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Recombination reactions of 5-ev 0( P) atoms on a MgF2 surface
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A source of hyperthermal, ground-state, impurity-free, atomic oxygen of an energy variable in

the range 2-100 eV has been developed. Experimental results are presented of emission spectra
in the wavelength range 250-850 nm produced by collisions of 5-eV 0('P} atoms with adsorbed
NO and CO molecules on a MgF2 surface. The emission with adsorbed CO is due to the B X
transition in CO2, while that with NO is consistent with the continuum 8 X and A X emis-
sions in NO2.

There is currently great interest in studying collisions of
fast, ground-state atomic oxygen with surfaces to access
phenomena such as surface oxidation, erosion, and chemi-
luminescence. Hyperthermal (atom energy E-5 eV),
ground-state 0 atoms are thought to give rise to the so-
called "Shuttle glow" phenomenon by recombination, in
low-Earth orbit, with surface-adsorbed NO to form excit-
ed nitrogen dioxide (N02). ' Measurements show a
definite correlation of glow intensity with 0-atom densi-
ty,

2 while mass-spectrometric data have provided in-
direct evidence for the role of N02. These problems led
us to develop a source of fast, ground-state atomic oxygen
in order to test, as part of a larger laboratory effort in
atom-surface collisions, many aspects of the interaction of
spacecraft with fast atomic oxygen.

We briefly describe herein a source of variable-energy,

ground-state atomic oxygen based on techniques of mag-
netic confinement and photodetachment of 0 ( P) ions.
Using this atomic-oxygen beam, we have observed emis-
sion spectra produced in collisions of 5-eV atoms with a
magnesium fluoride (MgF2) surface having adsorbed CO
and NO molecules. These are first surface-collision emis-
sion measurements of any type using a hyperthermal
beam of atoms of known energy, energy width, quantum
state, and purity.

A schematic diagram of the present 0-atom source is
given in Fig. l. Techniques used in the source involve the
following steps carried out in a uniform, high-intensity (6
T) solenoidal magnetic field: (a) ~enerate electrons from
a tungsten filament (F), and 0 ( P) ions via dissociative
attachment to NO at 8-eV electron energy (at G); (b) ac-
celerate the magnetically confined 0 ions and electrons
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FIG. 1. Schematic diagram of the magnetically con6ned source used to produce ground-state atomic-oxygen atoms. See text for
details.
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to the desired final energy (5 eV, say); (c) by trochoidal
deflection (at TI) separate the higher-velocity electrons
from the slower 0 ions, and trap the electrons in their
Faraday cup; (d) detach the electron from 0 by a 20-
W, cw argon-ion laser (L) and a multiple-pass mirror as-
sembly (M); and (e) direct the 0 and 0 beams toward
the target (here, MgF2), and reflect the undetached 0
beam by biasing the target negative with respect to the
0 kinetic energy. Alternatively, a second trochoidal
deflector, located immediately after the mirrors M, was
sometimes used to separate the ground-state 0(3P) atoms
from undetached 0 ions, with the latter trapped in a
separate Faraday cup for analysis of the 0 beam.

The laser wavelengths are restricted to visible lines of
the argon-ion laser so that detachment results in ex-
clusively ground-state atoms. 7 For a 20-W laser, 5-eU
ions, and 1QO passes of the laser across the 0 beam, one
obtains about a 15% detachment efficiency into 0( P).
The variation of detachment efficiency with 0 energy
was confirmed experimentally, by noting the decrease in
0 current in a Faraday cup after the second trochoidal
deflector. This efficiency g was also calculated in terms of
known experimental parameters through the expression

g -1 —exp( —fcrL/v),

where f is the laser flux (photons/cm2s), cr the detach-
ment cross section (cm ), L the total path length in M for
the detachment (cm), and v the 0 velocity (cm/s).

The 5-eV 0 ions, at sufficiently high ion currents, ex-
perience space-charge repulsion while confined by the 6-T
magnetic field. In order to minimize rapid divergence of
the 0-atom beam after detachment, care was taken in the
source to restrict the energy of the 0 ions perpendicular
to the 8 field. This involved choosing the target gas at 6
(here, nitric oxide) to provide small 0 kinetic energy at
the onset; and by limiting 0 currents to 5 tuA or less at
5 eV. Simple calculation involving the balance between
the repulsive force F, eE, of the radial electric field E„
and the centripetal force F, evtI&B of the confined,
spiraling ions (here, ve is their tangential velocity) pro-
vides a measure of vtI by the relation mve/r F, —F„,
where r is the radial distance of the ion. This in turn gives
an estimate of the divergence angle in the final 0 beam to
be about 20'. The diameter of a visible, eroded area of
the MgF2 sample corresponded to an actual divergence
angle of slightly less than this. Further details on the
source will be given in a subsequent publication.

MgF2 was chosen as the target because of its tendency
to radiate during 0-atom collisions in the low-earth orbit
environment (see Ref. 4 for a summary). A 95%%uo trans-
mitting tungsten mesh covered its surface to allow repul-
sion of the 0 beam during 0-atom emission measure-
ments. This mesh itself was shown not to contribute to the
emission. The target was differentially pumped relative to
the source region, and a pressure differential of 7 x 10
Pa (source) and 1 X10 Pa (target) maintained during
operation. This pumping ensured that no impurities, such
as the nitric-oxide feed gas (at G), could reach the target.

A small gas jet (not shown in Fig. 1) was used to direct
a beam of either CO or NO onto the MgF2 surface in or-
der to enhance surface-adsorbed emissions. A high-

reflectivity focusing mirror at C collected a broad spatial
extent of the optical emissions from the target. These
emissions were focused onto the entrance plane of a fast
f/3. 5 double-grating monochromator capable of attenuat-
ing by a factor & 10 laser lines at 500 nm from spectral
emissions at wavelengths below 400 and above 600 nm.
The photon-detection system was an RCA GaAs:CsO
phototube with a manufacturer's stated long-wavelength
cutoff of 900 nm. Fast, pulse-counting electronics were
used, and spectra were recorded by multichannel scaling.

Qptical emissions are observed when 5-eV 0 atoms
strike the MgF2 surface with the gas jet turned off. When
the gas jet of either CQ or NO is turned on, both the in-
tensity and spectral distribution of the emissions change.
All emissions were found to be linear in 0-atom flux.
That the source of the extra emissions is the target surface
itself, rather than purely gas-phase collisions in front of
the target is seen from two arguments. First, upon turn-
ing off the gas jet, the optical emission decays slowly rela-
tive to decay of background pressure in the target
chamber. The time constant for decay of the emission is
more than 1 order of magnitude greater than that of the
background pressure. Second, assuming a rather large
atom-gas collision cross section of 10 Is cm2, using
known values for the collection-solid angle of the mirror
C, the 0-atom flux, and an estimate of the detection
efficiency of the monochromator and phototube, one may
calculate an emission rate for the atom-gas process. This
was again more than 1 order of magnitude less than the
observed rates, implying that a larger gas-surface collision
cross section of value greater than 10 ' cm was in-
volved.

Experimental results of the surface emissions when CO
and NO are adsorbed onto the target are given in Fig. 2.
The resolution in these measurements was 10 nm. All
data were corrected for the spectral response of the photo-
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FIG. 2. Emission spectra arising from CO2 (solid line) and
NO2 (dash-dotted line) in the wavelength range 250-850 nm
produced by surface-adsorbed CO and NO on MgF2. Incident
particles are 5-eV 0( P) atoms striking the differentially
pumped MgF2 target. The NO spectral intensity has been mul-
tiplied by a factor of 2. The break in vravelength scale between
400 and 600 nm is the region of interference by scattered light
from the photodetaching argon-ion laser.
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tube as given by the manufacturer. One clearly sees for
CO an intense emission in the wavelength range extending
from 300 to &800 nm. This range agrees qualitatively
with that observed in a gas-phase, three-body recombina-
tion of 0+CO. The emissions in NO are weaker than
for CO, and extend over the range 300 to & 850 nm, with
a minimum at about 825 nm. In neither case do the emis-
sion wavelengths correspond to transitions in diatomic CO
orNO '

The source of the emissions in the CO case is almost
certainly excited CO2 molecules formed at the surface.
To see this, we refer to recent, ab initio configuration-
interaction calculations of sections of the excited
potential-energy surfaces. " In Fig. 3 bending curves are
shown for the excited and ground states calculated at the
equilibrium bond angle (120') and 0-C-0 internuclear
separation (1.246 A. ) for the '82 state. The scenario is
that 0 and CO recombine on the MgF2 surface to form
excited CO2 in the '82 state. The observed emissions then
proceed through the optically allowed A '82 X'A~
transition. ' The Franck-Condon region is shown in Fig.
3 (shading), centered at the minimum energy of the '82
state, consistent with the observed-emission wavelength
range in Fig. 2. The potential-energy curves would also
imply that the excited CQ2 is formed with about 0.2-0.3-
eV vibrational energy.

The emissions in the case of NO show two broad maxi-
ma centered near 350 and 625 nm. There would also ap-
pear to be a third region of increased emission at wave-
lengths greater than 850 nm, approaching the phototube
cutoff. The emission maximum near 625 nm is almost
certainly due to the 3282 X2A~ transition. ' " Its
peak location is in qualitative agreement with observations
on the Shuttle showing a maximum at 680 nm, as viewed
over several different Shuttle materials at different surface
temperatures. Assignment of the peak at 350 nm is con-
sistent with recombination into the 828~ state, followed
by the 8 8~ X A~ emission. Assignment of this peak
follows from rotational analysis studies on the 8 X
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FIG. 3. Bending curves for the A '82 and X 'A~ states of CO2
calculated at the equilibrium bond angle and equilibrium 0-C-
0 distance of the '82 state (from Ref. 11). The Franck-Condon
region corresponding to the range of observed emissions in Fig. 2
is indicated by shading.
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transition, ' and from extensive ab initio calculations of
Gillespie and co-workers. '4'5

Work is continuing in this laboratory on measurement
of, at higher-resolution, recombination transitions in the
infrared region ()j. & 850 nm), recombination on other me-
tallic and insulator surfaces, and in measurement of
surface-temperature dependencies of the emissions.
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