluorescence intensity on mass
flow (target density) for the fluorescence lines at 87.9 nm
and 98.9 nm resulting from excitation of O (2p4 3Po) into
O (3s′′ 3Po) and O (3s′ 3Do).

2.6 Fluorescence detection in the visible/near UV
spectral region

Simultaneously to VUV fluorescence detection, fluores-
cence in the near UV/visible spectral range of 260–670 nm
from ionisation and excitation of O and O2 was recorded
to support the effusive beam analysis. A telescopic mount-
ing of two lenses was used in order to match the solid
angle of a Czerny-Turner type monochromator (Fig. 3).
The monochromator was equipped with a 1200 lines per
mm grating. No position sensitive detection device was
available in this case, so a Peltier cooled photomultiplier
was used. All window and lens material was quartz to al-
low for fluorescence detection of the 2nd negative band
system of O+

2 at wavelengths down to 280 nm. A step mo-
tor, turning the grating in order to scan the wavelength,
was controlled by a projectile current integrator. Fluores-
cence intensities registered for all wavelengths were thus
normalised to projectile flux. Because of the low inten-
sity and in order to cover the complete wavelength range
from 260–670 nm within the time disposable for the ex-
periments, a slit width of 1 mm had to be chosen. The
identification of emission features is based on high resolu-
tion spectra for 2 keV electron impact on O2 presented in
paper I [7].

The teflon nozzle of the discharge tube was wrapped
with aluminium foil not only to avoid upcharging, but
also to screen light from the discharge. Straylight spectra
yielded low intensities which were nevertheless subtracted
from the impact induced spectra with discharge on.

2.7 Effusive beam analysis

Fluorescence originating from excited O+ or O states ei-
ther resulting from projectile impact on O or from impact
dissociation of O2 had to be separated. For that purpose
the composition of the effusive beam had to be deter-
mined.
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2.7.1 Dissociation fraction

The most important parameter describing the composi-
tion of the effusive beam is the degree of dissociation D,
i.e. the ratio of dissociated molecules to the molecules fed
to the discharge. The degree of dissociation was extracted
from the fluorescence of the transition O (3s′′ 1Po) →
O (2p4 1De) at 99.9 nm with discharge on and off. The
short interaction time of the fast projectile electrons pre-
vents electron exchange and leads to target spin conser-
vation in electron collisions. In case of proton impact the
interaction of projectile and target does also not affect the
spin. Therefore singlet states can not be excited from
the atomic oxygen triplet ground state and fluorescence
from the above singlet transition results from dissociative
excitation of molecules. With the discharge on, a decrease
of this fluorescence intensity is observed, which indicates
a decrease of molecules in the effusive beam due to dis-
sociation. The relative loss of intensity from dissociative
excitation gives the relative loss of molecules in the effu-
sive beam. The degree of dissociation D therefore follows
from the intensity ratio of the line at 99.9 nm with dis-
charge on and off:

D = 1− Idischarge on(99.9 nm)
Idischarge off(99.9 nm)

· (4)

The degree of dissociation was averaged over the measure-
ments at each projectile energy:

D = 0.22± 0.024

i.e. 22% of the O2 molecules are lost by dissociation. At a
mass flow of 1 sccm O2 fed to the discharge, the effusive
beam contains a massflow of 2 × 0.22 sccm = 0.44 sccm
atoms. An average density of oxygen atoms in the interac-
tion region of 1.5 ×1013 cm−3 is estimated. This value was
derived from an effusive beam simulation (cf. Sect. 2.8.1).

The degree of dissociation was measured alternatively
by comparing the intensities of the first negative band
system of O+

2 (b 4Σ−g → a 4Πu) with the discharge on and
off. Since dissociation in the discharge reduces the density
of molecules in the effusive beam, a proportional decrease
in intensity of the molecular band emission is observed:

D = 1−

∑
∆ν

Idischarge on(b 4Σ−g → a 4Πu)∑
∆ν

Idischarge off(b 4Σ−g → a 4Πu)
· (5)

The average degree of dissociation obtained from equa-
tion (5) is

D = 0.24± 0.032.

D was measured at each projectile energy and the fluo-
rescence intensity resulting from projectile impact on the
molecules in the effusive beam was subtracted to get the
fluorescence intensities originating from ionisation and ex-
citation of atomic oxygen only (Fig. 4):

Iatom = Idischarge on − (1−D)Idischarge off . (6)

2.7.2 Test of metastable atoms

As can be seen in Figure 1, two metastable atomic states
O (2p4 1De) and O (2p4 1Se) of the ground state confi-
guration exist. The appearance of metastable atoms in
the effusive beam was probed in a separate photoion-
isation experiment at the synchrotron radiation facility
BESSY using the present experimental setup [8]. The flu-
orescence intensity from the transition O+ (2s−1 2De) →
O+ (2p3 2Do) at 71.9 nm was registered while scan-
ning the exciting photon energy from 28 eV to 42 eV
in steps of 100 meV. A threshold energy of 32.2 eV
is necessary for 2s−1 ionisation of O (2p4 1De) into
O+ (2s−1 2De). At 32.2 eV no threshold behaviour was ob-
served, instead a threshold for fluorescence emission was
found at 34.2 eV, the threshold energy for 2s−1 ionisa-
tion of O (2p4 3Pe) into O+ (2s−1 2De). The fluores-
cence from O+ (2s−1 2Se) at 64.4 nm increased at the
O (2p4 3Pe) → O+ (2s−1 2Se) + e− threshold and not at
the O (2p4 1Se)→ O+ (2s−1 2Se) + e− threshold.

Since 2s−1 photoionisation channels without recou-
pling of the angular momenta of the 2p-electrons are
favoured (∆L = 0), but the less preferred ionisation chan-
nels which imply angular momentum recoupling are ob-
served, we exclude the survival of metastable atoms from
the discharge in the effusive beam. For a detailed discus-
sion we refer to our paper on photoionisation of O [8].

2.7.3 Test of metastable molecules

Although no metastable atoms were found in the effusive
beam, metastable molecules might still be present. The
relevant molecular states are O2 (a 1∆g) and O2 (b 1Σ+

g ).
Metastable molecular states are not only produced in the
discharge, but can also result from recombination of O
in wall collisions in exit channel and nozzle. In order to
test the presence of metastables in the effusive beam, es-
pecially of the longer-living O2 (a 1∆g), fluorescence from
the first and second negative band system of O+

2 was mea-
sured. Spectra recorded for projectile impact on the effu-
sive beam with discharge on show fluorescence emission in
the second negative band system of O+

2 whereas this emis-
sion features can hardly be distinguished from noise in the
spectra from an effusive beam with discharge off (Fig. 6).
The fluorescence of the second negative band system of
O+

2 in the difference spectrum in Figure 6 (bottom) is at-
tributed to ionisation of the metastable O2 (a 1∆g).

In consequence, the influence of metastable molecules
in the O2 (a 1∆g) state on the determination of the de-
gree of dissociation in equations (4, 5) has to be discussed.
The fluorescence intensity emitted in the first negative
band system of O+

2 results from ionisation of the triplet
ground state O2 (X 3Σ−g ), since the the molecular quar-
tet state O+

2 (b 4Σ−g ) of the first negative band system of
O+

2 cannot be excited from the metastable singlet state
O2 (a 1∆g) due to spin conservation in the ionisation pro-
cess. Therefore the degree of dissociation derived from the
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Fig. 6. Visible and near UV spectra resulting from 200 keV
proton impact on effusive beams: top graph – discharge on,
center graph – discharge off. The bottom graph shows the dif-
ference spectrum derived according to equation (6) from the
spectra with discharge on and off. Spectra are not corrected
for spectral quantum efficiency of the detection system.

intensity ratio of the first negative band system of O+
2

with discharge on and off (Eq. (5)) reflects the total loss
of O2 (X 3Σ−g ) in the effusive beam, including the con-
version to metastable states.

In order to estimate the effect of metastable molecules
in the O2 (a 1∆g) state on the degree of dissociation
derived from equation (4), we assume that the unknown
99.9 nm line emission cross-section resulting from dissocia-
tive excitation of O2 (a 1∆g) into O (3s′′ 1Po) fragments
is in the same order of magnitude as the 99.9 nm line emis-
sion cross-section resulting from dissociative excitation of
O2 (X 3Σ−g ) into O (3s′′ 1Po) fragments. Then the degree
of dissociation gives the decrease of molecules indepen-
dent of their electronic state and a O2 (a 1∆g) molecule is
treated in the same way as a O2 (X 3Σ−g ) molecule. Fol-
lowing this argumentation, the difference of 0.02 between
the degrees of dissociation from both methods is due to
an approximate mass flow of 0.02 × 1 sccm = 0.02 sccm
of O2 (a 1∆g) in the effusive beam.

We draw the conclusion that only a few percent of
the target density consist of metastable molecules in the
O2 (a 1∆g) state.

2.7.4 Test of ions

In the atomic VUV spectra in Figure 4 appear three iso-
lated, weak fluorescence lines of O2+ at 50.8 nm, 52.5 nm
and 70.3 nm, all emitted by O2+ states of the 2s2p3 con-
figuration. Assuming the 2s−1 ionisation cross-section of
O (2p4) to be in the same order of magnitude as the 2s−1

ionisation cross-section of O+ (2p3), an estimation of ions
in the effusive beam becomes feasible. The intensity ra-
tio of fluorescence resulting from 2s−1 ionisation of O+

to fluorescence resulting from 2s−1 ionisation of O, e.g.
I(70.3 nm)/I(83.3 nm) = 0.015, reflects the upper limit
of the relative contribution of ions to the effusive beam.
Since O2+ states can also be populated by double ioni-
sation of O, it seems reasonable to assume that ions are
neutralized in wall collisions.

2.7.5 Composition of the effusive beam

The spectroscopic analysis of the effusive beam from a dis-
charge fed with 1 sccm O2 leads to the result that it mainly
consists of 0.76 sccm ground state molecules O2 (X 3Σ−g )
and 0.44 sccm ground state atoms O (2p4 3Pe). Only a
small contribution of metastable molecules O2 (a 1∆g)
was found. This result agrees with investigations of effu-
sive beams of similar atomic oxygen sources [19–25].

2.8 Normalisation procedure

Absolute emission cross-sections have been obtained by
normalising the intensities of the VUV emission lines to
fluorescence lines with known emission cross-section, re-
sulting from Ar 3s-electron ionisation by 2 keV electrons
[10] or 300 keV and 800 keV protons [29], in both cases
under the same experimental conditions. The fluorescence
wavelengths of the subsequent Ar+ 3p → 3s transitions
are 93.2 nm and 92.0 nm. The target density effects were
investigated in a simulation of the effusive beam.

2.8.1 Simulation of the effusive beam

The described normalisation procedure requires informa-
tion about at least the relative O and Ar target densities
in the interaction region. Under molecular flow conditions
equal mass flows of O and Ar yield target densities that
differ due to the different atomic weight. The cooling of
the discharge tube leads to the same mean kinetic ener-
gies for O from the discharge and for Ar. Therefore the
ratio of the mean particle density was expected to equal√
mAr/mO = 1.58.
In a refined consideration, a simulation of the density

profiles in the effusive beam [27] was carried out, based
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on an effusive beam description by Pauly [26]. The simu-
lation takes collisions in the nozzle into consideration and
assumes molecular flow in the effusive beam itself (opaque
mode). Simulating effusive beams for different mass flows
led to target densities proportional to mass flow. This re-
sult agrees with the observed fluorescence intensity depen-
dence on mass flow in Figure 5. Integrating the simulated
density distribution over the interaction region leads for
equal mass flows to a factor 1.37 rather than 1.58 for the
Ar to O density ratio. The factor 1.37 is taken into account
in the normalisation of fluorescence intensities to absolute
emission cross-sections.

2.9 Experimental uncertainties

Statistical errors of the emission cross-sections result
from the standard deviations of the intensity signals
Idischarge on, Idischarge off and the degree of dissociation D
contributing to equation (6). In the mean the statistical
errors amount to 15%.

Additionally, systematic errors due to the normalisa-
tion of registered fluorescence intensities to absolute emis-
sion cross-sections have to be taken into account. For the
reference cross-section taken from the electron collision
experiment performed by Jans et al. [10] an error of 2.8%
is reported. Absolute cross-sections taken from the proton
collision experiment of Hippler and Schartner [29] have an
error of 25%. The systematic error of the relative quan-
tum efficiency correction was determined to be 23%. The
difference of the degree of dissociation derived from VUV
spectra and visible spectra was taken as systematic error
of the degree of dissociation; it amounts to 9%. A system-
atic error in target density caused by a possible variation
in the intersection of projectile beam with the O/O2 effu-
sive beam on the one hand and with the Ar or Kr effusive
beams on the other hand was deduced from different sim-
ulated overlaps, resulting in 22%. The sum of the relative
systematic errors yields 57% for electron impact emission
cross-sections and 79% for proton impact emission cross-
sections. The respective root sum square uncertainties are
33% and 41%.

3 Results and discussion

3.1 Emission cross-sections for transitions in O+

resulting from 2s−1 ionisation of O

Ionisation of a 2s-electron of O (2p4 3Pe) leads to one of
four final ionic states: O+ (2s−1 4Pe), O+ (2s−1 2De),
O+ (2s−1 2Se) or O+ (2s−1 2Pe). One of the 2p-electrons
of these ionic states relaxes to fill the vacant 2s-hole
state via a radiative transition. The various transi-
tions with the respective fluorescence wavelengths are
listed in Table 1. The energies of the O+ (2s−1) states
(Fig. 1) prevent autoionisation (O2+ states energies
≥ 48.736 eV [11]), so there are no non-radiative decay
channels. Kelly [11] specified one cascade transition
O+ (2s 2p3 3s 4So) → O+ (2s−1 4Pe) at 74.0 nm. Since

the intensity at 74.0 nm is extremely weak (Fig. 4),
we consider cascade population as negligible in case
of the O+ (2s−1) states. For that reasons, the sum of
the emission cross-sections of fluorescence lines emitted
from one O+ (2s−1) state equals the corresponding 2s−1

partial ionisation cross-section.

• O+ (2s−1 4Pe) and O+ (2s−1 2Pe)

The 83.3 nm line emission cross-sections resulting from
ionisation into O+ (2s−1 4Pe) and the 58.1 nm line and
53.8 nm line emission cross-sections resulting from ion-
isation into O+ (2s−1 2Pe) are presented in Figure 7
along with the experimental 83.3 nm line emission cross-
sections of Zipf et al. [2] for electron impact and with
theoretical electron and proton impact ionisation cross-
sections of Peach [15]. Line graphs are fitted to our emis-
sion cross-sections in order to guide the eye. The employed
fitting functions are discussed in Section 3.4. The fluores-
cence emission at 53.8 nm from O+ (2s−1 2Pe) cannot
be resolved from fluorescence emission at 53.9 nm from
O+ (3s 4Pe). To obtain the plotted emission cross-sections
for the 53.8 nm line, the line graphs fitted to the emission
cross-sections for the 58.1 nm line were multiplied by the
intensity branching ratio 4.0, measured in [14].

The 83.3 nm line emission cross-sections for electron
impact on O determined by Zipf et al. [2] are a factor 3
larger than the present experimental data. We note here
that the 83.3 nm line emission cross-sections for electron
impact on O2 given by Zipf et al. [2] in the same publica-
tion are a factor 2 smaller than the emission cross-sections
from our experimental study of electron and proton im-
pact on O2 in paper I [7]. The 83.3 nm line emission cross-
section ratio resulting from ionisation of O to dissociative
ionisation of O2 both into O+ (2s−1 4Pe) is a factor 6
smaller than that of Zipf et al. [2]. The large difference in
this cross-section ratio is not understood, especially since
it cannot stem from the systematic uncertainty of the ab-
solute emission cross-sections.

The theoretical O+ (2s−1 4Pe) ionisation cross-
sections for proton and electron impact of Peach [15]
exceed our 83.3 nm line emission cross-sections at specific
projectile energies above 100 keV/amu approximately by
a factor 6. We state that the theoretical 2s−1 ionisation
cross-sections for Ne in the same paper of Peach [15]
were found to overestimate the corresponding emission
cross-sections measured by our group with a different
experimental arrangement [28] likewise by a factor 6.
In the bottom graph of Figure 7 it is seen, that the
theoretical O+ (2s−1 2Pe) ionisation cross-sections of
Peach [15] exceed the sum of the 53.8 nm line plus
58.1 nm line emission cross-sections. The top graph of
Figure 7 illustrates the sum of the O+ (2s−1 4Pe) plus
O+ (2s−1 2Pe) ionisation cross-sections for electron
impact from a theoretical calculation by Chung et al.
[16]. The theoretical ionisation cross-section of Chung
et al. [16] at 200 eV electron energy is 13.8 Mb, the sum
of our experimental 83.3 nm line plus 53.8 nm line plus
58.1 nm line emission cross-sections for 200 eV electron
impact yields 9.5 Mb.
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Fig. 7. Emission cross-sections for fluorescence lines re-
sulting from 2s−1 ionisation into the O+ (2s−1 4Pe) and
O+ (2s−1 2Pe) states by proton impact (compact symbols)
and electron impact (open symbols) as function of specific
projectile energy (proportional to the square of the projec-
tile velocity). The fitting functions are plotted as line graphs.
Error bars include statistical errors only. The 53.8 nm line emis-
sion cross-section function is calculated from the 58.1 nm line
results using the 53.8 nm line/58.1 nm line branching ratio
4.0 [14]. The dashed/dotted curves represent O+ (2s−1 4Pe)
ionisation cross-sections for proton/electron impact calculated
by Peach [15], the crosses experimental 83.3 nm line emis-
sion cross-sections determined by Zipf et al. [2]. Theoretical
O+ (2s−1 4Pe) plus O+ (2s−1 2Pe) ionisation cross-sections of
Chung et al. [16] are shown as open diamonds (top).

• O+ (2s−1 2De) and O+ (2s−1 2Se)

Figure 8 shows the emission cross-sections of the
fluorescence lines 71.9 nm and 79.7 nm, subsequent to
2s−1 ionisation into the O+ (2s−1 2De) state and of the
fluorescence line at 64.4 nm resulting from 2s−1 ionisation
into the O+ (2s−1 2Se) state. Neither theoretical nor ex-
perimental studies have considered these ionisation chan-
nels before. Both differ substantially from 2s−1 ionisation
into the ionic states O+ (2s−1 4Pe) and O+ (2s−1 2Pe),
because ionisation can no longer be regarded as merely
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Fig. 8. Emission cross-sections for fluorescence lines re-
sulting from 2s−1 ionisation into the O+ (2s−1 2De) and
O+ (2s−1 2Se) states by proton impact (compact symbols) and
electron impact (open symbols) as function of specific projec-
tile energy (proportional to the square of the projectile veloc-
ity). The fitting functions are plotted as line graphs. Error bars
include statistical errors only.

ejecting a 2s-electron. Since the 2s-electron has no angular
momentum before ionisation, its removal should not affect
the total angular momentum, i.e. 2s−1 ionisation of the
O (2p4 3Pe) ground state should lead to O+ (2s−1 4Pe)
and O+ (2s−1 2Pe) only. The observed 2s−1 ionisation
into O+ (2s−1 2De) and O+ (2s−1 2Se) prove the neces-
sity of a more elaborate consideration of the dynamics of
the ionisation process or the structure of atomic and ionic
states. Evidence for ionisation into the O+ (2s−1 2De) and
O+ (2s−1 2Se) states was also found in our photoionisa-
tion experiment, supported by theoretical photoionisation
cross-sections of McLaughlin [8]. The theoretical results
were obtained by employing multi-configuration interac-
tion wavefunctions based on 15 O+ states in LS-coupling.
Hints on successive collisions of the projectile with two
target electrons or a collision of the ejected electron with
a bound electron are discussed in Section 3.4.

For the intensity ratio of the 79.7 nm line to the
71.9 nm line emitted from O+ (2s−1 2De), an average
value of 0.109 ± 0.014 was obtained for proton impact
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Fig. 9. Emission cross-sections for fluorescence lines resulting
from excitation into the O (3s′ 3Do) and O (3s′′ 3Po) states by
proton impact (compact symbols) and electron impact (open
symbols) as function of specific projectile energy (proportional
to the square of the projectile velocity). The fitting functions
are plotted as line graphs. Error bars include statistical errors
only. Our results are compared to published data from various
experimental and theoretical investigations. ∗ indicates con-
version of excitation cross-sections into emission cross-sections
applying the autoionisation factors.

and of 0.110 ± 0.021 for electron impact. Proton and elec-
tron impact on O2 yield a 79.7 nm line to 71.9 nm line
branching ratio of 0.099 ± 0.013 and of 0.109 ± 0.021,
respectively (paper I, [7]). Theoretical transition proba-
bilities [32] yield a branching ratio of 0.094.

3.2 Emission cross-sections for transitions in O
following 2p→ 3` and 2s→ 2p excitation

Absolute emission cross-sections of fluorescence lines re-
sulting from proton and electron impact excitation of O
are displayed in Figures 9 and 10. Partial excitation pro-
cesses of O have been studied more extensively than par-
tial ionisation processes (see e.g. the compilations of Laher
and Gilmore [5] and Itikawa and Ichimura [6]). Figures 9
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Fig. 10. Emission cross-sections for fluorescence lines resulting
from excitation into the O (3d 3Do) and O (2p5 3Po) states by
proton impact (compact symbols) and electron impact (open
symbols) as function of specific projectile energy (proportional
to the square of the projectile velocity). The fitting functions
are plotted as line graphs. Error bars include statistical errors
only. Our results are compared to published data from various
experimental and theoretical investigations. ∗ indicates con-
version of excitation cross-sections into emission cross-sections
applying the autoionisation factors.

and 10 show our experimental emission cross-sections con-
nected by line graphs from the fitting functions discussed
in Section 3.4, along with the previously published cross-
sections.

For the excited O (3`) states, only VUV fluores-
cence lines emitted in transitions into the atomic oxygen
O (2p4 3Pe) ground state were investigated. Branching
transitions within the n = 3 shell lead to fluorescence in
the visible or infrared spectral region. Since the probabil-
ity for spontaneous fluorescence emission is proportional
to the product of the dipole matrix element of the respec-
tive transition times the cube of the fluorescence frequency
ν3, the fluorescence lines in the visible should be negligible
in intensity with respect to the VUV lines.
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3.2.1 The 98.9 nm line emission cross-sections
for the transition O (3s′ 3Do)→ O (2p4 3Pe)

The 98.9 nm line emission cross-sections are presented in
the upper graph of Figure 9. The excited O (3s′ 3Do) state
decays under fluorescence emission only. One possible ra-
diative transition for cascade population of O (3s′ 3Do)
inside the wavelength range of the experiment is tabu-
lated at 382.5 nm [12], but is within the wavelength range
of the second negative band system of O+

2 (cf. Sect. 2.7.3).
Therefore the contribution of cascade decay of higher
atomic states to the population of O (3s′ 3Do) cannot
be clarified from the recorded spectra. However, Vaughan
and Doering [31] assume that cascades contribute 25% or
less to the emission cross-section.

Experimental emission and ionisation cross-sections
and theoretical ionisation cross-sections are only available
for electron impact. Conformity of the presented emission
cross-section with the emission cross-section experimen-
tally determined by Wang and McConkey [1] can be seen,
even if both experiments do not coincide in exciting elec-
tron energies. Summarizing the discussion of experimen-
tal results in Laher and Gilmore [5], it is recommended
that the experimental emission cross-section of Zipf and
Erdmann [4] should be reduced by a factor 2–3. This
would lead to agreement with the emission cross-section
of this study and with the results of Wang and McConkey.
Vaughan and Doering [31] obtained their excitation cross-
sections from an electron energy loss experiment (not in-
fluenced by cascades). Their results are seen to lie slightly
below the present emission cross-section for electron im-
pact, which is not considered as significant with respect
to the uncertainties of both experiments. The theoretical
excitation cross-sections of Tayal and Henry [18] are not
in the electron energy range of the present experiment
but are in the same order of magnitude as our emission
cross-sections.

3.2.2 The 87.9 nm line emission cross-sections
for the transition O (3s′′ 3Po)→ O (2p4 3Pe)

The 87.9 nm line emission cross-sections are presented in
the bottom graph of Figure 9. The contribution of cascade
transitions to the population of O (3s′′ 3Po) cannot be
tested in the measured spectra, because no cascade transi-
tions inside the wavelength range of fluorescence detection
are known to us. The excited state O (3s′′ 3Po) autoionises
with an autoionisation factor of 0.46 [5]. In order to com-
pare the experimental emission cross-sections with exper-
imental excitation cross-sections, excitation cross-sections
have been converted into emission cross-sections by mul-
tiplying them with 0.54 according to the autoionisation
factor 0.46.

Extrapolation of the electron impact emission cross-
sections of Wang and McConkey [1] would lead to
suitable harmony with our results. The electron im-
pact emission cross-sections of Zipf and Kao [3] ex-
ceed the emission cross-sections of this study as already

stated for the 98.9 nm line and 83.3 nm line emis-
sion cross-sections. The experimental excitation cross-
sections of Vaughan and Doering [31] have been con-
verted into 87.9 nm line emission cross-sections in the way
mentioned above. The resulting emission cross-sections
in Figure 9 are a factor 2 larger than our emission
cross-sections. This cannot be due to cascade popula-
tion since cascade population would enlarge the optically
measured emission cross-sections. The difference of our
emission cross-sections to the emission cross-sections de-
duced from the excitation cross-sections of Vaughan and
Doering [31] may be explained by a to small autoionisa-
tion factor or by fluorescence emission at 395.4 nm in the
O (3s′′ 3Po)→ O (3p 3Pe) transition. Considering the un-
certainties there is at least no contradiction between the
cross-sections in Figure 9 (bottom), except the emission
cross-sections determined by Zipf and Kao [3].

3.2.3 The 102.7 nm line emission cross-sections
for the transition O (3d 3Do)→ O (2p4 3Pe)

The 102.7 nm line emission cross-sections are illustrated
in the upper graph of Figure 10. The excited O (3d 3Do)
state cannot autoionise (cf. Fig. 1). One cascade transition
into O (3d 3Do) is specified in the wavelength range of the
visible spectra: O (3p′ 3De) → O (3d 3Do) at 632.4 nm
[12]. In the visible spectrum in Figure 6 (bottom) fluores-
cence is seen between 625 nm and 640 nm which cannot
be unambiguously identified due to the limited resolution.

The 102.7 nm line emission cross-sections for electron
impact in Figure 10 seem to meet the emission cross-
sections of Wang and McConkey [1], when extrapolated.
The experimental O (3d 3Do) excitation cross-section of
Vaughan and Doering [31] are in good accord with our
results. The emission cross-sections of Zipf and Erdman
[4], the theoretical O (3d 3Do) excitation cross-sections
of Kazaks et al. [17], (approaching our emission cross-
sections at high electron energies) and Tayal and Henry
[18] (no matching electron energies with our experiment)
exceed our electron impact emission cross-sections in the
mean by a factor 2. Agreement of all emission and exci-
tation cross-sections can be stated with respect to the re-
ported uncertainties. From the agreement of emission and
excitation cross-sections we conclude that cascade popu-
lation of O (3d 3Do) is negligible within the experimental
uncertainties.

3.2.4 The 79.2 nm line emission cross-sections
for the transition O (2p5 3Po)→ O (2p4 3Pe)

The 79.2 nm line emission cross-sections are shown in the
bottom graph of Figure 10. The 79.2 nm fluorescence line
results from 2s → 2p excitation which is only observable
in open shell atoms. In the atomic spectrum in Figure 4
(bottom graph) it is obvious that fluorescence at 79.2 nm
is not clearly separated from fluorescence at 79.7 nm emit-
ted by O+ (2s−1 2De). A fitting routine had to be ap-
plied in order to get the fluorescence intensity at 79.2 nm.
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Fig. 11. Emission cross-sections for fluorescence lines result-
ing from ion excitation into the O+ (3s 4Pe) and O+ (3s 2Pe)
states by proton impact (compact symbols) and electron im-
pact (open symbols) as function of specific projectile energy
(proportional to the square of the projectile velocity). The fit-
ting functions are plotted as line graphs. Error bars include
statistical errors only.

The transition O (2p5 3Po) → O (2p4 3Pe) is listed as
the only radiative transition of the excited O (2p5 3Po)
state [12], but O (2p5 3Po) autoionises with an autoioni-
sation factor 0.51 [5]. No cascade transitions that populate
O (2p5 3Po) from higher excited atomic states have been
found. They could only result from the excitation of a 2s-
electron into a higher excited state and should be rather
weak due to strong autoionisation of the cascading level.

In order to compare the 79.2 nm line emission cross-
sections to the experimental O (2p5 3Po) excitation cross-
sections of Vaughan and Doering [31], the excitation
cross-sections have been converted into emission cross-
sections by multiplication with 0.49, according to the au-
toionisation factor 0.51. The converted excitation cross-
sections are seen to agree with the value of Zipf and Kao
[3] then. Both cross-sections are a factor 4 larger than the
emission cross-sections determined in this work. We re-
member that the 87.9 nm line emission cross-section of
Zipf and Kao [3] overestimated our 87.9 nm line emis-
sion cross-section as well as the converted excitation cross-
section of Vaughan and Doering [31].

3.3 Emission cross-sections for transitions in O+

following O+ (3s 4Pe) and O+ (3s 2Pe) ion excitation

The 53.9 nm line emission cross-section (O+ (3s 4Pe) →
O+ (2p3 4So)) and the 61.7 nm line/67.3 nm line emission
cross-section (O+ (3s 2Pe) → O+ (2p3 2Do / 2Po)) for
proton and electron impact are presented in Figure 11. In
contrast to our results for dissociative ionisation of O2 by
proton and electron impact in paper I [7] and for photoion-
isation of O [8], fluorescence intensity at 53.8 nm/53.9 nm
cannot be attributed to the 53.9 nm line resulting from
O+ (3s 4Pe) ion excitation only. This becomes appar-

ent when the intensity ratio of the fluorescence lines at
53.8 nm/53.9 nm and at 58.1 nm in the atomic spectrum
in Figure 4 is compared with the molecular spectrum. Mul-
tiplying the intensity at 58.1 nm with the 53.8 nm line to
58.1 nm line branching ratio 4.0 [14], the resulting inten-
sity at 53.8 nm gives a minor contribution to the fluores-
cence intensity at 53.9 nm for dissociative ionisation in
the molecular spectrum but similar intensities at 53.8 nm
and 53.9 nm in the atomic spectrum.

The mean branching ratio for 67.3 nm to 61.7 nm flu-
orescence emission in the VUV spectra for proton impact
of 0.178 ± 0.023 and for electron impact of 0.243 ± 0.046
is in good accord with the experimental values of 0.19
from our photoionisation experiment [8], of 0.182 ± 0.024
for proton impact on O2 and of 0.232 ± 0.050 for elec-
tron impact on O2 (paper I [7]) and finally also with the
theoretical branching ratio of 0.16 derived from transition
probabilities calculated by Bell et al. [32].

For the O+ (3s 4Pe) and O+ (3s 2Pe) states, cas-
cade population is observed in the visible spectrum in
Figure 6. Four emission multiplets with relative strong
fluorescence intensity, assigned in the bottom graph of
Figure 6, namely O+ (3p 2Po) → O+ (3s 2Pe) at 392.0–
398.3 nm, O+ (3p 4Po)→ O+ (3s 4Pe) at 431.7–436.7 nm,
O+ (3p 2Do) → O+ (3s 2Pe) at 441.5–445.2 nm and
O+ (3p 4Do)→ O+ (3s 4Pe) at 463.9–467.6 nm are recog-
nized to feed the O+ (3s 4Pe) and the O+ (3s 2Pe) state.
The identification of the transitions has been carried out
according to the high resolution spectrum measured for
electron impact on O2 in paper I [7]. The observed cas-
cade transitions result from ionisation of a 2p-electron and
simultaneous excitation of a second 2p-electron into a 3p-
state. The O+ (3p) excited ion states can only decay into
the O+ (3s 4Pe) and O+ (3s 2Pe) states. Although no
emission cross-sections could be determined in the visi-
ble spectral range, the two-electron processes of O+ (3s)
and O+ (3p) ion excitation can be expected to have cross-
sections in the same order of magnitude.

3.4 Bethe-Fano plots of the emission cross-sections

The Bethe-theory [30] can be applied to fast collisions.
In the present experiment the asymptotic Bethe-formulae
are expected to reproduce the experimental emission
cross-sections qualitatively for the high electron veloci-
ties. The asymptotic Bethe-formulae have therefore been
parametrized for the use as fitting functions for the elec-
tron impact emission cross-sections:

σ =
a

E
ln(bE) for optically allowed transitions (7)

σ =
c

E
for optically forbidden transitions. (8)

Since the Bethe-theory cannot be applied to describe the
whole proton velocity range covered in our experiment, an
inverse polynomial fitting function has been used for the
proton impact emission cross-sections

σ = a0 +
a1

x− x0
+

a2

(x− x0)2
· (9)
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Fig. 12. Bethe-Fano plots of emission cross-sections for fluo-
rescence lines resulting from 2s−1 ionisation by proton impact
(compact symbols) and electron impact (open symbols). The
fitting functions are plotted as line graphs. Error bars include
statistical errors only. Emission cross-sections of fluorescence
lines originating from the same O+ (2s−1) state are summed.

At equivalent and sufficiently high projectile velocities the
Bethe-theory predicts equal ionisation cross-sections for
electron and proton impact. Such a behaviour is observed
for all presented emission cross-sections within the exper-
imental uncertainties, most striking for the most intensive
fluorescence emission at 83.3 nm.

Bethe-Fano plots display the products of emission
cross-section times specific projectile energy versus the
logarithm of specific projectile energy (Figs. 12–14). The
Bethe-Fano plots for emission cross-sections resulting from
the same excited ionic state are summed to outline the
characteristics of the ionisation and excitation processes.

A principal difference in the 2s−1 ionisation into the
final ionic states O+ (2s−1 4Pe) and O+ (2s−1 2Pe) on
the one hand and O+ (2s−1 2De) and O+ (2s−1 2Se)
on the other can be seen in Figure 12. The linear in-
crease in the Bethe-Fano plots of the emission cross-
sections resulting from 2s−1 ionisation into O+ (2s−1 4Pe)
and O+ (2s−1 2Pe) indicates ionisation via an optically
allowed transition according to the asymptotic Bethe-

formula in equation (7). In contrast the Bethe-Fano con-
nected to 2s−1 ionisation into O+ (2s−1 2De) tends to
a constant behaviour indicating an optically forbidden
transition. The Bethe-Fano plot for 2s−1 ionisation into
O+ (2s−1 2Se) for electron impact seems to increase with
electron energy. Due to scatter in the electron impact
emission cross-sections, a constant would fit the data also.
Though the Bethe-theory is not applicable to our proton
impact data, a Bethe-Fano plot is appropriate to underline
the dependence of the cross-sections on the projectile en-
ergy. For proton impact a maximum appears in the Bethe-
Fano plot. Similar Bethe-Fano plots have been obtained by
our workgroup in the investigation of Ne double ionisation
by proton and electron impact [28], interpreted as a hint
for successive collisions of the projectile with two target
electrons or a collision of the first ejected electron with a
second bound electron. Finally, we note that all four par-
tial 2s−1 photoionisation channels were observed in our
photoionisation experiment [8], in contrast to the possible
classification of O+ (2s−1 2De) and O+ (2s−1 2Se) ioni-
sation as optically forbidden in the independent particle
model and as a manifestation of electron correlations.

Bethe-Fano plots of the emission cross-sections for
the excitation processes discussed above are presented in
Figure 13. The linear increase of the products of emis-
sion cross-section and specific projectile energy with the
logarithm of the specific projectile energy character-
izes the excitations as optically allowed. The asymp-
totic Bethe-formula for excitation cross-sections [30] links
the slope of a Bethe-Fano plot with the optical oscilla-
tor strength of the respective transition. From the fit-
ting parameters, the optical oscillator strengths of the
investigated excitations have been determined. They are
compared with optical oscillator strengths from an elec-
tron energy loss experiment by Doering et al. [33] and
with theoretical optical oscillator strengths calculated by
Pradhan and Saraph [34] and by Tayal and Henry [18] in
Table 2. The optical oscillator strengths derived from our
emission cross-sections agree well with the other results
for the O (3`) states, but underrate the published opti-
cal oscillator strengths in case of the O (2p5 3Po) excited
states.

Figure 14 shows Bethe-Fano plots of the emission
cross-sections of the 53.9 nm line and 61.7 nm line plus
67.3 nm line. The rise of the Bethe-Fano plots for electron
impact with increasing electron energy suggests that pop-
ulation of the O+ (3s 4Pe) and O+ (3s 2Pe) excited ion
states takes place via optically allowed transitions in fast
collisions. This is in contradiction to the expectation from
the independent particle model which treats ion excita-
tion as a two electron process. We interpret the observed
high velocity behaviour as resulting from atomic ground
state configuration interaction (ISCI) allowing a one elec-
tron ionisation process. The strong appearance of the
discussed ionic states in our photoionisation experiment
[8] supports the above interpretation. So Figure 14 demon-
strates an interesting transition from a two step process
at the lower proton velocities to a sudden transition de-
scribed by configuration interaction [35].
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Table 2. Optical oscillator strengths obtained from the Bethe-Fano plots in Figure 13, experimentally determined by Doering
et al. [33] and theoretically calculated by Pradhan and Saraph [34] and Tayal and Henry [18].

Excitation Optical oscillator strength

& this Doering Pradhan Tayal

Fluorescence wavelength work et al. & Saraph & Henry2

O (2p4 3Pe)→ O (3d 3Do) 102.7 nm 0.021 0.019 0.0203 0.030 (l) 0.023 (v)

O (2p4 3Pe)→ O (3s′ 3Do) 98.9 nm 0.071 0.061 0.0558 0.060 (l) 0.051 (v)

O (2p4 3Pe)→ O (3s′′ 3Po) 87.9 nm 1 0.077 0.086 0.0791 –

O (2p4 3Pe)→ O (2p5 3Po) 79.2 nm 1 0.025 0.070 0.0695 –

1 Autoionising excited state, 2 (l) length form (v) velocity form.
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Fig. 13. Bethe-Fano plots of emission cross-sections for fluo-
rescence lines resulting from excitation by proton impact (com-
pact symbols) and electron impact (open symbols). The fitting
functions are plotted as line graphs. Error bars include statis-
tical errors only.

4 Summary

We have presented a comprehensive study of absolute
emission cross-sections of VUV fluorescence lines emitted
from excited O+ and O states after electron and proton
impact on O. In combination with the investigation of flu-
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Fig. 14. Bethe-Fano plots of emission cross-sections for fluo-
rescence lines resulting from ion excitation by proton impact
(compact symbols) and electron impact (open symbols). The
fitting functions are plotted as line graphs. Error bars include
statistical errors only. The emission cross-sections of fluores-
cence lines originating from the O+ (3s 2Pe) state are summed.

orescence resulting from proton and electron impact on
O2 in paper I [7], from photoionisation of O [8] and from
photodissociation of O2 [9], the presented results provide
extensive data for fluorescence spectroscopic applications
concerning oxygen.

The electron impact emission cross-sections assigned
to atomic excitation processes are in suitable harmony
with the so far published experimental emission cross-
sections. Agreement with experimental (electron energy
loss) and theoretical excitation cross-sections is seen in
case of the non-autoionising excited O states. The devia-
tion in case of autoionising excited O states questions the
employed autoionisation factors. For proton impact nei-
ther partial excitation cross-sections nor emission cross-
sections have been available for comparison.

Four partial 2s−1 ionisation channels are observed.
Ionisation into the O+ (2s−1 2De) state and the
O+ (2s−1 2Se) state are investigated for the first time.
An interpretation based on Bethe-Fano plots points out
a difference in the 2s−1 ionisation mechanism populating
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the O+ (2s−1 2De) and O+ (2s−1 2Se) states on the one
hand and the O+ (2s−1 4Pe) and O+ (2s−1 2Pe) states on
the other. The latter ionisation channels can be explained
by a simple one electron ejection whereas the former need
either to be considered as two electron processes in the
independent particle model or require configuration inter-
action wavefunctions to describe the atomic ground state
or the 2s−1 ion states. The importance of electron cor-
relations is also implied by the Bethe-Fano plots for ion
excitation into the O+ (3s 4Pe) state and the O+ (3s 2Pe)
state.
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