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Kinetic-energy distributions of O~ produced by dissociative electron attachment to physisorbed O,
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We report measurements of the kinetic energy (E; ) distributions of O~ produced by low-energy elec-
tron impact (5.5-19.5 eV) on disordered multilayers of O, physisorbed on a polycrystalline Pt substrate.
The results confirm that dissociative electron attachment (DEA) proceeds via the formation of the 11,
23D, and 22 (II) (x =g and/or u) states of O, *. We also find evidence for an additional resonance,
namely the 22 (1), positioned at about 10 eV above the neutral ground state in the Franck-Condon re-
gion, and dissociating into O~ +O(3P). The measurements suggest that the autodetachment lifetimes of
the 22} (I) and 23/ (II) states may be longer than previously suggested. It is also observed that the
effects of electron energy loss (EEL) in the solid prior to DEA, O™ scattering in the solid after dissocia-
tion, and the charge-induced polarization energy of the solid, broaden the E; distributions, shift them to
lower anion energies, and result in additional structure in them. The effects of EEL on the desorption
dynamics of O™ are estimated from high-resolution electron-energy-loss spectra and excitation functions
for losses in the vicinity of the Schumann-Runge continuum of the physisorbed O, molecules. We find
indications for an enhancement of the optically forbidden X 32; — A 337 transition, and observe that
the gas-phase Rydberg bands, for energy losses above 7 eV, are not distinguishable in the condensed

phase.

PACS number(s): 34.80.Gs, 79.20.Kz, 77.55.+f

I. INTRODUCTION

Below the threshold for dipolar dissociation (DD),
anion formation in physisorbed molecules has been
demonstrated [1] to proceed via the temporary capture of
the incident electron to form a short-lived negative ion
resonance, which is dissociative in the Franck-Condon
(FC) region of the neutral ground-state molecule. It has
been proposed [2] that, in the case of disordered multilay-
er solids consisting of physisorbed O,, this dissociative
electron attachment (DEA) process involves the forma-
tion of three resonances of O, *, shown as solid lines in
Fig. 1, viz.,

e +0,{’°2,} >0, *{’1,, 2SI, 2 (D)}
—0~+0(P, 'D) .

This is dramatically different from the gas phase, where
DEA only proceeds via the lowest ZIIu resonance, which
dissociates into O~ +O (*P). Thus, the difference, shown
in Fig. 2, between the electron energy dependence of the
O~ yield (or cross section) in the condensed phase and
that in the gas phase has been mainly attributed to DEA
via the above two =1 states; here the relaxation of the
3”37 selection rule is ascribed to the breaking of the
cylindrical symmetry of the molecular wave function by
adjacent O, molecules [3] and [4].

Sambe and Ramaker [2] ascribed the additional DEA
channels to the 22; (D) and 2=} (I) resonances, which dis-
sociate into the second lowest limit O~ +O(!D), after
reanalysis of previously published data from various au-
thors [3] and [S-7]; they suggested that dissociation of
the 22; (I) into the second limit would proceed via a
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nonadiabatic curve crossing. Although the shapes and
positions of the other *25(ID) and 23 (D) states (dotted
lines in Fig. 1) were also estimated, the former authors
proposed that they decay too rapidly by autodetachment,
and thus do not result in observable O~ yield. Their esti-
mate of the lifetimes was based on the similarities of the
molecular orbital configurations of these latter =" states
with that of the *= state of O, *, which is known to be
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FIG. 1. Schematic of the relevant lowest states of O, *, tak-
en from Ref. [2]. {Dy— A4,}=3.62 eV, i.e., the endothermicity
of DEA to O, leading to dissociation into the lowest limit. E (e)
represents a typical electron energy, and the vertical lines indi-
cate the Franck-Condon region of the v =0 ground state of O,.
The dash-dot curve is from Ref. [16].

337 ©1995 The American Physical Society



338 M. A. HUELS, L. PARENTEAU, M. MICHAUD, AND L. SANCHE 51

T T T

24 + 2 +
2D "Ey AD }

p—
W
T

=
S
T

o ppa (108 cm?)

g
(=}
T

(b) O, Solid
[ (4ML)

O’ yield ( 200 Hz/div)

0 5 10 15 20

Incident Electron Energy (eV)

FIG. 2. (a) Total cross sections for DEA to O,, measured in
the gas phase [5], and (b) O™ ESD yields obtained in the present
experiment from 4 ML of O, condensed on polycrystalline Pt,
all as functions of incident electron energy.

short lived [8,9]. Sambe and Ramaker subsequently pro-
posed that, due to an “indirect bounce” (IB) desorption
mechanism [10], the 22; (I) state effectively becomes two
states of the same symmetry, depending on whether
O™ +0 dissociation involves an O~ propagating towards
or away from the surface, i.e., a “top” or “bottom” O™.
Thus, it was suggested that a 22; () (O™ on top) at 8 eV
dissociates adiabatically into O~ +O0(CP), whereas the
22; (I) (O™ on bottom) at 9 eV dissociates nonadiabatical-
ly into O~ +O('D) [11]; O™ production via the II, and
23 (1) states were also believed to require an IB trajecto-
ry, i.e., O on bottom.

It has also been suggested that part of the O™ signal,
above 16 eV in Fig. 2(b), is to a large extent the result of
nonresonant DD, e.g.,

e +0,°3;)>0,*+e >0 +0 " +e ™ .

This process has an energetic threshold, in the gas phase,
of about 17 eV, and the resulting O~ are found to possess
much lower E; than the O~ produced by DEA at
significantly lower incident electron energies [12].

In this report we present measurements from the inves-
tigations on O~ E distributions from DEA, and possibly
DD, processes occurring near or at the surface of multi-
layer O, films. Previous electron stimulated desorption
(ESD) measurements of O~ E; distributions were per-
formed by Azria, Parenteau, and Sanche [3] at only four
representative incident electron energies, viz., 5.7, 7.7, 12,
and 13 eV. In that study, and others with different adsor-
bates [13] and [14], it had been suggested that electron

energy loss (EEL) in the solid, prior to DEA, may result
in broadening and the appearance of multiple peaks in
anion E; distributions. In more recent experiments
Azria et al. [15] measured O~ E distributions at eight
incident electron energies, as well as ion energy selected
yield functions from multilayer O, films; one of the more
salient conclusions in this latest report is that the 2II,
resonance state of O,  * “responsible for [dissociative
electron attachment] in gaseous O, is not clearly ob-
served. . ..” It was furthermore suggested that the 13.5-
eV structure in the O~ yield function [Fig. 2(b)] is not the
result of DEA via the 23 (II) resonance of O, *, as pre-
viously proposed by Sambe and Ramaker, but rather at-
tributed to DEA via the 22;“ (IT) state, in agreement with
ab initio calculations by Michels [16]. Thus, more com-
plete and detailed measurements are now required to
confirm the particular DEA channels and desorption
mechanisms invoked in the present literature.

In order to estimate the effects of EEL on O™ produc-
tion via DEA, we also present new measurements of
high-resolution electron-energy-loss (HREEL) spectra
and excitation functions, obtained from similar O, solids.
These HREEL measurements concentrate on EEL above
approximately 2 eV. It is the purpose of the present in-
vestigation to show that by analyzing anion E, distribu-
tions, coupled with HREEL data, it is possible to study
the combined effects of EEL prior to DEA, and ion
scattering in the solid after dissociation, on the desorp-
tion dynamics of anions produced by electron impact on
disordered molecular solids.

II. EXPERIMENTAL METHODS

A. O™ ESD kinetic energy distributions

The apparatus used in the present investigation of
anion E, distributions has been described in detail else-
where [17]. Only a description of the experimental
method is given below, with further details on the sample
geometry and ion optics.

The O, sample gas is condensed onto a 0.000 75-cm-
thick polycrystalline Pt foil, which is press fitted directly
onto the cold tip (17 K) of a closed-cycle cryostat. The
Pt foil is held at a temperature of 20 K, which is well
below the sublimation temperature [18] of O,; it is
cleaned by resistive heating to a temperature of near 1300
K. The target film thickness of 4 ML is determined by
means of a volumetric dosing procedure [19] with an es-
timated uncertainty of 50%, and a reproducibility of
about +0.02 ML.

The experiments are performed in a standard UHV
chamber, which reaches a base pressure of approximately
10719 torr. The entire experimental assembly is further
enveloped by a double u-metal shield, which reduces the
residual magnetic field in the experimental volume to less
than 15 mG. The purity of the O, gas is 99.998%. Each
set of O™ E, distributions is obtained promptly after the
O, is deposited onto the Pt substrate, in order to mini-
mize the contamination of the surface by residual back-
ground gases.

A custom designed hemispherical electron monochro-
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mator of 2.5-cm central radius and a pass energy of 3.5
eV produces an electron beam with an estimated resolu-
tion of 80-meV full width at half maximum (FWHM).
The electron beam intensity, as measured at the target, is
about 1.0 nA for collision energies ranging between 1.0
and 20 eV. The absolute energy scale of the incident elec-
tron beam is determined to within +0.15 eV of the vacu-
um level (where E,,.=0.0 eV) by observing the onset of
current transmission to the platinum metal as a function
of electron energy. Energy shifts of this onset determine
the amount of charging [20] of the condensed films; thus
it is possible to verify that all experimental results,
presented here, are obtained under essentially charge-free
conditions.

As shown in Fig. 3, the monoenergetic electron beam
has a spatial width of about 0.2 cm, and impinges onto
the target film at an angle of 70° with respect to the sur-
face normal, where it may promote formation of negative
ions via DEA and DD. Some of these anions possess
sufficient E; to overcome the induced polarization poten-
tial (Ep) at the surface, or in the bulk, of the solid and
emerge into the vacuum. A fraction of these negative
ions enter an rf quadrupole mass spectrometer (QMS),
positioned at 20° from the surface normal; they are
detected by conventional pulse counting electronics. The
geometric range of acceptance of desorption angles for
the ion optics, preceding the QMS, is indicated in Fig. 3,
for ions which desorb from, e.g., the right (a) and left (B)
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FIG. 3. Schematic view of the geometry of the electron
stimulated desorption apparatus. The components are housed
in a standard UHV chamber, and are enveloped by two layers of
p-metal shielding.

edges, as well as the center (y) of the target area il-
luminated by the incident electron beam. This area is of
elliptical shape with an approximate size of 0.1 cm?, as
indicated at the top of Fig. 3; the bottom of that figure
represents the plane formed by the center lines of the
electron beam and the QMS. From the geometry shown
in Fig. 3, the detection of desorbing anions is limited (in
that plane) to those trajectories that have initial desorp-
tion angles —16° < ¢ < 52° with respect to the surface nor-
mal 1, where positive angles are defined to lie on the right
side of 1 in Fig. 3. In the present discussion, we neglect
effects of the polarization induced image charge on the
anion trajectories near the surface of the solid [21].
Transmission characteristics of the ion optics, including
the retardation grids, as a function of initial anion kinetic
energies and desorption angles, have been estimated via a
computer simulation of O™ trajectories through the ion
optics using the SIMION 4.02 software package [22]. The
lens voltages were set to those values used during the ex-
periments, and the grid voltages set to transmit ions of all
energies. The simulated in vacuo anion E;, immediately
after desorption range from 0.1 to 4 eV, and the initial
desorption angles were given by the total geometric range
¢, indicated by the starting coordinates a, 8, and ¥ in
Fig. 3. The simulation indicates that the final range of
desorption angles of those O~ actually transmitted
through the ion optics (i.e., detected) varies smoothly
from 1°<¢=<50°, for E,=0.1 eV, to 1°<¢=<40° for
E, =4 eV. Thus, the initial geometric range of desorption
angles is slightly truncated, mainly due to focusing effects
of the ion optics. It is furthermore observed in the simu-
lation that the transmitted fraction, relative to the initial
signal that enters the ion optics, decreases smoothly,
from about 40 to 30%, with increasing anion energy from
0.8 to 4 eV, whereas between 0.8 and 0.1 eV the transmis-
sion decreases, with decreasing anion energies, from 40 to
about 22%. Here the simulated transmission function
has already been corrected for the combined 81%
transmission factor of the two grids (based on 90% opti-
cal transmission per grid). In this simulation, the QMS
was not included; it is, however, estimated that, for
anions of a fixed mass, the relative transmission of the
QMS, as a function of ion energy, varies by no more than
20% for ion energies below 4 eV.

The ESD apparatus may be used in two modes. (a) In
the ion yield mode, the QMS is set to transmit only ions
of a fixed mass to charge ratio (e.g., O ), and the retarda-
tion voltage ¥V, on the grids is set to transmit anions of all
energies. When the incident electron energy is varied
from O to 20 eV, an ion yield curve is obtained as a func-
tion of electron energy, as shown in Fig. 2(b) [23]. (b) In
the ion energy mode, the incident electron energy and the
mass selection of the QMS remains fixed, and the anion
signal intensity is monitored as the retardation voltage V,
is scanned over a suitable range. A typical retardation
curve is shown in Fig. 4(a), which was obtained from a 4-
ML film of pure O, at an electron energy of 6.5 eV. The
thick solid line, superimposed on the raw signal in Fig.
4(a), represents the experimental data after treatment
with a fast Fourier transform (FFT) smoothing algo-
rithm. Upon taking the (negative) derivative of the
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FIG. 4. A representative O™ retardation curve (a), and corre-
sponding numerical derivative (b), obtained from 4 ML of O, on
Pt at an incident electron energy of 6.5 eV. In panel (a), the
thick solid line represents the raw data after treatment with a
FFT smoothing algorithm, and the definition of the maximum
observed O~ kinetic energy, E;(max)(O™), is indicated by the
arrows. In panel (b), the dashed line represents the fit of a
Gaussian E, distribution to the derivative, for a given most
probable kinetic energy, E;(mp), and FWHM. The error bars
are as discussed in Sec. IT A.

smoothed retardation curve with respect to V,, the bell-
shaped O~ E; distribution function, shown in Fig. 4(b)
(solid line), is obtained; here V, defines the anion E;. The
absolute scale of the anion energies cannot be precisely
determined due to, essentially, contact potentials; they
contribute about +0.25 eV to any uncertainty in the en-
ergy position of the peak in the E, distribution. Other
uncertainties in the measured ion energies are a result of
field penetration at the retardation grids. This effect is
estimated to add at most 10% relative uncertainty to the
ion energies, based on a simulation of the ion optics, in-
cluding the grids. Due to the narrow energy width of the
incident electron beam, the relative contribution of un-
certainty in electron energy to the uncertainty in ion en-
ergy is negligible. The overall uncertainty in ion energy
is indicated by the horizontal error bars in Fig. 4(b),
whereas the vertical error bars represent the noise level
present in the original retardation curve in Fig. 4(a).
Since these oscillations become strongly amplified upon
differentiation of the retardation curve, the O~ E,; distri-
butions presented here have all been obtained after ap-
propriate smoothing of the raw data, as outlined above.
It has been verified that the shape and position of the re-
sulting O~ E, distributions remain unchanged upon
minor variation of parameters, such as step size, in the
FFT smoothing algorithm.

In summary, Fig. 4 shows three experimental quanti-
ties of interest in the present investigation. They are
defined as follows:

(1) For a given O~ E, distribution, the most probable
kinetic energy E; (mp) is defined as the energy position of
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the peak in the distribution. This peak position may be
obtained visually, or by means of a fit to the measured
distribution function, as indicated by the dashed line in
Fig. 4(b), which represents the fit of a Gaussian distribu-
tion to the data. Although both methods are in excellent
agreement within the experimental uncertainties, the
latter is more rigorous, and is also more useful in cases
where the E, distribution displays multiple peaks or
broad shoulders.

(2) The half-width W, ,, of the E; distribution is al-
ways the measured FWHM of the entire distribution. It
should be noted that the determination of the W, ,, is in-
dependent of the contact potentials; thus, the experimen-
tal uncertainty in the measured W, ,, is almost entirely
the result of field penetration effects.

(3) The maximum observed Kkinetic energy E,(max)
corresponds to those O™, which desorb into the vacuum
following negligible inelastic processes, and is more
difficult to assess for obvious reasons. In the present re-
port we define the E; (max) directly from the retardation
curve as that retardation voltage, for which the O™ signal
has been reduced to 1% of the intensity with no retarda-
tion field [see Fig. 4(a)]. This choice determines the error
margin on the value of E;(max). The additional uncer-
tainty is about 15% for the present choice, in addition to
the uncertainties from contact potentials and field
penetration effects.

B. HREEL spectra

The apparatus used to obtain the HREEL spectra and
excitation function, presented in this report, has been de-
scribed in great detail elsewhere [24]. It consists of a
hemispherical electron monochromator of similar design
to that used in the measurements of O~ E, distributions,
and a matching hemispherical electron energy analyzer.
Both devices use a pass energy of about 1 eV, which sets
the energy resolution at 15 meV. The incident electron
energy scale is calibrated to within +0.15 eV as described
in the previous section. For the HREEL measurements,
the incidence angle of the electron beam is 15° from the
surface normal 1, and the analyzing angle is 45° from 1.
The intensity of the incident beam current is about 0.5
nA, and the multilayer solids investigated consist of 10
ML of pure O, condensed at 14 K on a 0.0008-cm-thick
polycrystalline Pt foil. The preparation and characteriza-
tion procedures of the Pt substrate and the O, multilayer
films for the HREEL experiments are identical to those
of the ESD experiments described in the previous section.

III. RESULTS AND DISCUSSION

For the subsequent presentation and discussion of the
experimental results, we make two assumptions with
respect to the character of the O, solid film and its sur-
face. For the present film thicknesses, effects of the Pt
metal on the DEA process are known to be small [25].
Furthermore, as discussed in detail recently [26], the con-
stituent molecules in the present O, multilayer films are
expected to physisorb with random orientations; thus,
effects of substrate ordering and preferential O, adsorp-



51 KINETIC-ENERGY DISTRIBUTIONS OF O™ PRODUCED BY ... 341

tion angles [27] are considered negligible, and are exclud-
ed from the following discussion.

A. O™ E; distributions-general features

Figure 5 shows the measured in vacuo O~ E, distribu-
tions, obtained from 4 ML of O, condensed on Pt. Ex-
cept for the E; distributions at E(e)=5.5 and 12 eV, all
curves have been shifted vertically to facilitate compar-
ison; the zero intensity levels of each shifted baseline are
indicated under each curve on the right. The relative
peak heights of the distributions approximately represent
the intensity variations of the O~ yield function in Fig.
2(b).

For increasing electron energies between 5.5 and 11.5
eV, the peak in the O~ E, distributions shifts to higher
energies, and the distributions appear to broaden
significantly, particularly for E(e)>7 eV. As the elec-
tron energy is increased above 12 eV, we find that the O™
E, distribution broadens even more, and actually bifur-
cates for 12.5 eV <E(e)=<15 eV. This suggests that in
this particular range of electron energies two distinct
mechanisms may contribute to DEA to O, At
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FIG. 5. O™ E, distributions obtained in the present experi-
ment from 4-ML O, on Pt, for incident electron energies be-
tween 5.5 and 19.5 eV, at electron energy intervals of 0.5 eV. As
indicated by the horizontal base lines at the bottom right under
each curve, the E, distributions have been shifted vertically to
facilitate comparison. The open and solid circles represent con-
current results by Azria et al. [15].

E(e)=13.5 eV the two peaks are separated, in ion ener-
gy, by about 1.53 eV and possess almost equal relative in-
tensities; this indicates that the two mechanisms may
contribute equally to the total O~ yield at that electron
energy. According to Fig. 1, the appearance of a low-
energy peak in the O~ E; distribution at this incident
electron energy cannot be explained by invoking the two
possible dissociation limits. As will be shown later from
the HREEL results, this structure is generated by energy
loss electrons.

Above 15 eV, the high-energy peak in the E; distribu-
tion disappears, and only the broad peak centered at
about 1.45 eV remains. For 15 eV <E(e)<19.5 eV, this
low-energy peak position remains constant, however its
W,,, increases by about 30%. It is known from gas-
phase experiments [12] and [28] that O~ produced via
DD, near threshold, is formed with near zero E,. Since
the polarization energy E, of solid O, is estimated to be
about 0.7 eV [29], O™ produced by DD in the condensed
phase would have to be formed with E; >0.7 eV in order
to desorb and be detected as near zero E, anions. Even
at the highest incident electron energy of 19.5 eV, i.e.,
several eV above the DD threshold, do we find no
significant contribution of such low energy O~ in the E;
distributions. As will be demonstrated by the HREEL
results and the subsequent discussion, both the E, distri-
butions and O~ yield at E(e)> 15 eV are predominantly
the result of DEA by energy loss electrons.

Also shown in Fig. 5 are six of the concurrent measure-
ments by Azria et al. [15], who reported eight O~ E,
distributions from O, multilayer films, for 7.1 eV
<E(e)=13.1 eV. They have been normalized in peak
intensity to ours to facilitate comparison. Their E; dis-
tributions at E(e)=7.1 and 8.1 eV are not shown for
clarity. Considering the differences in experimental
methods, we find overall good agreement with the present
results, particularly with respect to the O~ E; (max) [for
all E (e)], as well as peak positions of the E, distributions
for E(e)>9 eV. Although the shapes of the distributions
agree quite well for E; > E; (mp), we find that the present
results of Azria et al. consistently lack relative contribu-
tions of low energy O ~; this is particularly evident for the
E, distributions at E(e)=12 and 13 eV. Although this
may suggest a strong low-energy cutoff in the transmis-
sion function of their ion energy analyzer optics, recent
experiments by that group [30] show good transmission
in the low-energy range. However, an effect of the sharp
angular resolution of their ion analyzer optics combined
with the angular positions, relative to the sample normal,
of the electron gun and ion analyzer could also be the
reason for this difference. In any case, the lack of low en-
ergy O™ in the E,; distributions explains why their energy
selected yield function, associated with dissociation to
O~ +0(P), shows no signal below E(e)<6.5 eV; this
lead to the conclusion that the ?IT, resonance of O, was
not clearly observed.

In order to estimate the effects of EEL, E,, and O~
scattering in the film after dissociation, on the desorption
energetics of O™, we compare present results for
E(e)=7.5 eV, where O™ production is believed to be due
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FIG. 6. Comparison of O~ E| distributions (thick solid lines)
obtained in the present experiment from 4 ML of O, on Pt, to
the gas-phase results [12] (thin solid and dashed lines) at two
target gas temperatures. The incident electron energies of the
respective experiments are indicated in each panel; all curves
have been normalized to unity.

to formation of only the zl'Iu resonance, to measurements
obtained in the gas phase, where that state is the only one
available for DEA to ground state O,. This is done in
Figs. 6(a)-6(c), which shows present results, as well as
the E,; distributions obtained in the gas phase by Chantry
and Schulz at similar electron energies [12]. In the gas
phase, the E; of the DEA O~ fragment is given by

Ek(i)gaSZ%{E(e)_[DO_Ae]_E*} ’ (D

where E (e) is the incident electron energy, and E * =0, or
about 2 eV, for the first and second lowest dissociation
limits, respectively. D, and A, are the dissociation ener-
gy of O,, and electron affinity of O, respectively; here
[Dy— A,]=3.62 eV. The experimental electron energy
dependence of the gas phase O~ E, (mp) is found to be in
excellent agreement with that predicted by Eq. (1), with
E*=0,for 5.4 eV <E(e)<8.4¢V,i.c., within almost the
entire energy range of the isolated 2Il, resonance [see
Fig. 2(a)]. It was also found that the functional depen-
dence of the measured W, ,, of the E, distributions on
target gas temperature and incident electron energy is
consistent with a Maxwellian fragment E, distribution,
peaked at a E; (mp)=E°, with a FWHM given by

W, ,(E(e), T)={[5.5kTE° P+ [W, ,()]*}!/*, 2)

where E° depends on E (e) via Eq. (1) and W, ,,(I)=0.2
eV is a constant instrumental contribution, i.e., their ex-
perimental resolution. The above gas-phase experiments
are also in excellent agreement with more recent mea-
surements by Oster, Kiihn, and Illenberger [28].

Upon comparison, we note that the E; (mp) in the con-
densed phase are on the average about 0.77 eV lower than
those observed in the gas phase, whereas the measured
W, ,, are similar to, or larger, than those measured in the
gas phase. Although Eq. (2) should approximately pre-
dict the measured W, ,, in the condensed phase, includ-

ing the present experimental contributions, we find that
at, e.g., E(e)=6.5 eV and T =20 K it underestimates
W, ,, by about 0.44 to 0.35 eV, depending on whether the
measured E, (mp) or Eq. (1) is used for E°. We propose
that this difference is at least in part a result of EEL, Ep,
and O™ scattering in the solid, which we also believe to
be responsible for the systematic difference between the
measured condensed phase E;(mp) and the values pre-
dicted by Eq. (1), regardless of the total experimental un-
certainty of about +0.27 eV, which includes contact po-
tentials. At low E(e)<8 eV, anion scattering in the solid
is believed to be the dominant contribution to the
broadening of the E; distributions. As our HREEL re-
sults will show, at higher incident electron energies EEL
contributions to the W, ,, become significantly larger.

Based on the present experimental observations, as well
as the previous discussions of the above mechanisms [14]
and [26], the post desorption E, of the O™, i.e., the mea-
sured in vacuo energy E, (i), may then be written as

E()=1{E(e)—AE(e)—[Dy— A,]+E,—E*}
—AE()—E, . (3)

Here AE(e) represents the amount of EEL prior to DEA,
E, the charge induced polarization energy, and AE(i) is
the kinetic energy lost by the O~ due to inelastic, e.g.,
collisional vibronic excitations, or elastic, i.e., momentum
transfer, collisions with adjacent O, molecules in the solid
prior to desorption. It is evident that the E, of the solid
will determine the final in vacuo E, of the O~ via two
processes: (i) indirectly, by lowering the energy of the
temporary O, * resonances, with respect to the neutral
state which, for a given incident electron energy, in-
creases the excess energy available for repartitioning
among the DEA fragments, and (ii) directly, by acting on
the desorbing O~ following dissociation. It is known
that (i) also results in an enhancement of the DEA cross
section (e.g., via the 2II, state), relative to the gas phase,
by about one order of magnitude, since the downshift of
the O, * potential decreases the time necessary for the
dissociating fragments to reach the internuclear bond
length beyond which autodetachment is no longer possi-
ble [31].

Thus, neglecting effects of AE(e) and AE(i), we find
from Eq. (3) that for E(e)=6.5 eV, E,=0.7 eV, and
E*=0 for DEA via the *Il, state, the expected O~ E, in
vacuo is about 1.1 eV. This value is in excess of the mea-
sured E; (mp) (=0.68 eV) by about 0.42 eV, which we at-
tribute to collisional losses (CL) by electrons and anions
in the solid.

The first order estimate of 0.42 eV for CL is believed to
be reasonable, considering that EEL to the v =1 and 2
levels of 02(32; ) are known to be enhanced within the
energy range of the 2IT, and 22; (I) O, states in the con-
densed phase [9], and may account for a AE (e) of 0.2 to
0.4 eV; this may also include contributions due to multi-
ple phonon losses. This leaves about 0.3 to 0.2 eV to be
accounted for by elastic or inelastic O™ scattering in the
solid prior to desorption. In fact, assuming that binary
elastic collisions of O~ with adjacent molecules in the
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bulk, or near the surface, of the solid may be described by
classical mechanics [32], we find that single collision
momentum transfer may easily account for changes in
the O™ energy equivalent to the above values. It is clear
that, since the O™ must overcome the induced polariza-
tion energy of the solid in order to be detected, E, also
limits the detectable scattering, i.e., desorption, angles
{this means that if the O™ is to desorb after a classical
elastic scattering event [33], its post collision kinetic ener-
gy E, (f) along its new trajectory defined by Y, its labora-
tory scattering angle at the surface, or in the bulk, of the
solid, must be such that the magnitude of its momentum
component along the surface normal
[P, |=[2M(O")E, (f)]"*cos¢ > [2M(O™)E, ]!/, where ¢
is the desorption angle, relative to @i, and M(O™) the
anion’s mass.} Thus, e.g., for a 1.4 eV O~ originating
inside the solid, with an initial trajectory along 1 and
directed towards the film-vacuum interface, i.e., ¥=4¢,
the maximum value of ¢ for which the elastically scat-
tered O~ may still desorb is about 38°. Along this new
trajectory its laboratory E, is about 1.1 eV, i.e,
AE(i)=0.3 eV. Similarly, given the average range of ob-
servable desorption angles (see Sec. II A) of 1°<¢ <45°,
O~ with initial trajectories along the surface plane may
only desorb and be detected after elastic scattering, if
their initial E; was larger than about 1.6 eV. More im-

400 ——————T—————————
= . (a) 0,(10ML)onPt 6,=15° 6,~45°
aA

< 300 | E,~11.5eV
=
w u s
=
kD
= 200 [ i
A=
'c r -4
[
B
£ 100 | i
<
O
2 . ]

0 f———Tr

200[ _ o A
. (b) 0,(10ML)on Pt 6;=15° 6=45°

1 =
i i aa, S.R.C. E;=15.5eV |
=y
v
g 3¢ +
L s |

E 100 A% Rydberg
B bands
Q
ot r .
<
Q
wn

0 T T T T T T T T T T T T T T T

0 2 4 6 8 10 12 14 16
Electron Energy Loss (eV)

FIG. 7. HREEL spectra obtained at incident electron ener-
gies of (a) 11.5 eV, and (b) 15.5 eV, both from 10-ML O, on Pt,
and for an electron beam incident angle of 6,=15°, and detec-
tion angle 6, =45°. SRC represents the Schumann-Runge con-
tinuum of O,; the other labels indicate molecular symmetries of
the O,* states involved in the energy losses.

portantly, E, limits the angles, with respect to the surface
normal 1, of those initial O~ trajectories into the solid for
which the anion may undergo elastic scattering with a
molecule in the solid, and still be able to reach the detec-
tor. We find that O™ with initial trajectories of 60° or
less from 1 and pointing into the solid, must have an ini-
tial E; of much more than 2.8 eV, if they are to be elasti-
cally scattered through a large enough angle to reach the
detector’s observable range of desorption angles, and still
have sufficient E; to overcome the E, at the surface.
These initial trajectories would correspond to DEA O™
formed on the bottom of O, molecules, which are phy-
sisorbed such that their internuclear axes are at 60° or
less from §i. Since O~ formed via the 2II, state cannot
have a E; significantly larger than 2.8 eV, the above im-
plies that the IB theory by Sambe and Ramaker, which
requires O~ at bottom formation for, e.g., the 2Hu reso-
nance, is limited to O, physisorption angles significantly
larger than 60° from the surface normal Gi. At these large
physisorption angles, however, top and bottom O~ become
almost indistinguishable.

In summary, elastically scattered anions may contrib-
ute to the broadening of the W, ,, of the E, distributions.
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FIG. 8. Excitation functions for (a) the 8.5-eV energy loss
(SRCQ), seen in Fig. 7, obtained from an identical O, solid film,
and (b) the normalized excitation functions, obtained from Ref.
[9] from a 10-ML film of O, at 6,=6,=45°. In panel (a), the ar-
rows indicate the incident electron energies at which the spectra
in Figs. 7(a) and 7(b) were obtained, and in panel (b), the num-
bers in parentheses indicate the respective multiplication fac-
tors.
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According to our analysis, DEA in the condensed phase
yields anion E, distributions which can be described by
Eq. (3), and which are shifted to lower anion energies, rel-
ative to the gas-phase distributions whose E;(mp) is de-
scribed by Eq. (1).

B. EEL prior to DEA

The HREEL spectra, recorded at E(e)=11.5 and 15.5
eV for 10-ML films of O,, are shown in Fig. 7. Figure
8(a) shows the present measurement for the excitation
function of the 8.5-eV energy loss, whereas Fig. 8(b)
shows the previously published low-energy-loss excitation
functions of Sanche and Michaud [9], obtained from simi-
lar O, solids. For reasons of clarity, the elastic peak, as
well as energy-loss features due to vibrational excitations
(v=1-4) of the 02(32; ) ground state are not shown in
Fig. 7. They were, however, measured in the present ex-
periment, and have been discussed in detail by Sanche
and Michaud [9].

The main features of the present HREEL spectra, as
indicated by the labels in Fig. 7, have been identified by
comparison to, mainly gas phase, measurements made by
various authors. For reviews, the reader is referred to a
plethora of work (e.g., [34—40] and refs. cited therein), in
particular that of Herzberg [41], Schulz [42], and more
recently Wakiya [43].

Briefly, the broad feature near 6.1 eV energy loss, has
been previously observed in gas-phase EEL [34] and [43].
Although it is in general believed to be the result of the
optically forbidden transitions from the O,(X 328' )
ground state to the metastable 4 *3}, C3A,, and ¢ '3
states of O,*, it is in the gas phase mainly associated with
transitions to the c!3,. We note here that at
E(e)=11.5 eV, evidence of a discrete feature, at an ener-
gy loss of about 4.9 €V, is also seen, which is not observed
in the gas phase. This feature clearly evolves into a peak
as the incident electron energy is increased to 15.5 eV.
Since gas-phase forbidden transitions 3~ —Z2" are known
to be enhanced in the condensed (or liquid) phase, it may
well be that this peak is associated explicitly with transi-
tions to the A 3 resonance.

The intense, broad feature, centered at about 8.5 eV,
represents energy losses to excited states of O, in the
Schumann-Runge continuum (SRC). The overall signa-
ture of the SRC loss feature agrees well with EEL and
photoabsorption measurements in the gas phase, in par-
ticular those of Wakiya. It has been shown that the
energy-loss region between 7 and 20 eV contains, in addi-
tion to vibrational bands associated with the first ioniza-
tion limit Oy (X °II,), a large number of Rydberg states
(e.g., [35], [37], and [38]), none of which are distinguish-
able here. This appears to be a general characteristic as-
sociated with Rydberg states in the condensed phase [44].
The excitation function for the 8.5-eV SRC loss is shown
in Fig. 8(a) as a function of incident electron energy. We
observe two broad resonances, at incident electron ener-
gies of about 12.8 and 15 eV, with a combined FWHM of
almost 7.5 eV. Their origin is not understood, although
an association with the 3scrg1H and 3Hg Rydberg states,
observed by Trajmar, Cartwright, and Hall [34], may be

TABLE I. Ratios of the integrated measured intensities of
scattered electrons, which have lost energy to vibrational, or
electronic excitations of O,, obtained from the measurements in
Figs. 7(a) and 7(b). I(elastic) is the integrated scattered signal
under the elastic peak, and I(32; , V=1-4) is the integrated
scattered signal for excitations of the v =1-4 vibrational levels
of the ground state O,, both of which are omitted in Fig. 7.
I(total) is the total integrated scattered signal, and
I(inelastic) = I(total) —I(elastic). I(ACc) corresponds to the in-
tegrated signal of scattered electrons which have lost between
4.2 and 7 eV, I(SRC™) corresponds to the integrated signal for
energy losses above 7 eV, and I(lAg to 4.2 eV) corresponds to
the integrated signal for energy losses between about 0.9-4.2
ev.

E(e)=11.5 eV E(e)=15.5 eV
I(elastic) 0.421 0.383
I(total)
(inelastic) 0.579 0.617
I(total)
103, , v=1-4) 0.098 0.027
I(total) ’ .
I('A, to 4.2 eV)
2B OBV 0.062 0.032
I(total)
I(ACc) 0.088 0.063
I(total)
+
I(SRC™) 0.331 0.495
I(total)
I(Szg—’ v= 1_4)
— ey 7 TR 0.170 0.044
I(inelastic)
I('A, to 4.2 eV)
— e Do oT 0.107 0.051
I(inelastic)
_I(ACe) 0.153 0.101
I(inelastic)
+
_I(SRC) 0.570 0.804
I(inelastic)
possible.

The relative importance of inelastic processes within
the present context is summarized in Table I, which lists
the ratios of the integrated scattered signal, due to EEL
to particular excitation channels, relative to either the to-
tal integrated scattered signal, I(total) (including the elas-
tic peak), or the total integrated inelastic signal,
I(inelastic) =I(total) —I(elastic). The individual contribu-
tions are obtained by integrating the scattered signal,
shown in Figs. 7(a) and 7(b), over the appropriate
energy-loss range. Thus, e.g., I{ ACc) corresponds to the
total integrated signal of scattered electrons which have
lost between 4.2 and 7 eV due to excitations of the
4’3}, C3A,, and ¢ 'S states of O,*. Similarly, I('A,
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to 4.2 eV) represents the total integrated signal for energy
losses between 0.9 to 4.2 eV, i.e., mainly 'A, and 'S, ex-
citations. We find that at incident electron energies of
11.5 and 15.5 eV 58-62% of the total scattered signal is
the result of some inelastic scattering processes; among
these, excitations in the SRC and above contribute be-
tween 57 to 80%. It is therefore estimated that about 33
to 50% of the 11.5-15.5 eV incident electrons produce
energy loss (i.e., inelastic) electrons with energies near
3-7eV.

In light of the above results, we find that at least part
of the increasing tendency of the W, ,, of the measured
O™ E,; distributions should be the result of EEL prior to
DEA. The results in Table I furthermore suggest that
the similar intensity of the double peak structure in the
O~ E, distribution, obtained at an E (e)=13.5 eV, is due
to DEA by elastic, as well as inelastic, electrons, both of
which contribute equally to the O~ E,; distribution and
yield at that particular electron energy. For example, en-
ergy losses to the SRC, for 13.5-eV incident electrons,
produce a distribution of inelastic electrons whose
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FIG. 9. (a) E;(mp) of O~ (solid circles and squares, stars and
open triangles) and (b) E;(max) of O~ (solid triangles) both as
functions of incident electron energy, obtained from the O™ E,
distributions in Fig. 5. Also shown in panel (a) are the E; (mp)
obtained from the results of Azria et al. [15] (open circles); in
(a) the thick dashed line corresponds to Eq. (1), and the thick
solid lines through the data points are guides to the eye. In (a)
and (b) the straight thin solid lines of slope % indicate the disso-
ciation limits.

FWHM lies between 6.5 and 4.5 ¢V, most of which can
induce the formation of the 2II, state of O, . This state
decays by producing the O~ E, distributions shown in
Fig. 5, for E(e)=5.5-8.5 eV, which peak around the
same ion energy as the low-energy structure in the 13.5-
eV O~ E, distribution. The above is supported by the
observation that the centroid of the excitation function
for the SRC loss (AE =8.5 eV) lies near E (e)=~13.5 eV.

From Table I we also note that the total fraction of in-
elastic electrons tends to increase with increasing incident
electron energy. This observation, together with the
preceding discussion, may explain why at, e.g.,
E(e)=17.5 or 19.5 eV the O™ E, distribution displays a
pronounced high energy tail, but peaks at a similar
E, (mp) than the E, distribution for an incident electron
energy near 8-9 eV.

C. O™ E,; (mp), E; (max), and W, ,,

Figure 9(a) shows the O~ E(mp), obtained from the
E, distributions in Fig. 5, as function of incident electron
energy. The two solid lines represent Eq. (3) with E*=0
and 2 eV for the dissociation limits O~ +OCP), and
O~ +0(D), respectively, E,=0.7 ev, and
(AE(e)/2)+AE (i)=0.42 eV; the dashed line represents
Eq. (1) with E*=0.

The E,(mp) extracted from the E, distributions of
Azria et al. [15], are shown as open circles. These in-
clude broad shoulders observed in their E, distributions,
which are not evident in the present experiment (Fig. 5).
The error bars on their data indicate the uncertainties in
determining the E; (mp), due to the statistical scatter of
the intensities near the peak of their distributions. Good
agreement is observed within the uncertainty limits of ei-
ther experiment. For E(e)=8.1 and 7.1 eV, the E, (mp)
from the results of Azria et al. appear to be slightly
higher than the present measurements; the reason for this
may be the lack of low energy O™ in the E,; distributions
of the former experiment, as discussed in Sec. IIT A.

As shown in Fig. 9(a), for E(e) <8 eV, the solid circles
nearly follow the straight line of slope 1, as given by Eq.
(3) for E*=0. This indicates that, in particular for
E(e)=6.5 eV, DEA occurs mainly via a temporary anion
resonance that dissociates into the first limit, O~ +OCP);
inspection of Fig. 1 shows this to be the %I, state. Al-
though this is to be expected from previous results in the
gas and condensed phase, it seems to contradict the
current observations of Azria et al. [15]. For E(e)>7
eV, the 22; (I) state also becomes accessible in the FC re-
gion (Fig. 1), and therefore part of the E, distributions
may contain some O~ produced via this resonance. Simi-
larly, for 11.5 eV <E(e)<14.5 eV, the solid squares indi-
cate DEA via a temporary anion resonance that dissoci-
ates into the second limit of O, *. Therefore, we confirm
this state to be a 221 (II) resonance, as shown in Fig. 1.
The solid squares in Fig. 9(a) indicate DEA of unscat-
tered or elastically (and quasielastically) scattered elec-
trons via the 227 (II) resonance. The stars can be ex-
plained in terms of indirect DEA by electrons which first
lose significant amounts of energy, and afterward attach
to O, to form the lower lying resonances II, and 22 (I).
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This interpretation is supported by the HREEL results
shown in the previous section.

With respect to a definitive g,u symmetry assignment
of the 2= *(II) resonance, we find that caution must be ex-
ercised. If one accepts the argument, as proposed by
Sambe and Ramaker [2], that the 22; (IT) state autode-
taches too rapidly, then the 2Z*(II) state in question
would be of u symmetry. Although Sambe and Ramaker
have estimated empirically that this *=.;(II) resonance
lies at about 13.5 eV in the FC region of the neutral
ground state (Fig. 1), this is in disagreement with the ab
initio calculation of Michels [16], who locates this state
above 20 eV in the FC region (dash-dot line in Fig. 1).
However, the position of the 22; (II) resonance, as calcu-
lated by Michels, agrees approximately with that estimat-
ed by Sambe and Ramaker. In that case, the 231D
state in question may be assigned the g symmetry, if one
neglects the lifetime argument (that this latter assump-
tion is not entirely unreasonable will become evident
shortly); this would be in agreement with the recent con-
clusions by Azria et al. [15]. Presently, information
such as g, u symmetry is by no means extractable from
O~ E, distributions or yield functions alone (energy
selected or total). Thus, a definite assignment of g, u
symmetry can only be made in conjunction with calcula-
tions of O, * potential energy curves, ab initio or other-
wise, and the theoretical assumptions on which they are
based. Given the agreement of the present results with
previous experiments, we may only conclude with cer-
tainty that for E (e) near 13-14 eV DEA to O, proceeds
via a gas-phase forbidden transition to a state of O, *,
which has 23 (II) symmetry; however, the g, u assign-
ment remains ambiguous [45].

For 8.5 eV<E(e)<11.5 eV, the E; (mp), marked by
open triangles, are found to fall on neither of the lines as-
sociated with the first two dissociation limits of O,  *.
Since for E (e)> 8.5 eV the %I, state is no longer directly
accessible for DEA, one may presumably attribute this
behavior to (1) inelastic processes, as suggested by Azria
et al. [15], and/or (2) DEA via the 22;(1) resonance.
However, we find this to be unlikely because either case
would result in E, (mp) significantly lower than those ob-
served in the experiment [Fig. 9(a)].

(1) From the present HREEL results, particularly
Table I, we estimate that, e.g., for E (e) near 10 eV, about
70% of the inelastic electrons will have lost between 4 to
10 eV due to ACc or SRC™ excitations. This leaves them
with an energy of 6 eV or less, which is only sufficient to
induce DEA via the I, resonance. The resulting Ej
distributions would be similar to those at E(e)<6 eV,
which peak at a E,(mp) much lower than the present
measurements (open triangles). Our HREEL results also
indicate that at most 10% of the inelastic electrons have
lost energy to the a 'A, and b 'T; excited states of O,,
and no low-energy-loss features associated with overtones
of these excitations are observed in the HREEL spectra;
thus multiple EEL attributed to these excitations can also
not entirely explain the measured E, distributions for 8.5
eV<E(e)<1l.5eV.

(2) From previous e = + O,( 1Ag) gas-phase experiments

[46] and theory [2] and [16], it is known that the 22; 4]
resonance of O, , located at about 8—9 eV in the FC re-
gion, dissociates almost exclusively to the second limit
via a nonadiabatic curve crossing. If we assume that it
does so in the condensed phase as well, then DEA via this
state, induced by unscattered or (quasi) elastically scat-
tered electrons, can also not account for the large ob-
served E; (mp) for 8.5eV<E(e)<11.5eV.

We therefore propose that the measurements are evi-
dence of DEA via the 22; (I) state, which dissociates to
the first limit. The potential curve for this state, as es-
timated by Sambe and Ramaker [2], is shown in Fig. 1;
although it agrees qualitatively with that calculated by
Michels [16], the latter shows a steeper curve at small in-
ternuclear separations. Evidence for this Z(I) state
may also be found in the observation that the positions of
the high-energy shoulder in the E; distributions mea-
sured by Azria et al. [15] at E(e)=11.6, 12.1, and 13.1
eV (Fig. 5), fall on the line associated with dissociation to
the first limit, as shown in Fig. 9(a). In any case, an in-
cident electron with an energy between about 8.5 to 9.5
eV may then directly attach to either, the 23 (I) or the
22; (I) resonance. In fact, assuming that the positions of
these two states in the FC region are approximately de-
scribed by Fig. 1, at 9-eV electron energy the nuclear
wave functions of these two anion states would have simi-
lar overlap with that of the ground state 02(32; ), result-
ing in similar attachment probabilities to either state.
Since these two states have different dissociation limits,
this would lead to a broadened E, distribution with a
measured E;(mp) somewhere between those expected
from dissociation into either limit, as is seen in Fig. 9(a).

The preceding discussion is strongly supported by the
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FIG. 10. FWHM (W, ;) of the O™ E; distributions, shown
in Fig. 5, as function of incident electron energy. The dashed
lines labeled 310 and 160 K represent the experimental results
of Ref. [12] extrapolated to E(e)=20 eV. The straight solid line
corresponds to the estimate of the background contribution to
the W, ,,, as discussed in Sec. III C, and the dashed line through
the points is a spline fit to the data. The labels indicate those
states of O, * that are believed to contribute to the DEA pro-
cess.
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results presented in Fig. 9(b), where the measured O~
E, (max) are shown as a function of incident electron en-
ergy (solid triangles). The two thin solid lines represent
Eq. (3), with negligible effects of CL and E,. We find that
for E(e) <13 eV there always exists an anion state that
dissociates into the lowest limit. The present measure-
ments, as well as the recent results of Azria et al. [15],
therefore suggest that the 23 (I) state is located between
about 8.5 and 13 eV in the FC region; this is in good
agreement with the calculation of Michels [16], and in
fair agreement with the estimate by Sambe and Ramaker
[2]. Since the 22; (I) state (as determined by either,
Michels, or Sambe and Ramaker) is no longer accessible
for E(e)>9.5 eV, the E; (max) cannot be explained by in-
voking adiabatic dissociation of that state to the first lim-
it. The experimental evidence on the participation of the
23 H(I) state to the DEA yield further implies that the
lifetime argument by the latter authors may not have
been applicable to this resonance, and therefore need not
be applicable to the 22; (IT) state either.

Shown in Fig. 10 are the W, ,, of the measured E; dis-
tributions as a function of incident electron energy. We
find that, in addition to an approximately linearly in-
creasing background (straight solid line), W, ,, displays
structures centered at about 8, 12, and 13 eV. The solid
line is essentially obtained from Eq. (2) by including con-
tributions due to experimental uncertainties, as well as
contributions due to EEL and O~ scattering in the solid,
which were assumed to be linearly increasing with elec-
tron or anion energy. In light of the HREEL data, the
latter assumption is probably not quite correct; however,
the result indicates, at the least, that the above factors
alone cannot account for the sudden changes in W, ,,, ob-
served here. We believe that the structures are evidence
of the simultaneous availability of several anion reso-
nances at particular electron energies, as indicated by the
labels. For example, given the states shown in Fig. 1, the
sharp increase in W, ,, between 9 and 12 eV arises from
an added contribution of O~ produced by dissociation of
the 2= (I) state of O, . If this state were not available
for DEA at these electron energies, the W, would be
expected to approximately follow the solid line until the
23 *(II) state(s) become accessible for DEA above 12 eV.

One might still argue that some of the above results
may be alternatively explained by the existence of the two
22+(I) states, as proposed by Sambe and Ramaker [11],
ie, 22X (O~ on top) at 8 eV dissociating to
o~ +O(%P) and *2(I) (O~ on bottom) at 9 eV dissociat-
ing to O~ +0('D). Alas, the following observations sug-
gest otherwise. (i) The proposed energies of the (O™ on
top) and (O~ on bottom) 2, (I) states in the FC region are
too low to give good agreement with the present experi-
mental results. (i) The (O~ on bottom) state at 9 eV
which dissociates into O~ +O('D), will, according to the
discussion in Sec. IIT A, produce O~ incapable of desorb-
ing from the solid, if their initial velocity vector had an
angle smaller than about 80° from the surface normal 1.
This means that, if these O~ are detected, they were
formed by DEA to O, molecules which were, for all in-
tents and purposes, initially lying down flat on the sur-

face, and a classification of a 2. (I) (O™ on bottom) state
becomes dubious.

IV. SUMMARY AND CONCLUSIONS

We have presented a complete set of measurements of
O~ E, distributions obtained via DEA to O, molecules
condensed into disordered multilayers at 20 K on poly-
crystalline Pt. The measurements were performed at in-
cident electron energies E (e) between 5.5 and 19.5 eV, at
0.5-eV intervals.

It is observed that the E, distributions are shifted to
lower anion energies, with respect to measurements ob-
tained in the gas phase. The explanation for this result
can be found from a comparison of Egs. (1) and (3). The
former neglects electron and anion scattering in the solid,
as well as the effects of E, on both the O, * temporary
anion resonance and the desorbing O~ . These effects are
included in Eq. (3). Structures in the E; distributions,
particularly near 13 eV, and their relative intensities indi-
cate that energy-loss electrons contribute substantially to
anion production via DEA.

The latter observation is supported by the HREEL
spectra presented in this report and summarized in Table
I. These spectra exhibit features that can be associated
with excitation processes known to exist in the gas phase.
We also find evidence for a condensed phase enhance-
ment of the optically forbidden transition
X33, A%}

Even at the highest incident electron energies, no
significant contribution of O™ resulting from dipolar dis-
sociation is noted in the E; distributions, which indicates
that the majority of these anions are unable to overcome
the charge induced polarization barrier at the surface of
the solid.

The present results confirm that DEA occurs, at cer-
tain E(e), via the formation of the 2II,, 23S (D), and
23 *(ID) (g and/or u) resonances of O, ; of these, the 211,
dissociates into the first and the =% (I and II) into the
second limit, respectively. Our measurements also indi-
cate the possible involvement of the 23} () state in Fig. 1,
which dissociates to the first limit.

Further theoretical and experimental work is required
to reach a definite conclusion on the contribution of these
states to the DEA process. Since effects of EEL and par-
ticularly O™ scattering in the solid can broaden the E;
distributions, such that contributions due to individual
states are difficult to distinguish, it appears that repeating
the present experiments with solids consisting of O, phy-
sisorbed on relatively inert substrates, such as Kr, may
reduce these broadening effects, and provide a clearer
view of the process. Such experiments are now underway
in this laboratory, and preliminary results confirm the ex-
istence of the 23 (I) resonance near E(e)=10-11 eV
[47]. The results presented here also suggest that anion
scattering prior to desorption, such as binary elastic
O™ +0, collisions, may have a greater effect on the ob-
served E, distributions than previously anticipated.
Thus, detailed investigations on such post dissociation
collisions are also desirable.

In addition to the insight which may be gained by stud-
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ies, such as the present, into the production and desorp-
tion dynamics of anions in the condensed phase, they
may also have a more practical application. It is known
that DEA anions, near surfaces, may efficiently react
with adjacent molecules of the same [29] and [48], or
different [49], species. Since in general these interactions,
such as reactive scattering and associative electron de-
tachment, depend on the center of mass collision energy,
it is of fundamental importance to know the range of
kinetic energies of those anion fragments (i.e., the projec-
tiles) produced by DEA. Consequently, one may envision
chemical changes induced in a heterogeneous solid, by
tuning the incident electron beam to a particular DEA

resonance of one molecular species; the resulting anion
(or neutral) fragments with specific, well characterized,
kinetic energies may then interact with adjacent mole-
cules of another species in a controllable fashion.
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