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[1] The kinetic energy distribution of oxygen atoms resulting from electron impact
dissociation of O, has been measured. A high-resolution vacuum ultraviolet spectrometer
was employed for the measurement of the OI(115.2 nm, 130.4 nm, 135.6 nm) fine-
structure emission line profiles at 35 eV and 100 eV electron impact energies. The
deconvolved line profiles of atomic oxygen reveal the existence of a broad line profile
(~30—40 mA full width at half maximum) produced from a combination of dissociative
excitation and dissociative ionization excitation processes. The atomic oxygen kinetic
energy distributions at 100 eV electron impact energy spans the energy range from 1 to
10 eV, with a peak value near 1 eV. The excitation functions of OI(115.2 nm, 130.4 nm,
135.6 nm) were measured in the vicinity of threshold, from 14 to 50 eV. The PACS
classification is 34.80.Gs (electron scattering-molecular dissociation) and 33.50Dq
(molecular spectra-fluorescence).  INDEX TERMS: 6297 Planetology: Solar System Objects:
Instruments and techniques; 6060 Planetology: Comets and Small Bodies: Radiation and spectra; 0310
Atmospheric Composition and Structure: Airglow and aurora; 6005 Planetology: Comets and Small Bodies:
Atmospheres—composition and chemistry; 6218 Planetology: Solar System Objects: Jovian satellites;
KEYWORDS: atmospheres of Jovian satellites, analysis of Hubble Space Telescope UV observations, particle
precipitation, electron impact dissociation cross sections, high-resolution UV spectroscopy, aurora and airglow
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1. Introduction

[2] The study of the atmosphere of planets and their
satellites is of fundamental importance in the attempt to
understand the structure and state of evolution. One of the
ways to gain such knowledge is to study atomic emissions
from different gases in the atmosphere of planets and their
satellites. Such studies provide valuable information on
densities, gas dynamics, etc. One of the gases whose features
are present in the emission spectrum is oxygen. The finger-
print of atmospheric oxygen on a planet or satellite in
the solar system can be obtained from the FUV airglow
spectrum. For example, the emissions of OI(135.6 nm) and
OI(130.4 nm) tend to dominate the FUV airglow spectrum on
lo [Ajello et al., 1992a, 1992b; Clarke et al., 1994], on
Europa[Hall et al., 1995, 1998], and on Ganymede [Feldman
et al., 2000; Hall et al., 1998]. These emissions (except for
dayglow 130.4 nm) are produced primarily by electron
impact from ambient secondary distributions established by
the primary electron flux in the aurora or by the solar EUV in
the dayglow. Even on Earth, the observed emission intensity
in the FUV spectral region from 122 to 200 nm, in both the
airglow and the aurora, is composed of mainly atomic oxygen
emissions (OI(130.4 nm) at 72—91% and OI(135.6 nm) at
4-15%) [Torr et al., 1995].

Copyright 2003 by the American Geophysical Union.
0148-0227/03/2000JE001422

[3] Recent observational studies of the tenuous atmo-
spheres of Europa and Ganymede by the Hubble Space
Telescope (HST) have shown that the two icy satellites of
Jupiter have oxygen-rich atmospheres. It was suggested that
any large satellite with a sufficient amount of water vapor
would be expected to build up a substantial atmosphere of
O, [Yung and McElroy, 1977; Kumar and Hunten, 1982].
Photolysis of water yields molecular hydrogen and oxygen
as well as ozone and a number of radicals. The lighter H,
molecules would escape from these bodies (e.g., Europa and
Ganymede) relatively easily, leaving behind an atmosphere
rich in oxygen [Hall et al., 1995, 1998], as demonstrated by
the two oxygen emission features which are prominent in
the FUV airglow spectrum of Europa [Hall et al., 1995,
1998] and Ganymede [Feldman et al., 2000].

[4] The features are the OI(130.4 nm) and OI(135.6 nm)
emission lines resulting from the transitions g°>P—>5°,
respectively (see Figure 1). For the satellites of the outer
planets the spectrum is produced by the simultaneous
dissociation and excitation of atmospheric O, by magneto-
spheric electrons which directly impact the surface or are
linked to it by an intrinsic magnetic field. The OI emissions
from Europa originate from an exospheric gas distribution
subjected to electron impact excitation at all latitudes and
longitudes [Hall et al., 1998]. The FUV aurora spectra of
Ganymede, which are observed at both poles at latitudes
above [40|°, indicate the presence of an intrinsic magnetic
field such that Jovian magnetic field lines are linked to the
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Figure 1. Medium-resolution (0.6 A full width at half maximum (FWHM)) FUV spectrum of electron
impact-induced fluorescence of e + O,. The four multiplets studied in this study are identified.

surface of Ganymede only at high latitudes [Feldman et al.,
20001].

[5] It is well known that the OI(135.6 nm) feature arises
from a long-lived transition, with a lifetime of ~180 ps
compared to the prompt radiation from the OI(130.4 nm)
feature. The analysis of the ratio of the intensities of these
two features is paramount in determining the parent species
(such as O, O,, H,O, CO, SO,, etc.). Recent measurement
of the intensity ratio of the OI(135.6 nm)/OI(130.4 nm) in
the airglow of two of Jupiter’s satellites, Europa and
Ganymede, revealed values of 1.3-2.2 for Europa [Hall
et al., 1995, 1998] and 1.6—2.0 for Ganymede [Feldman et
al., 2000]. These values indicate that the dominant form of
oxygen is molecular rather than atomic. (For atomic oxy-
gen, the ratio calculated on the basis of the electron energy
distribution modeled to resemble that near Europa is only
~0.1 [Hall et al., 1995, 1998].)

[6] The prominent OI transitions, primarily the OI
(135.6 nm) and OI(130.4 nm) multiplets, resulting from
dissociative excitation of O,, are targeted to obtain accurate
absolute excitation function measurements (and consequently,
the intensity ratio of OI(135.6 nm)/OI(130.4 nm) over a wide
range of electron impact energies) in a two-step investiga-
tion. The first part of the investigation, reported here,
concerns the measurement of velocity distribution functions
of the OI °S¥ and OI S atoms released in the dissociative
process at 100 eV from the Doppler line profiles of the
strong fine-structure lines at 135.56 nm (g°P,— °S3) and
130.22 nm (g*P,>S?), respectively. Also reported is the
measurement of the velocity distribution function of the OI
'DS atoms at 1152.15 nm ('D,—'D3), resulting from
dissociative excitation of O, at 35 eV and 100 eV electron
impact energies. A method has been established to obtain
from the Doppler broadening of a given emission line the
kinetic energy distribution function of the atoms released in

a dissociative process. The method has been utilized in a
variety of studies by this group [A4jello et al., 1995a, 1995b,
1996; Ajello and Ciocca, 1996; Ciocca et al., 1997; Beegle
et al., 1999]. In addition, the optical excitation functions of
the OI g*P—>S° (130.4 nm), OI g’ P—>S° (135.6 nm), and
OI 'D—'D° (115.2 nm) transitions produced by electron
impact dissociative excitation of O, were measured in the
threshold region at energies up to 50 eV.

[7] We also completed the measurement of the ratio of the
absolute emission cross sections of OI(135.6 nm) and
OI(130.4 nm) from electron impact dissociative excitation
of O, at 100 eV, which is reported in the second part of the
investigation by Kanik et al. [2003] (hereinafter referred
to as Paper 2). The measurements were carried out in a
large vacuum chamber with a 1 m optical path. The
cylindrically symmetric glow pattern of the optically forbid-
den OI(135.6 nm) emission about an electron beam with a
0.5 m path length was examined to accurately quantify the
total emission intensity for this transition. The total emission
intensity was obtained by extrapolating the glow pattern to
distances >0.5 m. The extrapolation model was based on
the mean energy of fragment atoms obtained in this work
and on the recent lifetime values of Wiese et al. [1996]. The
result of extrapolation was compared to the total intensity of
the OI(130.4 nm) prompt radiation. On the basis of the cross
section for OI(130.4 nm) by James et al. [1988], the absolute
emission cross section for OI(135.6 nm) was found to be
6.4 x 107" cm? at 100 eV (Paper 2).

[8] A brief summary of previous investigations
concerning OI emission line profiles and optical excitation
cross section measurements at 130.4, 135.6, and 115.2 nm,
resulting from dissociative excitation of O,, is given here.
The velocity distribution function of the OI 3S{ atoms
calculated from the Doppler line profile of the strong fine-
structure line at 130.22 nm (g3P2<—3S?), released in the
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dissociative excitation of O, at 100 eV, is reported here for
the first time. The velocity distribution of directly excited
OI >S9 atoms and other metastable high-Rydberg fragments
have been measured in a time-of-flight measurement by
Freund [1971]. Freund [1971] found a peak kinetic release
energy of 1.2 eV per atom in low-energy electron impact
studies over the range of 18—60 eV. The only previous
measurement of the 115.2 nm line profile was in the study
of Matsumi et al. [1994]. The velocity distribution of OI 'D,
atoms was determined from the Doppler profile of laser-
induced fluorescence of OI (‘Dy—'D3) at 115.2 nm. The
atoms are generated by the photodissociation of O, by
linearly polarized light at 157 nm.

[9] In this paper we will briefly describe the experimental
apparatus. We will follow with a discussion of the line
profile measurements with the 3 m high-resolution spec-
trometer and the analysis which produces the kinetic energy
distribution. The measurements of the excitation function
near threshold will be shown. A discussion of the molecular
states involved will be based on the threshold behavior of
the cross section with energy.

2. Experimental Apparatus

[10] The experimental apparatus has been described in
detail elsewhere [Liu et al., 1995; Ajello et al., 1996]. In
brief, the apparatus consists of an electron impact collision
chamber in tandem with a high-resolution Acton 3.0 m UV
spectrometer. The FUV line profiles of atomic oxygen
produced by dissociative excitation are measured by cross-
ing a magnetically collimated beam of electrons with a beam
of O, gas formed by a capillary array at 90°. The impact
energy of the electron beam was kept fixed at either 35 eV or
100 eV during line profile measurements. A resolving
power of 46,000 (34,000) is achieved by operating the
spectrometer in third (second) order. The maximum allow-
able grating rotation angle of 8° allowed the study in third
order of only the line profile of 1152.15 A (‘D, —'D9) fine
structure. The 1302.17 A (g°P,—>S¢) and 1355.60 A
(g3P2<—5S2) fine-structure lines were studied in second
order. The line shapes were measured under experimental
conditions that ensured the linearity of signal with electron
beam current and gas pressure. The spectra were measured
in the crossed beam mode, while the cross sections were
measured in the static gas mode.

[11] The medium-resolution (0.6 A full width at half
maximum (FWHM)) overview of the FUV spectrum of
electron impact-induced fluorescence of e + O, at 100 eV is
shown in Figure 1. The spectrum consists of four multiplets
centered near OI(1152 A, 1218 A 1304 A 1356 A) which
we have previously identified from low-resolution studies
[4jello, 1971; Ajello and Franklin, 1985; James et al.,
1988]. In the medium-resolution spectrum we see the
fine-structure transitions of the multiplets. To account for
the relative spectral sensitivity of the 3 m spectrometer and
channel electron multiplier detector at different wave-
lengths, the laboratory spectrum has been calibrated by
methods established in our laboratory, involving electron
excitation of the Rydberg states of H, [Liu et al., 1995]. In
addition to the calibration, the intensity of the OI(1356 A)
doublet structure has been corrected by a factor of ~175 in
order to account for the diffusion out of the field of view
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Table 1. Emission Cross Sections of OI Transitions in the O, + e
(100 eV) Collision

Emission Line, A Cross Section, 10~'® cm?

01('D,—'DY) 1152.515 0.34
OI('Sy—"PY) 1217.648 0.10
OI(g*P,>57) 1302.168 1.58
OlI(g’P;<>S7) 1304.858 0.95
OI(g*Py—>57) 1306.029 0.30
OI(g’P,>53%) 1355.598 4.92
OlI(g’P;<>55) 1358.512 1.48

(FOV) of long-lived OI °S° atoms. This corrected value was
obtained by comparing areas of 130.4 nm and 135.6 nm
multiplets with cross section values for OI(130.4 nm) from
James et al. [1988] and for OI(135.6 nm) from Paper 2. The
weak 115.2 nm and 121.8 nm features were enhanced by a
factor of 10 for visual purposes, and the spectrum was put
on a relative scale. The absolute values of cross sections at
100 eV and their corresponding fine-structure transitions are
given in Table 1. There are no molecular band systems in
the FUV emission spectrum. The absence of band system
emissions in the neighborhood of 10 eV transition energies
can be explained by examining the known states of O,
shown on the potential energy diagram of Figure 2. For
example, the B'Y, state, which is the upper state of the
strong Schumann-Runge system of O,, with an electronic
excitation energy of 6.2 eV, is almost completely predis-
sociated. Figure 2 shows the electronic states of O, and O3
as well as the first two or three dissociation limits for the
OI(1152 A, 1304 A, 1356 A) emissions from each of the
dissociative excitation (near 14 eV) and dissociative ioni-
zation excitation (near 28 eV) processes. The theoretical and
observed thresholds are summarized in Table 2.

[12] The electron impact-induced fluorescent line proﬁles
of Ol at 35 eV and 100 eV impact energies are shown in a
series of spectra in Figures 3, 4, and 5 for 1152 A, 1304 A,
and 1356 A, respectively, along with the instrumental slit
function of the spectrometer. Also shown are line profiles of
the respective data, obtained by applying the filtering and
symmetrization procedures explained in section 3. In this
experiment the line profiles were measured at 90°, both to
the electron and to the molecular beam axes.

3. Line Profile Analysis

[13] The measured line profile is the convolution of the
true (emission) line profile and the instrumental slit func-
tion. Since the width of the instrumental slit function
(FWHM = 27 mA in third order and FWHM = 32 mA in
second order) is comparable to the observed emission line
width (FWHM = 47 mA) for OI (1152 A) at 100 eV, as a
typical example, the instrumental function must be decon-
voluted from the observed line profile. A fast Fourier
transform (FFT) technique was used to recover the actual
line profile [Press et al., 1986]. Expressed mathematically,
the measured line profile, /(\), is given by the convolution
integral

IO\ = / T(N)A(\ — N)dX, (1)

where T(\)) is the true line profile at wavelength X' and
A(—X) is the instrumental response function.
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Figure 2. Partial potential energy diagram of O, adopted from Krupenie [1972]. The dissociation limits
for the atomic oxygen products observed in this study are shown. Some of the O, states for the repulsive
curves responsible for the dissociation process are identified, and the potential energy curves are sketched
in the Franck-Condon region.
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Table 2. Calculated and Observed Thresholds for OI(1152 A,
1304 A, 1356 A)

Theory Observed
Appearance Appearance
Threshold Threshold Dissociating
States Potentials, eV Potentials, eV State

OI(1152.2 4)
0(g’P) + O('D°) 15.9 15.9 11,
o('D) + 0('D°) 17.8
0o('s) + 0('D°) 20.1 ~24
0'(*s°) + 0('D°) 29.5 ~36 e, A,
0"(*D°) + O('D°) 32.8 25y, A,
0'(?P°) + O('D®) 34.5

0I(1303.5 4)
0(g’P) + 0(S°) 14.6 14.6 I,
o('D) + 0(s°) 16.6
0('S) + O(S°) 18.8 ~23
0'(*s°) + 0(S°) 28.3 2453% forbidden
0'(*’D°) + 0(S°) 31.6 ~38 2411,
O'(*P°) + O(S°) 34.5

0I(1355.6 4)
0(g’P) + 0(°S°) 14.3 14.3 11,
o('D) + O(S°) 16.2 ~18
0('S) + 0(°S°) 18.5
0'(*$°) + 0(’S°) 27.9 249" forbidden
0'(D°) + O(°S°) 312 ~38 2411,
0'(?P°) + 0(’S®) 32.9

[14] The instrumental response function is determined
from the slit function shown in Figures 3, 6, and 9. The
mathematical FFT technique has been fully explained in our
previous studies [4jello et al., 1995a, 1995b]. We selected a
step filter to remove high-frequency noise from FFTs of the
measured signal, /7, and of the instrumental response
function, 4z Then each data set (measured signal and
instrumental slit function) was symmetrized around the
central peak by taking two points equidistant from the peak
and replacing them both with their average value. (The
resulting line profile, in effect, appears to be shifted side-
ways by a fraction of the wavelength step used in the
measurement and is otherwise almost indistinguishable
from the initial line profile.)

[15] Then, the low-pass step filter, F';; was applied to the
ratio A7/I7 to obtain the FFT of the true line profile, 77 The
low-pass step filter was modified by a Welch window [Press
et al., 1986] in order to eliminate spectral leakage into side
lobes of the deconvoluted line profiles. The signal-to-noise
(S/N) ratio is >50 for all line profiles with the exception of
OI(135.6 nm), for which the S/N ratio was estimated to be
equal to 10. The true line profile, 7(\), and the measured
line profile, /(\), at low energies, and the slit function are all
approximately Gaussian in form. The root-sum-square of
the FWHM of the true line shape and the slit function
should approximately equal the FWHM of the measured
profile. This is found to be the case within anywhere from
1 mA for the OI(115.2 nm) 35 eV line profile to 15 m for
the OI(135.6 nm) 100 eV line profile.

[16] We show in Figure 4 the deconvoluted true line
profiles, T(\), for 35 eV and 100 eV OI(1152 A) transitions.
The true line profiles have a FWHM of 23 + 1 m and 42 +
3 mA for the OI(1152 A) line profiles at 35 and 100 eV,
respectively. Line profile measurements for OI(1302 A) at
25-35 eV electron impact energy revealed FWHM values
of the convoluted line profile comparable to those of the
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instrumental slit functions. Thus low-energy measurements
of the OI(1302 A) line profile were not taken, and data are
presented here only for 100 eV electron impact energy.
Figure 7 shows the result of deconvolution of the 100 eV
0OI(1302 A) line profile. For 100 eV energy a FWHM of the
true line profile is 27 + 8 m. Finally, the line profile for the
OI(1356 A) transition was measured with only 100 eV
electron impact energy due to a very low intensity of the
emission from long-lived metastable states of OI °S°
quintets at low (20—-30 eV) impact energies. The 100 eV
OI(1356 A) deconvoluted true line profile is shown in
Figure 10, and the FWHM of the true line profile was
found to be 36 = 7 m.

4. Kinetic Energy Distribution Analysis

[17] For each of the true line profiles in Figures 4, 7, and
10 the corresponding kinetic energy distribution of the
fragments, P(E), is given by

dT
P(E) = k— )
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Figure 3. ngh resolution experimental line profile
spectrum of OI('Dy—'DS) at 1152.16 A (measured data,
triangles; filtered and symmetrized data, dash-dotted line)
and the instrumental slit function (measured data, crosses;
filtered and symmetrized data, dashed line) at 27 mA
FWHM in third order at (a) 35 ¢V and (b) 100 eV 1mpact
energies. The step size was 2.667 mA channel™
The background pressure was 9 x 107° torr, with an
electron beam current of ~200 pA.

85U80|7 SUOWWOD 8A11ER.D (ot jdde auy Aq peusenob ae Ssjole VO ‘9Sn JO Sa|nJ 10} Akeiq)T 8uljuO AB|IM UO (SUONIPUOO-pUe-SLLIB)L0D A8 |1 Ae1q 1 Ul [UO//:SANY) SUONIPUOD pUe SWis | 8y} 89S " [¥202/50/02] Uo ARiqiT8uljuo A8]iM ‘UOSIAOG [UOIIEN B8I0Y LIN0S AQ ZZ¥TO0r0002/620T 0T/10p/u0o A8 m Areiqipuljuo'sgndnBe//sdny wol pepeojumod ‘TT3 ‘€002 '920229ST2



11 -6
e e e e e
1.0~ 1152 A 100 eV
o F ---- 1152A35ev 4
T 08 =
3 F -
st ]
A L i
206 —
%
@ L i
G
< r i
- L i
R 04 —
= i i
€ L i
[*]
2 L i
02 -
00E=o- T - B Rl

-60 —40 -20 0 20 40 60
Wavelength (mA)

Figure 4. True line profile, 7(X\), of the 35 eV (dashed
line) and 100eV (solid line) OI(1152 A) transitions obtained
from the measured profiles of Figure 3 using a fast Fourier
transform (FFT) technique.

where & is a multiplicative constant [Ogawa and Higo,
1979, 1980; Ogawa et al., 1992]. The expression is rigorous
if the distribution function is isotropic.

[18]] The normalized kinetic energy distribution of the
OI 'DfS fragments is shown in Figure 5. The fragment
distribution of OI 'D$ for 35 eV electron impact energy
has a FWHM of 1.6 + 0.2 eV, with a peak energy of 0.45 +
0.04 eV and a mean energy of 2.4 = 0.2 eV. For 100 eV
electron impact energy the fragment distribution is broader,
with a FWHM of 6.6 £ 0.9 eV, with a peak energy of
2.1 £ 0.3 eV, and with a mean energy of fragments of
4.0 £ 0.6 eV. The errors for the peak, FWHM, and mean
values of the kinetic energy distribution of fragments were
derived from the error estimates of the FWHM of the
deconvoluted true line profiles presented in section 3.

[19] The normalized kinetic energy distribution of the OI
3S7 fragments is shown in Figure 8. The fragment distribu-
tion of OI >S{ has a FWHM of 2 + 1 eV, with a peak of 0.6 +
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Figure 5. Kinetic energy distribution, P(E), of OI('D)
atoms at 35 eV (dashed line) and 100 eV (solid line)
electron energy from dissociative excitation of O,.
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Figure 6. High-resolution experimental line profile
spectrum of OI(g*P,«—>S3) at 1302.17 A (measured data,
triangles; filtered and symmetrized data, dash-dotted line)
and the instrumental slit function (measured data, crosses;
filtered and symmetrized data, dashed line) at 32 mA
FWHM in second order at 100 eV impact energy. The step
size was 2 mA channel™'. The background pressure was
9 x 10™° torr, with an electron beam current of ~200 pA.

0.3 eV and a mean energy of 2.5 + 1.2 eV for 100 eV
electron impact energy.

[20] Figure 11 shows the normalized kinetic energy
distribution of OI >SS fragments. Since oxygen atoms in
the °S$ state have a long radiative lifetime (~180 ps), not all
of these atoms will radiate in the FOV of the spectrometer as
they drift away from the interaction region. The lower the
velocity of such oxygen atoms, the higher the probability
that the atoms will radiate while still in the FOV of the
spectrometer. This skews the energy distribution toward
lower energies, giving the appearance that slower fragments
dominate the energy distribution. Therefore the energy
distribution had to be adjusted.

[21] To find a correction factor for the distribution at any
given energy, we considered a hypothetical model in which
all atoms drift away from the interaction region with a
constant velocity uniformly in all directions. The geometry
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Figure 7. True line profile, 7(\), of the 100 eV OI(1304 1&)
transition obtained from the measured profile of Figure 6
using a FFT technique.
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Figure 8. Kinetic energy distribution, P(E), of OICS®)
atoms at 100 eV electron energy from dissociative excitation
of 02.

of a system, consisting of the collision chamber, entrance
slit, and spectrometer, defines a volume from which the
OI(135.6 nm) glow will be seen at the location of the
diffraction grating. The volume has the shape of a wedge,
with the tip of the wedge along the entrance slit of the
spectrometer (4 mm x 15-20 p) and with a base of 4.15 x
11 mm at the location of the back mirror. The back mirror is
used to reflect the radiation toward the entrance slit of the
spectrometer and is located at a distance of 20.64 cm from
the interaction region on the side opposite the entrance slit.
The entrance slit is located at a distance of 11.05 cm from
the interaction region. Inside this volume the atoms will
drift in all directions, ranging from the direction with the
shortest possible distance, d,,;,, before escaping the volume
to the longest distance, dn.x, toward the back reflecting
mirror.
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Figure 9. High-resolution experimental line profile spec-
trum of OI(g°P,—>85) at 1355.60 A (measured data,
triangles; filtered and symmetrized data, dash-dotted line)
and the instrumental slit function (measured data, crosses;
filtered and symmetrized data, dashed line) at 32 mA
FWHM in third order at 100 eV impact energy. The step
size was 2 mA channel™'. The background pressure was
9 x 107° torr, with an electron beam current of ~200 pA.
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Figure 10. True line profile, 7(\), of the 100 eV OI(1356 10\)
transition obtained from the measured profile of Figure 9
using a FFT technique.

[22] For each distance r from this range we use the model
of Ajello [1970] to calculate the fraction of atoms that
radiates while traversing the distance. As a first step in
model calculations, the fraction f(r), where din < 7 < dinaxs
is calculated as a ratio of the number of atoms radiating
while traversing distance 0 to r to the total number of atoms
radiating while traversing distance » from 0 to co. The next
step in the model calculations is to obtain the average, f(r),
of the fractions of atoms radiating inside the volume by
summing fractions at distances r and f{(r), weighted with
a distribution of »’s inside the volume. Thus the correction
factor was obtained for each energy of the fragments
and was used to adjust the energy distribution. For 100 eV
impact energy the corrected fragment distribution has
a FWHM value of 3.7 £ 1.4 eV, with a peak of 1.3 +
0.5 eV and a mean of 2.4 + 1.0 eV.

5. Discussion

[23] Figures 12, 13, and 14 show the threshold behavior
(up to 50 eV) of the absolute cross sections of OI(115.2 nm),
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Figure 11. Kinetic energy distribution, P(E), of OI(S°)
atoms at 100 eV electron energy from dissociative excitation
of 02.
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Figure 12. Absolute cross section of OI('D —'D°) at
115.2 nm from threshold to 50 eV at a resolution of 0.6 nm.

0I(130.4 nm), and OI(135.6 nm) emissions, respectively.
The measured cross sections shown are part of the full cross
section measurements (up to 600 eV) presented in Paper 2.
The optical excitation functions were measured in static gas
mode with the resolution of the spectrometer set to 0.6 nm.
The normalization details of optical excitation functions are
presented in Paper 2. The appearance threshold potentials
(AP) are identified in Figures 12, 13, and 14. The AP with
values below ~25 eV are due to dissociative excitation of
O, (see Figure 2 and Table 2), and AP with values >25 eV
are due to dissociative ionization and excitation of O,.

[24] At 35 eV electron impact energy the OI(115.2 nm)
emission is from the dissociation of excited O, into
fragments shown in the first three rows for transition
OI(115.2 nm) in Table 2. For the product states shown in
the first row, OI(g*P) + OI('D®), the energy level of the
separated system together with the sketch of the energy level
at a smaller internuclear distance crossing the Franck-Con-
don region is shown in Figure 2. For product states from the
second and third rows, only the energy levels of the
separated system are shown. The AP of the threshold near
24 eV in Figure 12 most likely appears from the product
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Figure 13. Absolute cross section of OI(g"P «>S°) at

130.4 nm from threshold to 50 eV at a resolution of 0.6 nm.
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Figure 14. Absolute cross section of OI(g’P «°S°) at
135.6 nm from threshold to 50 eV at a resolution of 0.6 nm.

states OI('S) + OI('D®), which have a theoretical threshold
of 20.1 eV. This is also supported by the fact that the peak
kinetic energy distribution of OI ' DS at 35 eV is equal to 0.45
eV. At 100 eV, faster fragments come from dissociation of
states of OII near 28—35 eV shown in the last three rows for
the transition of OI(115.2 nm) in Table 2. These states cross
the Franck-Condon region at 4—5 eV higher than the
asymptotic limit of 29.46 ¢V for molecular ion states.

[25] At 100 eV electron impact energy for transition
0OI(130.4 nm) in Table 2 the fast fragments come from the
dissociation of O, molecular ion states, which asymptoti-
cally approach energy levels at 28.22 eV and above. The
peak energy of oxygen fragments in the >SY state, which is
0.6 eV, would suggest that emission comes from the
dissociation of Oy into fragments shown in the last row
for the transition OI(130.4 nm) in Table 2.
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Figure 15. Relative comparison of the kinetic energy
distribution function of oxygen atom fragments in
OI(g’P —>$°) at 135.6 nm: this work at 100 eV impact
electron energy (solid line) and Freund [1971] data at 60 eV
electron impact energy (dashed line); Borst and Zipf [1971]
data at 20 eV electron impact energy (circles); Borst and Zipf
[1971] data at 45 eV electron impact energy (dash-dotted
line).
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Figure 16. Relative comparison of the kinetic energy
distribution function of oxygen atom fragments in OI('D
—'D°) at 115.2 nm: this work at £ = 100 eV (solid line);
this work at £ =30 eV (dashed line); the data of Matsumi et
al. [1994] (circles); and the Gaussian fit of filled dots from
Matsumi et al. [1994] (dash-dotted line).

[26] For the OI(135.6 nm) transition the asymptotical
limits of the dissociating states are at 27.84 eV and above.
One limit, at 31.17 eV, is shown crossing the Franck-
Condon region near 38 eV in Figure 2.

[27] Freund [1971] measured the translational energy of
the metastable atoms in the 35°S° state after the dissociation
of O, by low-energy electrons. We show in Figure 15 the
relative comparison of kinetic energy distributions of meta-
stable fragments measured in this work (solid line) and by
Freund [1971] (dashed line). Freund’s [1971] data were
obtained by measuring the time-of-flight distribution of the
dissociation fragments registered by the Auger detector. We
compare our results to those of Freund [1971] at 60 eV
electron impact energy. The first peak at 1.5 eV in Freund’s
[1971] data is what he refers to as peak Al, the result of the
direct dissociation of the °II,, state into the sum of OI(>S°) +
OI(g’P) (see Figure 2). The second peak in Freund’s [1971]
data he refers to as two peaks, A2 and A3, which Freund
[1971] speculates are the results from Rydberg state disso-
ciation processes, which correspond to the predissociation
of ¢*2 and 211, 1l core ions. The state ¢*3,~ is known
from optical emission spectra and is shown in Figure 2. The
state “II,, III is not shown in Figure 2, but it appears at 22—
23 eV in the Frank-Condon region in Figure 11 of Freund
[1971]. These states, according to Freund [1971], are
predissociated into high-quintet Rydberg atoms with ground
state oxygen ion cores (*S®), from which they cascade to the
lowest quintet state, >S°.

[28] At 60 eV impact energy, there should also be excited
states mixed in from the higher-energy level region near
28—-38 eV. Freund [1971] did not mention these states in the
discussion of his results. Our measurement of the excitation
function at 135.6 nm shows that thresholds appear at that
level, indicating that at higher impact energies we have a
mixture of quintet states dissociated from O, and Oj states.

[29] We show in Figure 15 the results of Borst and Zipf
[1971], who also measured the translational energy spectra
of metastable oxygen atoms produced by electron impact
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dissociation of O,. Borst and Zipf [1971] presented the
results obtained with electron impact energies up to 60 eV.
We present in Figure 15 the data for two impact energies,
20 eV and 45 eV. The data at 20 eV electron impact energy
are presented as they were presented by Borst and Zipf
[1971], and the data at 45 eV are the time-of-flight distri-
bution converted to an energy spectrum as outlined by Borst
and Zipf[1971]. The data of Borst and Zipf[1971] resemble
those of Freund [1971], although on a different energy
scale. Aside from the energy scale, the qualitative behavior
of the Borst and Zipf [1971] data agrees with that of the
present work and with the Freund [1971] data.

[30] We show in Figure 16 the relative kinetic energy
distribution functions of oxygen atom fragments for
OI('D—'D°) at 115.2 nm for a positive velocity of the
fragments. In Figure 16 we also show the kinetic energy
distribution function from the work of Matsumi et al.
[1994]. Matsumi et al. [1994] studied the velocity relaxation
of hot OI 'D atoms by collisions with rare gases, N,, and
O,. As the initial part of their work, they measured the
nascent speed distribution of the OI 'D atoms generated in
the 157 nm photodissociation of O,. The energy of the laser
photon (7.9 eV) corresponded to the energy of excitation of
ground state oxygen molecules to the B>Y state above the
asymptotic level of the dissociating products OI g°P and
OI 'D (see Figure 2). These two atomic states were the sole
primary photodissociation products of O,. The excitation
energy excess above the dissociation limit resulted in
the narrow kinetic energy distribution, centered at 4.1 x
10* J mol ™', or 0.42 eV, as seen in Figure 16. Solid circles
in Figure 16 are the measured nascent speed distributions of
Matsumi et al. [1994] converted from velocity dependence
to energy dependence, and the dash-dotted line is the
Gaussian fit of the speed distribution as a function of
velocity.

[31] The results of this work show a much broader
distribution of kinetic energy fragments of O, in collisions
with 30 eV and 100 eV electrons, as shown in Figure 16.
The present work studied the speed distribution of the
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Figure 17. Relative comparison of the kinetic energy
distribution function of oxygen atom fragments in OI(g>P
—35°) at 130.2 nm: this work at 100 eV electron impact
energy (solid line); and the data of Cosby [1993] at 28.5 eV
(circles) and 148.5 eV (squares) electron impact energies.
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oxygen fragments resulting from the dissociation of molec-
ular states in the 14—20 eV and 2838 eV regions above the
ground state energy of O, (see Figure 2). At 30 eV impact
energy the resulting fragments primarily originated from
molecular states near 14—20 eV above the ground level,
which asymptotically evolve into two atomic states with one
of the products in the 3s'D° state of oxygen. At 100 eV
impact energy the resulting fragments are from the states of
both O? and O3, the latter from near 28—38 eV above the
ground level of O,. In this case the resulting kinetic energy
fragment distribution is broader and shifted toward higher
kinetic energies as compared to 30 eV impact energy. Thus,
whereas Matsumi et al. [1994] stud1ed the kmetlc energy
distribution of the lower state (' D) of the OI('D«—'D°)
transition at 115.2 nm, this work concentrated on the kinetic
energy distribution of the upper 'D° state.

[32] Cosby [1993] studied the electron impact dissociation
of O, and electron energies between 13.5 and 198.5 eV. The
author observed translational energy releases in the O,
dlssoc1at10n whlch are consistent with the production of
oI(' D) + OI(g P) fragments followmg electron impact
excitation to the B>%,, BBEU, and 2°II, states and the
production of OI(g*P) + OI(g*P) fragments from excitation
to the (unresolved) ¢'Sy, A”A,, and A°%; states (see
Figure 2, where some of these states are shown). The results
of the work of Cosby [1993] for electron beam energies of
28.5 eV and 148.5 eV are shown in Figure 17, together with
the results of the present work for kinetic energy distributions
of oxygen fragments in the 3s°S° state observed in the
OlI(g’P<>S°) transition at 130.2 nm. Again, as in the case
of comparing the present work to the work of Matsumi et al.
[1994], the results of the present work differ from those of
Cosby [1993] in that in our work we observed the kinetic
energy distributions of the upper states (‘D°, >S°, and °S°) in
transitions OI('D—'D°®), OI(g’P<>5°), and OI(g’P—>S5°).
The knowledge of the kinetic energy distribution of these
excited fragments enables us to estimate the behavior of
molecular states which intersect the Frank-Condon region in
the range of ~14 eV and above. In the cases of Cosby [1993]
and Matsumi et al. [1994], their results led to the estimation
of the behavior of molecular states in the range <14 eV.
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