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Abstract. Molecular oxygen O2 was dissociated in collisions with protons and electrons in the intermediate
velocity range (p+-energies: 17–800 keV, e−-energies: 0.2–2 keV). Fluorescence from excited atomic and
singly ionised fragments and from singly ionised molecules was detected in the VUV and in the visible
and near UV spectral range. Highly resolved spectra are presented for the VUV (46–131 nm) and the
near UV/visible (340–605 nm) spectral range. Absolute emission cross-sections have been determined for
dissociative ionisation and excitation leading to fluorescence in the VUV. Results are compared with
published data.

PACS. 34. Atomic and molecular collision processes and interactions – 33.20.-t Molecular spectra

1 Introduction

Molecular oxygen O2 as one major constituent of the
earth’s atmosphere is exposed not only to electromagnetic
radiation from the sun, but also to collisions with electrons
and protons. Due to photon absorption in the EUV and
to particle impact, O2 is partially dissociated. Densities
of O2 and O as well as characteristic energies of electrons
and protons strongly depend on altitude in atmosphere [1].
Fluorescence spectroscopy of O2 and O has shown to be a
powerful tool for remote investigations of the earth’s at-
mosphere [1,2]. In order to interpret fluorescence spectra
from O2/O-admixtures, emission cross-sections of radia-
tive transitions following excitation and ionisation of O2

and O are desirable. Highly resolved spectra and absolute
emission cross-sections for electron and proton impact on
O2 are presented here. Fluorescence spectroscopy exper-
iments concerning proton and electron impact on O are
presented in paper II [3], while photoionisation of O and
photodissociation of O2 are described elsewhere [4,5].

Fluorescence emission in the VUV after electron im-
pact on O2 was intensively analysed in an experiment
by Ajello and Franklin [6], who supplied the latest and
most comprehensive spectroscopic data with respect to
earlier studies [7–11]. Fluorescence emission in the VUV
results from transitions in neutral or ionised dissociation
fragments. Molecular fluorescence features have not been
observed in this spectral range. We present a high reso-
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lution VUV spectrum which reveals intensity ratios of
some close lying fluorescence lines, not resolved in the
spectrum of Ajello and Franklin [6]. The high spectral
resolution achieved in the visible and near UV allows an
unambiguous identification of fluorescence lines from ex-
cited dissociation fragments. The absolute emission cross-
sections of Ajello and Franklin [6] were determined for
200 eV electron impact on O2 and emission cross-sections
for four lines were presented in an electron energy range
from threshold up to 400 eV. Our absolute emission cross-
sections for 13 radiative transitions following dissociative
ionisation and excitation expand the electron energy range
to 2 keV. The only emission cross-sections for proton im-
pact, known to the authors, were determined by Thomas
and Bent [12] for the unresolved 441.5/441.7 nm line.

2 Experimental

2.1 Investigated processes

For the most prominent VUV fluorescence lines and some
weak fluorescence lines belonging to processes of phys-
ical interest, absolute emission cross-sections have been
determined in the present experiment. Experimental fluo-
rescence wavelengths of the observed transitions and the
respective electronic transitions are summarised in Ta-
ble 1. The investigated dissociative ionisation and exci-
tation processes are summarised in equations (1–3). Flu-
orescent fragments are designated by the excited electron
or the produced vacancy (O ground state: 2s2 2p4 3Pe).
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Table 1. Fluorescence wavelengths and electronic transitions
for the absolute emission cross-sections determined in this
study.

Fluorescence Electronic transition

wavelength

dissociative 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

dissociative 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

dissociative 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

99.9 nm O: 2s22p3(2Po)3s 1Po → 2s22p4 1De

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

Complete designation as in Table 1 is omitted here.
hνfl symbolizes the emitted photon, O/(O++e−) an unob-
served fragment. Figure 1 illustrates the atomic and ionic
states involved in the VUV emitting transitions.

Dissociative 2s− electron ionisation:
e−, p+ + O2

↓
e−, p+ + O/(O+ + e−) + O+ (2s−1) + e−

↓
O+ (2p3) + hνfl (1)

dissociative ion excitation:
e−, p+ + O2

↓
e−, p+ + O/(O+ + e−) + O+ (3s) + e−

↓
O+ (2p3) + hνfl (2)

dissociative excitation:
e−, p+ + O2

↓
e−, p+ + O/(O+ + e−) + O (3` or 2p5)

↓
O (2p4) + hνfl. (3)

In the visible and near UV spectral range, emission in
the first and second negative band system of O+
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Fig. 1. Energy levels of O states and O+ states with their
continua which are relevant to VUV fluorescence emission. Two
examples of radiative transitions are illustrated.

observed along with fluorescence lines from excited disso-
ciation fragments. The electron configuration of the molec-
ular oxygen ground state is O2(X 3Σ+

g ). Equations (4–6)
summarise the fluorescent processes considered here.

1st & 2nd negative band system of O+
2 :

e−, p+ + O2

↓
e−, p+ + O+

2 (b 4Σg, A
2Πu) + e−

↓
O+

2 (a 4Πu, X
2Πg) + hνfl (4)

dissociative ionisation:
e−, p+ + O2

↓
e−, p+ + O/(O+ + e−) + O+ (n`, n = 3, 4) + e−

↓
O+ (n(`± 1), n = 3) + hνfl (5)

dissociative excitation:
e−, p+ + O2

↓
e−, p+ + O/(O+ + e−) + O (n`, n = 3, 4, 5) + e−

↓
O(n(`± 0, 1), n = 3) + hνfl. (6)



O. Wilhelmi and K.-H. Schartner: Proton and electron impact on O2 81

2.2 Setup for measuring high resolution fluorescence
spectra

Molecular oxygen was kept under a constant pressure of
5 mtorr in a target cell, giving a uniform target density of
approximately 2× 1014 cm−3 over the interaction region.
Electrons of 2 keV kinetic energy passed the target cell
through two apertures, each 1.5 mm in diameter. Fluores-
cence radiation was dispersed by a 1-m normal-incidence
monochromator (Mc Pherson 225) mounted with its op-
tical axis perpendicular and with its entrance slit parallel
to the electron beam. The slit width was set to 100 µm.

In case of fluorescence detection in the VUV spec-
tral range (46–131 nm), a platinum coated grating with
2400 lines per mm, blazed at 80 nm, was used. A two di-
mensional position sensitive channel-plate detector with
an active area diameter of 2 inch registered a spectral
range of about 18 nm simultaneously. A spectral reso-
lution of 0.15 nm FWHM was achieved. Detected fluo-
rescence intensities have been corrected for the relative
spectral quantum efficiency of the present grating detec-
tor combination [13].

In case of fluorescence detection in the near UV and
visible spectral range (340–605 nm), an aluminium coated
grating with 600 lines per mm, blazed at 300 nm, was
employed. A two dimensional position sensitive channel-
plate detector with a multialkali photocathode (1 inch in
diameter) registered a spectral range of about 30 nm si-
multaneously. The spectral resolution achieved here was
0.3 nm FWHM. The window material of the detector
head prevented fluorescence detection at wavelengths be-
low 340 nm.

In both cases spectra have been recorded for several
settings of the gratings. Normalisation of the fluorescence
intensity to the exciting electron beam current allowed
to join the measured spectra. Wavelength calibration was
carried out according to wavelengths compiled by Kelly
[15], Striganov and Sventitskii [16] and Krupenie [17].

2.3 Setup for measuring absolute emission
cross-sections

For determination of VUV emission cross-sections, a dif-
ferent experimental arrangement was set up in preparation
of fluorescence spectroscopy experiments with atomic oxy-
gen (paper II, [3,4]). Molecular oxygen was provided by
an effusive beam which was formed by a nozzle (0.8 mm in
diameter, 3 mm long). The mass flow of O2 was electron-
ically controlled. The molecular beam was intersected by
the projectile beam. The intersection position 3 mm below
nozzle exit was defined by five aligned circular apertures,
the smallest one being 2.5 mm in diameter. The aper-
tures were electrically insulated in order to monitor the
position of the projectile beam by the currents from the
apertures. The non-uniform target density was simulated
in the intersection region on the basis of an effusive beam
description by Pauly [18]. The mean density amounted
to 5 × 1013 cm−3 for a typical mass flow of 1 sccm O2.
Protons with energies between 17 keV and 800 keV were

provided by a 1 MeV van de Graaff accelerator, while for
the production of 200 eV–2 keV electrons a modified TV
electron gun was used. For the electron impact measure-
ments, magnetic stray fields had to be screened.

A 1-m normal-incidence monochromator was mounted
under the magic angle to the projectile beam in order
to suppress the influence of anisotropic fluorescence emis-
sion on intensity detection. Its entrance slit was oriented
perpendicular to the projectile beam. In order to compen-
sate for the reduced target density in the effusive beam
a 1200 lines per mm grating was chosen instead of the
2400 lines per mm grating which was used for the mea-
surement of the high resolution VUV spectrum. Still sup-
plying sufficient spectral resolution this grating allowed
to register a spectral range of 36 nm simultaneously. The
grating is osmium coated and blazed at 60 nm. The rel-
ative spectral quantum efficiency was obtained from fluo-
rescence line intensities measured with Ar and Kr effusive
beams under 2 keV electron impact. For this purpose,
fluorescence intensity ratios were compared to accurate
emission cross-section ratios by Jans et al. [19].

Absolute emission cross-sections have been obtained
by comparing – under the same experimental conditions –
the intensities of VUV fluorescence lines with fluorescence
intensities emitted after Ar 3s-electron ionisation with
2 keV electrons or with 300 keV and 800 keV protons. The
fluorescence wavelengths emitted in the Ar+ (3p → 3s)
transitions are 93.2 nm and 92.0 nm. Reference emission
cross-sections from Jans et al. [19] for electron impact and
Hippler and Schartner [21] for proton impact exist. Equal
mass flow of Ar and O2 was chosen. The target density
for Ar is then by a factor 1.1 higher than that of O2, be-
cause of the lower particle velocity of Ar due to its greater
mass. This density difference was taken into account in
the normalisation.

The deduction of the target density difference of a fac-
tor 1.1 between Ar and O2 from their masses requires
the effusive beam to be operated in the molecular flow
regime. Whether or not molecular flow was achieved in
the experiment was verified by applying the effusive beam
simulation for comparison of experimental fluorescence in-
tensities with simulated target densities for different mass
flows. The simulation accounts for collisions in the nozzle
and molecular flow in the beam itself (opaque mode) [18].
It has to be stated here, that the mass flow of 1 sccm in
the present experiment is just beyond the validity of the
simulation according to [18]. Reducing the mass flow to
0.25 sccm and 0.06 sccm (within the validity of the simula-
tion), resulted in a simulated density reduction of 0.28 and
0.05 with respect to 1 sccm. Only a marginal reduction in
the effusive beam diameter was obtained with decreasing
mass flow. Experimentally, proton impact induced rela-
tive fluorescence intensities of 1:0.53:0.28 were measured
for mass flows 1, 0.5 and 0.25 sccm. The agreement of
the ratios of massflow and of fluorescence intensity with
the simulated density ratio supports the application of the
simulation program. It does also show the absence of pres-
sure effects, like reabsorption of fluorescence by molecules.
The simulation confirmed the factor 1.1 between Ar and
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O2 target densities which was expected assuming molecu-
lar flow conditions.

The reliability of the normalisation was supported by
an additional experiment, where fluorescence was mea-
sured from diffuse O2 and Kr targets of the same density
under 2 keV electron impact. The 83.3 nm line (Eq. (1))
and 87.9 nm line (Eq. (3)) intensities from the diffuse O2

target were normalised to accurate emission cross-sections
of fluorescence lines emitted from excited Kr+ states [19].
The 83.3 nm line emission cross-section for 2 keV elec-
tron impact obtained from the effusive beam amounts to
0.47 Mb, from the diffuse target experiment 0.43 Mb re-
sulted. The 87.9 nm line emission cross-section of 0.14 Mb
determined in the effusive beam experiment is in accord
with 0.12 Mb from the diffuse target experiment.

2.4 Experimental uncertainties

The statistical errors of the emission cross-sections cor-
respond to the number of counts registered for the indi-
vidual fluorescence intensities. Furthermore a statistical
variation in the overlap of effusive beam and projectile
beam for different projectile energies had to be taken into
account. The resulting statistical errors were determined
by simulating different overlaps (simulation based on [18]).
From the magnitude of the recorded aperture currents it
could be concluded that only minor changes in projectile
beam position had to be simulated.

Normalisation of the experimental fluorescence intensi-
ties to absolute emission cross-sections for the Ar+ (3p→
3s) transition causes systematic error bars. An error of
2.8% is reported for the reference cross-sections from the
electron collision experiment performed by Jans et al. [19].
The absolute emission cross-sections from the proton col-
lision experiment of Hippler and Schartner [21] are un-
certain within 25%. The systematic error of the relative
quantum efficiency correction was determined to be 23%.
A possible different overlap of effusive beam and projectile
beam in the measurements used for normalisation causes
a further systematic error of 8%, also determined by sim-
ulating different overlaps.

All systematic errors add up to a total systematic error
of 34% in case of the electron impact experiments and 56%
in case of the proton impact experiments. The respective
root sum square uncertainties are 25% and 35%.

3 Results and discussion

3.1 High resolution spectrum in the VUV (46–131 nm)

The VUV spectrum for collisions of 2 keV electrons with
O2 is displayed in Figure 2. The observed emission lines re-
sult from dissociation into ioniSed and excited O, O+ and
even O2+ fragments. Their transitions and wavelengths
are listed in Table 2. Fine structure multiplets, even if
partially resolved, are not listed separately for the sake
of brevity. The assignment has been carried out using the
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Fig. 2. The VUV spectrum resulting from 2 keV electron im-
pact on O2. Prominent emission features are designated by
their corresponding electronic transitions. All emission features
identified clearly are listed in Table 2. The insets show fluores-
cence spectra measured in higher diffraction orders.

wavelength tables of Kelly [15]. The achieved spectral res-
olution of 0.15 nm FWHM allows to investigate the inten-
sity ratios of close lying fluorescence lines. The absence of
any molecular emission features in this spectral region is
obvious.

Fluorescence from O+ (2s−1 4Pe) at 83.3 nm is over-
lapping with fluorescence from O2+ (2p3 3Do) as can
be seen in Table 2. To clarify the origin of fluorescence
emission in this narrow spectral region, it has been mea-
sured with increased resolution in the second diffraction
order of the grating as illustrated in the inset of Figure 2.
The fluorescence intensity from O2+ at 83.5096 nm and
83.5292 nm can be distinguished from the O+ fluores-
cence at 83.4462 nm. From the weak intensity of O2+ flu-
orescence emission, one can estimate the error to be less
than 5% when fluorescence intensity at 83.3 nm is totally
attributed to O+ fluorescence emission in an experiment
with lower resolution at comparable projectile energies.

The emission lines resulting from O+ (3s′ 2De)
at 60.0585 nm and O2+ (2p3 1Po/1Do) at
59.7818/59.9598 nm are resolved in the first order
of the spectrum. In contrast to the emission at 83.3 nm,
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Table 2. Observed electronic transitions with corresponding
fluorescence wavelengths in the VUV after dissociative ionisa-
tion into an excited fragment state. Fluorescence wavelengths
are taken from Kelly [15]. Finestructure multiplets are sum-
marised.

Observed transition Fluorescence wavelength

fluorescence from excited O2+ fragments

3s 3Pe → 2p3 3Po 48.0955–48.1587 nm

2p3 3So → 2p2 3Pe 50.7391–50.8182 nm

2p3 1Po → 2p2 1De 52.5795 nm

2p3 1Po → 2p2 1Se 59.7818 nm

2p3 1Do → 2p2 1De 59.9598 nm

2p3 3Po → 2p2 3Pe 70.2332–70.3850 nm

2p3 3Do → 2p2 3Pe 83.2927–83.5292 nm

fluorescence from excited O+ fragments

3d 2De/2Pe → 2p3 2Do 48.1587–48.5631 nm

3d 2Fe/4De → 2p3 2Do 48.1587–48.5631 nm

4s 2Pe → 2p3 2Po 49.9871–50.0343 nm

3d 2De → 2p3 2Po 51.5498–51.5640 nm

3d 2Pe → 2p3 2Po 51.7937–51.8242 nm

2s−1 2Pe → 2p3 2Do 53.7830–53.8318 nm

3s 4Pe → 2p3 4So 53.9086–53.9853 nm

3s′ 2De → 2p3 2Do 55.5056–55.5121 nm

2s−1 2Pe → 2p3 2Po 58.0400–58.0967 nm

3s′ 2De → 2p3 2Po 60.0585 nm

3s 2Pe → 2p3 2Do 61.6291–61.7051 nm

2s−1 2Se → 2p3 2Po 64.4148 nm

3s 2Pe → 2p3 2Po 67.2948–67.3768 nm

2s−1 2De → 2p3 2Do 71.8484–71.8562 nm

2s−1 2De → 2p3 2Po 79.6661 nm

2s−1 4Pe → 2p3 4So 83.2762–83.4462 nm

fluorescence from excited O fragments

2p5 3Po → 2p4 3Pe 79.15136–79.29671 nm

5d′ 1Fo/1Do/1Po → 2p4 1De 85.931–86.156 nm

6s′ 1Do → 2p4 1De 85.931−86.156 nm

3s′′ 3Po → 2p4 3Pe 87.77983−87.95507 nm

5, 6, 7, ...d 3Do → 2p4 3Pe 91.8039−95.07327 nm

3d′ 1Po/1Do/1Fo → 2p4 1De 92.20081−92.2460 nm

6, 7, 8, ...s 3So → 2p4 3Pe 93.02566−95.29413 nm

4s′ 1Do → 2p4 1De 93.51930 nm

4d 3Do → 2p4 3Pe 97.17381−97.38852 nm

5s 3So → 2p4 3Pe 97.64481−97.79594 nm

3s′ 3Do → 2p4 3Pe 98.85778−99.08010 nm

3s′′ 1Po → 2p4 1De 99.94974 nm

3d 3Do → 2p4 3Pe 102.57618−102.81571 nm

4s 3So → 2p4 3Pe 103.92304−104.16876 nm

4s 5So → 2p4 3Pe 104.9115 nm

3s′ 1Do → 2p4 1De 115.21512 nm

3s′′ 1Po → 2p4 1Se 121.76477 nm

3s 3So → 2p4 3Pe 130.21685−130.60286 nm

the fluorescence from O2+ is contributing significantly at
60 nm.

Only those emission features of O2+, tabulated as the
most intense in [15,16], appear in the VUV spectrum. So,
in general one can consider the dissociation of O2 into
a doubly ionised excited fragment as significantly weaker
than the dissociation into a singly ionised fragment, but
care has to be taken, when weak emission lines of O+

coincide with one of the observed O2+ emission lines.
Fluorescence from O+ (3s 4Pe) at 53.9086–53.9853 nm

and O+ (2s−1 2Pe) at 53.7830–53.8318 nm was addition-
ally measured in third order. It becomes apparent that al-
most all intensity in first order results from O+ (3s 4Pe),
in accordance with the result of Flaig et al. (Ne+(500 keV)
on O2) [23] but clearly at odds with the result of Yang and
Cunningham [24] (fluorescence emission from a discharge
lamp), who found fluorescence from O+ (2s−1 2Pe) to be
about half intense than fluorescence from O+ (3s 4Pe).

Fluorescence at 87.9 nm is dominantly emitted
from O (3s′′ 3Po) fragments, since fluorescence from
O (3d′ 1Po, 1Do, 1Fo) at 92.2 nm is already very weak and
in consequence fluorescence from O (4d′ 1Po,1 Do,1 Fo)
fragments at fluorescence wavelength 87.9 nm is negligible
due to the higher main quantum number.

The most intensive emission, after quantum effi-
ciency correction, is seen in the multiplet at 130.21685–
130.60286 nm which is the long wavelength limit of the
detectable fluorescence. The very low detection efficiency
at these wavelengths implies large errors in the relative
spectral quantum efficiency.

3.2 High resolution spectrum in the visible
and near UV (340–605 nm)

The spectrum recorded in the visible and near UV spectral
range after 2 keV electron impact on O2 is displayed in
Figure 3. Identified emission features are listed in Table 3
for fluorescence from excited neutral and singly ionised
fragments and in Table 4 for fluorescence from singly
ionised molecules. In order to present Table 3 in a con-
densed form finestructure multiplets are summarised, even
if clearly separated in the spectrum. Observed emission
lines are assigned according to Striganov and Sventitskii
[16].

The spectral range from the cut off wavelength of the
detector at 340 nm to 390 nm shows weak emission in the
second negative band system of O+

2 (A 2Πu → X 2Πg).
Band heads from Krupenie [17] are listed in Table 4 and
are included in Figure 3 at the observed emission bands.
The spectral range from 390 nm to 470 nm is charac-
terised by line emission from excited singly ionised and
neutral fragments. Molecular bands cannot be identified
here. The spectral range from 470 nm up to 605 nm is
finally dominated by fluorescence from the first negative
band system of O+

2 (b 4Σ−g → a 4Πu). As for the second
negative band system, band heads taken from Krupenie
[17] are included in Figure 3. A more detailed analysis of
the first negative band system was carried out by Hughes
and Ng [25] for proton impact on O2.
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Table 3. Observed electronic transitions in the visible/near
UV with corresponding fluorescence wavelengths for dissocia-
tive ionisation and excitation. Fluorescence wavelengths are
taken from Striganov and Sventitskii [16]. Finestructure mul-
tiplets are summarised.

Observed transition Fluorescence wavelength

fluorescence from excited O+ fragments

3p 4So → 3s 4Pe 371.275−374.949 nm

3d 4De → 3p 4Do 388.2197−388.315 nm

3p′ 2Po → 3s′ 2De 391.1960−391.2088 nm

3p 2Po → 3s 2Pe 391.9287−398.2719 nm

3d 4Fe → 3p 4Do 406.9634−409.418 nm

4f 4Go → 3d 4Fe 408.716−408.9295 nm

3d 4De → 3p 4Po 409.7260−412.0554 nm

3d′ 2Ge → 3p′ 2Fo 418.5456−418.9788 nm

4f ′ 2Ho → 3d′ 2Ge 425.374−425.398 nm

4f 4Fo → 3d 4De 427.552−428.296 nm

4f 4Do → 3d 4Pe 428.883−430.382 nm

3p 4Po → 3s 4Pe 431.7139−436.6896 nm

4f ′ 2Do → 3d′ 2De 434.283 nm

3p′ 2Do → 3s′ 2De 434.7425−435.1269 nm

4f ′ 2Fo → 3d′ 2De 437.801−437.841 nm

3p 2Do → 3s 2Pe 441.4909−445.2377 nm

3p′′′ 6Pe → 3s′′′ 6So 446.540−446.941 nm

4f 4Do → 3d 2Pe 446.628−446.632 nm

4d 4De → 3p′ 2Po 446.932 nm

4f ′ 2Do → 3d′ 2Pe 448.772−448.817 nm

4f 2Do → 3d 2Pe 448.948−449.125 nm

3p′ 2Fo → 3d′ 2De 459.0971−459.6174 nm

4f 2Fo → 3d 2De 460.211−461.367 nm

3p 4Do → 3s 4Pe 463.8854−467.6234 nm

3d 4De → 3p 4So 485.649−486.495 nm

fluorescence from excited O fragments

4p 5Pe → 3p 5So 394.7301−394.7594 nm

3s′′ 3Po → 3p 3Pe 395.1987−395.4687 nm

4p 3Pe → 3s 3So 436.830 nm

5d 5Do → 3p 5Pe 532.9101−533.0739 nm

Table 4. Observed emission in the first and second negative
band system of O+

2 in the visible/near UV. The respective band
heads are tabulated in Krupenie [17].

Emission band Fluorescence wavelength

2nd negative band system of O+
2 : A 2Πu → X 2Πg

various bands 340–390 nm

1st negative band system of O+
2 : b 4Σ−g → a 4Πu

∆v = 3 495–501 nm

∆v = 2 519–530 nm

∆v = 1 553–564 nm

∆v = 0 581–602.5 nm
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Fig. 3. The visible and near UV spectrum resulting from 2 keV
electron impact on O2. For the 1st and 2nd negative band sys-
tem of O+

2 the positions of band heads are included (cf. Tab. 4).
Prominent emission lines from singly ionised and neutral frag-
ments are assigned. All identified transitions are listed in Ta-
ble 3. The relative spectral quantum efficiency of the detector
[14] is illustrated by the dotted line (same scale in all graphs).

Intensities in Figure 3 are not corrected for the spec-
tral detection efficiency, but the relative spectral quantum
efficiency of the detector alone [14] is shown in Figure 3.

3.3 Emission cross-sections in the VUV

The emission cross-sections for dissociative ionisation and
excitation processes leading to fluorescence in the VUV
after collisions of protons and electrons with O2 are dis-
played in Figures 4–6. For electron impact on O2, they
extend the energy range of the emission cross-sections of
Ajello and Franklin [6] and of Morgan and Mentall [7],
whose high energy limits are 400 eV and 300 eV, respec-
tively, to 2 keV. For proton impact on O2 individual emis-
sion cross-sections are presented for the first time.

The projectile velocities of the present experiment
range from intermediate to high velocities, with the low
proton velocities in the same order of magnitude as the
classical velocities of the valence electrons in the oxy-
gen molecule. High proton and low electron velocities
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Fig. 4. Emission cross-sections for fluorescence lines resulting
from dissociative 2s−1 ionisation by proton impact (compact
symbols) and electron impact (open symbols) as function of
the specific projectile energy (proportional to the square of
the projectile velocity). The fitting functions are plotted as
line graphs. The 53.8 nm line emission cross-section has been
calculated from the 58.1 nm line emission cross-section, em-
ploying the 53.8/58.1 nm fluorescence branching ratio 4.0 [23].
Error bars include statistical errors only.

allow a comparison of electron and proton collisions with
O2 at the same velocity. For the high electron veloci-
ties the first Born approximation can be considered as an
adequate description of the ionisation and excitation pro-
cess. At equivalent and sufficiently high projectile ve-
locities the Bethe-theory [26] predicts identical emission
cross-sections for fluorescence lines emitted after proton or
electron impact. Such a behaviour is observed for all emis-
sion cross-sections in Figures 4–6 within the total error
bars. Line graphs are fitted to the experimental data in
order to guide the eye. For electron impact emission cross-
sections, the fitting functions (Eqs. (7, 8)) have been de-
rived from the asymptotic Bethe formulae [26]

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 proton im-
pact on O2 in the whole proton energy range, an inverse
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Fig. 5. Emission cross-sections for fluorescence lines resulting
from dissociative excitation by proton impact (compact sym-
bols) and electron impact (open symbols) as function of the
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.

polynomial function has been fitted to the measured pro-
ton impact emission cross-sections (Eq. (9))

σ = a0 +
a1

x− x0
+

a2

(x− x0)2
· (9)

3.3.1 Dissociative ionisation into O+ (2s−1 4Pe),
O+ (2s−1 2De), O+ (2s−1 2Se) or O+ (2s−1 2Pe) fragments

Dissociative 2s−1 ionisation can produce four final ionic
states, namely O+ (2s−1 4Pe), O+ (2s−1 2De),
O+ (2s−1 2Se) and O+ (2s−1 2Pe). The emission cross-
sections for radiative decay of these ionic states are pre-
sented in Figure 4, the respective transitions in Table 1.
The fluorescence line intensities have been analysed even
for the very weak fluorescence lines at 58.1 nm and
79.7 nm (Fig. 2). From Table 1, it can be seen that the
O+ (2s−1 2Pe) fragment does emit fluorescence at 53.8 nm
and at 58.1 nm. With the spectral resolution achieved
in the emission cross-section experiment the fluorescence
at 53.8 nm could not be resolved from the much stronger
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Fig. 6. Emission cross-sections for fluorescence lines resulting
from dissociative ion excitation by proton impact (compact
symbols) and electron impact (open symbols) as function of
the 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.

fluorescence at 53.9 nm from O+ (3s 4Pe). Nevertheless,
the emission cross-section of the 53.8 nm line in Figure 4
was derived from the emission cross-section at 58.1 nm us-
ing the intensity branching ratio I(53.8 nm)/I(58.1 nm) =
4.0 [23]. For the branching ratio of the 79.7 nm to the
71.9 nm fluorescence lines emitted in transitions from
O+ (2s−1 2De) a mean value of 0.099±0.013 was obtained
from proton impact induced spectra. Electron impact in-
duced spectra yield 0.109± 0.021. These ratios agree with
the results for proton and electron impact on atomic oxy-
gen: 0.109± 0.014 and 0.110± 0.021 (paper II [3]). Theo-
retical transition probabilities [30] yield a 79.7 nm line to
71.9 nm line branching ratio of 0.094.

Since no intensity could be measured for the only cas-
cade transition known to us in the observed wavelength
range, O+ (2s 2p3 3s 4So) → O+ (2s−1 4Pe) at 74.0 nm
[15], we consider cascades not to contribute to the popu-
lation of the O+ (2s−1) states.

3.3.2 Dissociative excitation into O (3d 3Do), O (3s′ 3Do),
O (3s′′ 3Po), O (3s′′ 1Po) or O (2p5 3Po) fragments

After proton or electron impact dissociation of O2 into a
neutral excited fragment in the O (3d 3Do), O (3s′ 3Do),
O (3s′′ 3Po), O (3s′′ 1Po) or O (2p5 3Po) state, fluores-
cence is emitted in the 102.7 nm line, the 98.9 nm line,
the 87.9 nm line, the 99.9 nm line or the 79.2 nm line
as listed in Table 1. The emission cross-sections are dis-
played in Figure 5. We note that no emission cross-section
could be determined for the fluorescence multiplet from
the O (3s 3So) state at 130.4 nm, although it clearly ap-
pears in the high resolution spectra. Target density and
detection efficiency with the 60-nm-blazed grating in the
emission cross-section experiment did not permit reliable

determination of emission cross-sections for fluorescence
lines with wavelengths above 102.7 nm.

Excited neutral atomic states that lie energetically
above the lowest ionisation threshold of atomic oxygen
can also decay by autoionisation. For the investigated ex-
cited atomic states, autoionisation is considered with au-
toionisation factors AF , i.e. the probabilities of autoion-
isation from [28]: for O (2p5 3Po) with fluorescence at
79.2 nm AF = 0.51 and for O (3s′′ 3Po) with fluorescence
at 87.9 nm AF = 0.46.

The fluorescence lines emitted in possible cascade
transitions have wavelengths above the examined visible
spectral range, except the transition O (3p′′ 3De) →
O (3s′ 3Do) at 382.5 nm [16]. No intensity was observed
at this wavelength.

3.3.3 Dissociative ionisation into O+ (3s 4Pe)
or O+ (3s 2Pe) fragments

Dissociative ion excitation was analysed for O+ (3s 4Pe)
and O+ (3s 2Pe). These ionic states decay under emission
of fluorescence lines at 53.9 nm and 61.7/67.3 nm, respec-
tively (cf. Tab. 1). The emission cross-sections are shown
in Figure 6. For the 67.3 nm line to 61.7 nm line branching
ratio we obtain mean values of 0.182 ± 0.024 for proton
impact and 0.232 ± 0.050 for electron impact. These val-
ues are in accord with each other within the error bars,
but also with the results from proton and electron impact
on atomic oxygen of 0.178 ± 0.023 and 0.243 ± 0.046 (pa-
per II [3]) and from photoionisation of atomic oxygen of
0.19 ± 0.038 [4]. From theoretical transition probabilities
calculated by Bell et al. [30] a branching ratio of 0.16 fol-
lows.

The visible spectrum in Figure 3 gives evidence that
at least in the population of the excited ionic states
O+ (3s 4Pe) and O+ (3s 2Pe), cascade transitions from
higher excited ionic fragment states cannot be neglected.
The cascade transitions O+ (3p 4Do) → O+ (3s 4Pe) at
463.9–467.6 nm, O+ (3p 2Do) → O+ (3s 2Pe) at 441.5–
445.2 nm, O+ (3p 4Po)→ O+ (3s 4Pe) at 431.7–436.7 nm
and O+ (3p 2Po)→ O+ (3s 2Pe) at 391.9–398.3 nm show
up in the spectra. For these fluorescence lines only proton
impact induced emission cross-sections for the unresolved
441.5 nm and 441.7 nm lines (Thomas and Bent [12]) are
available. They range from 0.5 Mb at 40 keV proton en-
ergy to 0.025 Mb at 1 MeV, i.e. they amount to approxi-
mately 12% of the emission cross-sections for fluorescence
emitted by the O+ (3s 2Pe) state. Radiative transitions
into the O+ (3s) states are the only decay channels for
O+ (3p). Therefore the emission cross-sections for fluores-
cence from the O+ (3s) states correspond to dissociative
ion excitation into O+ (3s) states plus O+ (3p) states.

3.3.4 Bethe-Fano plots of the emission cross-sections

Bethe-Fano plots of emission cross-sections, i.e. the
products of emission cross-sections times specific projec-
tile energies plotted against the logarithm of the specific
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Fig. 7. Bethe-Fano plots of the emission cross-sections for
fluorescence following dissociation into O+ (2s−1) fragments.
Emission cross-sections of fluorescences lines originating from
the same O+ (2s−1) state are summed.

projectile energy [26], are characteristic for the dissocia-
tive ionisation or excitation process populating the up-
per state of the observed transition. Therefore Bethe-Fano
plots of emission cross-sections of fluorescence lines origi-
nating from the same excited state are summed in order to
characterise the excitation process. For all emission cross-
sections in Figures 4–6, Bethe-Fano plots are illustrated
in Figures 7–9.

Figure 7 presents the Bethe-Fano plots for the emis-
sion cross-sections of fluorescence lines emitted after dis-
sociative 2s−1 ionisation. A different behaviour of the
individual dissociative 2s−1 ionisation channels is ob-
served. The Bethe-Fano plot for dissociative ionisation
into O+ (2s−1 4Pe) by electron impact seems to show a
linear increase, indicating an optically allowed transition
(in accordance with the findings of Aarts and de Heer [9]).
The Bethe-Fano plots connected with dissociative 2s−1

ionisation into O+ (2s−1 2De) and O+ (2s−1 2Se) tend
to a constant behaviour, which is a feature of optically
forbidden transitions. The Bethe-Fano plot of the emis-
sion cross-sections for fluorescence from O+ (2s−1 2Pe)
is seen to fall off as the electron energy is increased. The
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Fig. 8. Bethe-Fano plots of the emission cross-sections for flu-
orescence following dissociation into excited atomic fragments.

asymptotic Bethe formulae [26] do not provide a suitable
reproduction of the latter case. Decreasing Bethe-Fano
plots have been observed for the double ionisation of neon
by proton and electron impact, where successive collisions
of either the projectile with two target electrons or the
ejected electron with a bound electron are considered as
a reason [32].

The Bethe-Fano plots assigned to the dissociative ex-
citation processes increase linearly (Fig. 8), in accordance
with the asymptotic Bethe-formula for optically allowed
transitions [26]. For the Bethe-Fano plot of the 79.2 nm
line emission cross-sections, a linear rise cannot unambigu-
ously be stated. The asymptotic behaviour of the Bethe-
Fano plots for electron impact induced ion excitation in
Figure 9 indicates an optically forbidden process.

Maxima for proton impact are observed for the dis-
sociative 2s-electron ionisation as for dissociative ion ex-
citation. Even if the Bethe-theory cannot be applied to
describe the p+-O2 collisions at the low proton veloci-
ties, the Bethe-Fano plots do nevertheless reveal informa-
tion about the characteristics of the ionisation and exci-
tation processes by elucidation of the projectile velocity
dependence.
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Fig. 9. Bethe-Fano plots of the emission cross-sections for flu-
orescence following dissociation into O+ (3s) fragments. The
emission cross-sections of fluorescences lines originating from
the O+ (3s 2Pe) state are summed.
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Fig. 10. Comparison of the 83.3 nm line emission cross-
sections from this work with the results of the experiments
of Aarts and de Heer [9], Morgan and Mentall [7], Ajello and
Franklin [6] and Zipf et al. [10]. Error bars include statistical
errors only.

3.3.5 Comparison of the absolute emission cross-sections

In previous studies of fluorescence emission resulting from
electron impact on O2, only the most intense line in the
VUV spectrum at 83.3 nm had attracted interest. Our
83.3 nm line emission cross-sections are compared to ex-
perimental data of Aarts and de Heer [9], Ajello and
Franklin [6], Morgan and Mentall [7] and Zipf et al. [10]
in Figure 10. Only Aarts and de Heer [9] supply emission
cross-sections above 400 eV electron energy. Our measure-
ment yields the largest emission cross-sections. At energies
below 500 eV our data also show a different energy depen-
dence. This is demonstrated in Figure 10 by renormalising
the data of Aarts and de Heer [9] to our data above 500 eV.
The energy dependence of Aarts and de Heer [9] follows
that of Ajello and Franklin [6] except for 100 eV. Their
emission cross-sections agree very well with the Zipf et al.
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Fig. 11. Emission cross-section ratios derived from Table 5.
Our results for 200 eV electron impact are divided by the emis-
sion cross-sections from Morgan and Mentall [7] and Ajello and
Franklin [6].

[10] results. Morgan and Mentall [7] agree well with Aarts
and de Heer [9] but both deviate by roughly a factor 2
from Ajello and Franklin [6]. Our measurement supports
Ajello and Franklin [6] within a factor of 1.3, as follows
from an extrapolation of Ajello and Franklins [6] data with
the energy dependence from Aarts and de Heer [9]. The
larger deviation of a factor 1.7 at 200 eV is partly due to
the difference in the energy dependence discussed above.

Nevertheless, due to a lack of emission cross-sections
for further electron energies, absolute emission cross-
sections of fluorescence lines different from the 83.3 nm
line have to be compared with the results of Ajello and
Franklin [6] and Morgan and Mentall [7] at 200 eV electron
energy. Table 5 gives a comparison of the emission cross-
sections for 200 eV electron impact. The ratios of emission
cross-sections from this work to the results of Morgan and
Mentall [7] and of Ajello and Franklin [6] are illustrated in
Figure 11. It is seen that the emission cross-sections pre-
sented here exceed the emission cross-sections of Ajello
and Franklin [6] in the average by a factor of 1.5, just
within the combined error bars of both experiments, es-
pecially since a factor of 1.3 was already deduced from the
difference in energy dependence of the 83.3 nm line emis-
sion cross-sections of Aarts and de Heer [9] and our results
(Fig. 10). The differences of our emission cross-sections to
those of Morgan and Mentall [7] depend on fluorescence
wavelength. At the fluorescence wavelength 53.9 nm as
well as at fluorescence wavelengths above 85 nm a factor
around 1.5 is also found. The larger deviation in between
is possibly due to an error in the spectral quantum effi-
ciency of Morgan and Mentall [7].

The above comparison is based on the originally pub-
lished results. Van der Burgt et al. [22] recommended a
renormalisation of the emission cross-sections due to a new
electron impact induced cross-section for the Lyman-α line
emission from H2. The renormalisation is supported by the
accurate emission cross-section measurement of Jans [20].
The renormalised emission cross-sections are also listed in
Table 5. The results of Ajello and Franklin [6] are reduced
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Table 5. Comparison of our emission cross-sections for 200 eV electron impact with the data from Ajello and Franklin [6] and
from Morgan and Mentall [7]. Van der Burgt et al. [22] renormalised the original values from Ajello and Morgan, leading to
smaller emission cross-sections which are included in brackets.

Fluorescence wavelength Emission cross-sections in Mb for 200 eV electron impact on O2

This work Ajello and Franklin Morgan and Mentall

53.9 nm 1.38 0.689 (0.61) 0.70 (0.43)

58.1 nm 0.013 0.029 (–) – (–)

61.7 nm 0.61 0.399 (0.36) 0.22 (0.13)

64.4 nm 0.096 0.061 (–) – (–)

67.3 nm 0.14 0.073 (–) – (–)

71.9 nm 0.49 0.388 (0.35) 0.14 (0.09)

79.2 nm 0.016 – (–) – (–)

79.7 nm 0.071 0.061 (–) – (–)

83.3 nm 3.57 2.15 (1.92) 1.29 (0.78)

87.9 nm 0.72 0.46 (0.41) 0.37 (0.23)

98.9 nm 2.13 1.00 (0.89) 1.41 (0.86)

99.9 nm 0.49 0.318 (–) 0.31 (–)

102.7 nm 0.90 0.708 (0.63) 1.05 (0.64)

by 10%, whereas those of Morgan and Mentall [7] decrease
by nearly a factor of 2.

Our normalisation relies on the 92.0 nm line emission
cross-section of σ = 1.17±0.06 Mb supplied by Jans et al.
[19] for 2 keV electron impact on Ar. Ajello et al. [29] re-
port σ = 1.20±0.17 Mb. In consequence, the difference be-
tween emission cross-sections measured by ourselves and
by Ajello and Franklin [6] cannot be attributed to the
reference emission cross-section. A 92.0 nm line emission
cross-section for 200 eV electron impact of Mentall and
Morgan [27] was also renormalised by van der Burgt et al.
[22] yielding σ = 2.15 Mb. Extrapolation, employing the
energy dependence of the experimental 92.0 nm line emis-
sion cross-sections of Luyken et al. [31] (σ = 1.29 Mb at
2 keV), yields σ = 0.27 Mb at 2 keV. This cross-section is
a factor 4 lower than those of Jans et al. [19] and Ajello
et al. [29]. A similar factor is seen in the mean for the dif-
ference of Morgan and Mentalls [7] renormalised values to
our data in Table 5, thus supporting the conclusion that
Morgan and Mentall generally obtained too small emission
cross-sections.

4 Summary

High resolution spectra are presented in the VUV and
in the visible/near UV spectral region for 2 keV elec-
tron impact on O2. They can substantially support
fluorescence spectra analysis in experiments with limited
spectral resolution, where close lying fluorescence lines
cannot be separated. In the case of the emission cross-
section measurement, fluorescence intensities at wave-
lengths 83.3 nm, 53.9 nm and 87.9 nm could be re-
lated to transitions from excited dissociation fragments
O+ (2s−1 4Pe), O+ (3s 4Pe) and O (3s′′ 3Po), respec-
tively, because overlapping fluorescence lines were seen

to have negligible intensities in the high resolution VUV
spectrum. The combination of spectra in both spectral
ranges can provide complementary information, like a con-
tribution to the VUV fluorescence of O+ (3s 4Pe) and
O+ (3s 2Pe) from cascade population was revealed in the
visible spectra.

Absolute emission cross-sections for electron impact
(0.2–2 keV) and proton impact (17–800 keV) are pre-
sented. Electron impact emission cross-sections for line
emission at 83.3 nm are in agreement with the results of
Ajello and Franklin [6] and Zipf et al. [10] at high electron
energies, but consequently are larger than the emission
cross-sections of Morgan and Mentall [7] and Aarts and
de Heer [9]. A comparison of the other line emission cross-
sections with previously published data can only be car-
ried out at 200 eV electron energy, where our results are
larger than those of Ajello and Franklin [6] by an average
factor 1.5.

Emission cross-sections have so far been limited to
electron impact with energies below 400 eV, except for
the 83.3 nm line. In the present study the energy range
has been extended to 2 keV, where a test of the emis-
sion cross-section energy dependence with respect to the
Bethe-theory becomes feasible. Emission cross-sections for
proton impact on O2 are presented for the first time, be-
side the 441.5/441.7 nm emission cross-sections [12].

The presented results are part of an extensive study of
fluorescence emission resulting from proton and electron
impact and from VUV photon absorption with molecular
and atomic oxygen gas targets (paper II [3–5]).
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Forschungsgemeinschaft (DFG). We are indebted to A. Werner
for all the work he did in the preparation of these experiments.
The technical assistance of G. Trylat in setting up the exper-
iment and running the van de Graaff Accelerator is greatly



90 The European Physical Journal D
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the workgroup of H. Schmoranzer at the Universität Kaisers-
lautern is gratefully acknowledged.
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