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The trapped-electron method is applied to a study of vibrational excitation by low-energy
(0-1-eV) electrons on 02. It is found that the dominant feature of the vibrational cross sec-
tion consists of spikes, spaced about 0. 11 eV apart. This spacing is characteristic of the
spacing of the vibrational levels of the 02 system which serves as a compound state and which
is also measured in the present study. It is found that one of the levels of the compound sys-
tem (02 ) is coincident with the v =3 level of 02. When the measured anharmonicity of the 02
system (3 + 0. 5 mV per level) is taken into account, the spacing of the lowest vibrational states
(v'=0 v'=1) of 02 becomes 132 mV, provided that the Pack-Phelps value of 0.43 eV is used
for the electron affinity of 02. The spacing of the v'=0 v'=1 vibrational states obtained in
the present experiment is in excellent agreement with the values obtained by Raman spectro-
scopy of alkali-halide crystals in which 02 is trapped (135 mV). The magnitudes of the cross
sections of the spikes, integrated over the electron energy distribution, are given and the
branching ratio for the decay of 02 states is discussed.

I. INTRODUCTION

This paper presents the results of measurements
of elastic and inelastic processes occurring in oxy-
gen at incident electron energies below 1 eV. Spe-
cifically, the measurements are undertaken in
order to clarify the processes by which vibrational
excitation of the oxygen molecule occurs.

Vibrational excitation of diatomic molecules can
occur by two different processes; namely, by
"direct" excitation of the vibrations, and by excita-
tion of a compound (temporary negative ion) state, '
and subsequent decay into a free electron plus a
neutral vibrationally excited molecule. In diatom-
ic molecules, excitation via a compound state is
often the dominant process by which vibrational
excitation of the neutral molecule occurs. These
processes have been studied" in N„H„and CO,
and in all these molecules it is found that excitation
via the compound state is dominant in the energy
range over which the compound state is formed. In

Ha the compound state is located around 2 eV, and
its width is several eV. Because of this large
width, the concept of the compound state begins to
break down in some ways, but it retains its utility
for an understanding and a prediction of vibrational
excitation and dissociative attachment. In N2 and

CO the compound states are located around 2. 3 and
1.7 eV, respectively, and the average widths are
narrower than in Hz (about 0. 2 eV). In all the above

cases, the molecule does not form a stable parent
negative ion.

The oxygen molecule presents a new and interest-
ing system by virtue of the fact that 02 forms a
stable negative ion. It can therefore be expected
that the existence of the O~ potential-energy curve'
in the Franck-Condon region of 0, provides, auto-
matically, a compound state which can be effective

in the process of vibrational excitation at low elec-
tron energies. An added inducement for the study
of the 02 system is provided by the estimate of the
lifetime of the compound state, which is much
longer (about 10 ' sec) than the compound states
studied previously.

Very few data are available concerning vibrational
excitation of the oxygen molecule by electron im-
pact. An electron-beam experiment concerning
vibrational excitation in 0, was performed by
Schulz and Dowell, who measured the cross sec-
tions at a fixed electron energy (0. 16 eV) above
the threshold of vibrational excitation. Although
their experiment was not sufficiently detailed to
establish clearly the mechanisms involved, they
pointed out that the vibrational cross section of 0,
can be expected to consist of a series of spikes at
the position of the vibrational levels of 02 . How-

ever, direct excitation could not be excluded as an
additional process.

Hake and Phelps performed an analysis of trans-
port coefficients to obtain a set of vibrational cross
sections in 02. In an attempt to make their analysis
compatible with the beam experiment of Schulz and

Dowell, they postulated that the vibrational cross
sections to various states consist of a "direct"
component which rises slowly with energy and a
"compound-state" component consisting of a spike
at the position of the nearest compound state. The
"spikes" were placed about 0.19 eV apart. This
spacing of the spikes enabled Hake and Phelps to
make the magnitude of the cross section observed
in the beam experiment consistent with the magni-
tude of the cross sections needed for the transport
coefficients by assuming that the small magnitude
of the cross section derived from the electron-beam
experiment is characteristic of the "direct" com-
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FIG. 1. Schematic diagram of the tube and the poten-
tial distribution along the axis of the electron beam.

ponent and that the "compound-state" component
has not been included in the electron-beam experi-
ment.

We show in this paper that some of the assump-
tions leading to the analysis described above need
to be reconsidered in the light of the present ex-
periment. We do confirm that the vibrational ex-
citation consists of a "direct" component and a
series of spikes. We find, in agreement with
Boness and Hasted, that the spacing of the vibra-
tional levels in 02 is about 0.11 eV, and we also
find that the spacing of the "spikes" in the vibra-
tional cross section is 0. 11 eV. We confirm the
magnitude of the cross section found by Schulz and
Dowell, and we attribute the magnitude to the re-
action proceeding via specific compound states.
We find that compound states (0, ) show a preference
for decay into the lowest vibrational states of the
molecule; i.e. , there is a preference for emitting
electrons with the highest kinetic energy. This
aspect of the collision process has not been included
in the analysis of Hake and Phelps.

The collision chamber consists of an iridium cylin-
der (C) inside of which is mounted a pair of parallel
iridium plates (M) which serve as collectors. All
electrodes, with the exception of the iridium parts
and the primary electron-beam collector, are gold
plated to minimize contact potential differences.
After baking at 400'C for 24 h, the background
pressure in the vacuum system is of the order of
2&&10 Torr. The gas pressure in the collision
chamber is varied between 10 ' and 2&& 10 ' Torr.

For measurements of inelastic processes, the
trapped-electron method' ' is used. This method
has a high sensitivity for the study of inelastic
processes because all electrons which have made
inelastic collisions are collected and measured.
A detailed description of the trapped-electron
method has been given previously, ' ' and only the
main points of the method will be given here.

The method consists of trapping low-energy elec-
trons in an electrostatic well and collecting them
with high efficiency. For clarity, the nomenclature
used here is the same as that used in Ref. 12.
When a positive potential is applied to the collector
M with respect to the collision chamber C, a po-
tential well (W) is formed in the collision chamber,
as shown in Fig. 1(b)where the potential distribution
along the axis of the tube is plotted. The potential
difference between electrodes P and C is denoted
by V, in Fig. 1(b), and it can be seen that the elec-
tron energy in the collision chamber is e(V, + W).
The energy of the electrons as a function of posi-
tion is indicated by the double horizontal line of
Fig. 1(b). When electrons in the bea, m lose nearly
all their energy in an inelastic collision, as they
do when the incident electron energy is just above
the threshold of excitation, they will end up in the
potential well from which they cannot escape. These
electrons will eventually migrate to the collector
M where they are measured. Electrons which have
lost energy less than (e V,) are not trapped and can
reach the electron-beam collector or the collision-
chamber walls.

New Methods for Evaluation of Data

II. EXPERIMENT

Figure 1 is a schematic diagram of the experi-
mental tube employed in the present studies. This
tube has been described in detail previously, '
and only a brief review will be given here. For
the present studies, the tube is used in a different
mode of operation than the mode used in the past.

Electrons are emitted from a directly heated
thoria-coated iridium filament (E) whose effective
energy distribution is reduced to about 60-70 meV
by the retarding-potential-difference method. "
The electron beam is confined by a magnetic field
(8) which can be varied from zero to about 2500 G.

In the past it has been customary to plot the
trapped-electron current at a fixed well depth 5'
as a function of electron accelerating voltage.
Below, we describe how the data obtained by the
trapped-electron method can be handled to give
information regarding the shape of the excitation
function near threshold; this new method is partic-
ularly useful when sharp structure in the inelastic
cross section is present.

For an excitation function which increases mono-
tonically with energy above its threshold eV„, the
electron current (measured at the collector M) has
an onset at an energy E = eV„and a maximum at E
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FIG. , 2. Shape of cross sections for vibrational ex-
citation in 02. The shapes are consistent with the re-
sults of the present experiment, but the resolution is in-
sufficient to specify the width of t'he spikes resulting
from the compound states or to determine accurately
the slowly rising background which constitutes the "di-
rect component. " The energy integrated cross section
at the peaks is given on the ordinate. Note that the
curves for z =3 and e =4 are multiplied by a factor of 10
in order to make them more easily visible. The branch-
ing ratio for the decay of 02 (e'=8} into 0&(v =2} and 0&

(v=3} is 17.

= e(V„+ W). A plot of the trapped-electron current
versus electron accelerating voltage exhibits a
spacing between trapped-electron peaks which is
equal to the spacing of the vibrational levels. A

plot of the energy in the collision chamber at which

a given trapped-electron peak occurs, versus the
well depth, is a straight line with an intercept at
the threshold energy and a slope of unity. It should

be emphasized that whatever the shape of the exci-
tation function, the magnitude of the trapped-elec-
tron current mill follow the shape of the excitation
function up to 8' above threshold as the electron
energy is increased. For V, & V„, the trapped-
electron current drops to zero.

I.et us now consider another ease. Figure 2 shows
a set of vibrational excitation functions. These
are in fact characteristic of the excitation functions
in Oz, and the justification for them will be given
later in the paper. They consist of a slowly rising
"direct" component Rnd a sharp "resonance" con-
tribution, analogous to the excitation function pro-
posed by Hake and Phelps. In this case the separa-
tion of the experimentally measured trapped-elec-
tron peaks need not equal the separation of the vi-

brational levels of the 03 molecule. The maxima
of the trapped-electron peaks occur at the positions
of the spikes, provided that the separation between
the first spike of a given excitation function and its
threshold is less than the well depth F'. In this
ease, a plot of the energy at which the maximum
of the trapped-electron peak occurs versus well
depth remains independent of well depth. If this
spike occurs at energies higher than the well depth,
the maximum of the trapped-electron peak occurs
at e(V„+W), and we have the situation described in
the preceding paragraph. Thus, for a trap of depth
8', the assumed set of cross sections of Fig. 2
leads to trapped-electron peaks at absolute ener-
gies e(V„,+y), e(V„,+ W),eV„„and e(V„,+z). The
symbols g Rnd z represent the spReing of the spikes
from the respective threshold and are defined in
Fig. 2.

If the resolution of the electron beam is high com-
pared to the widths and separation of the spikes,
then the exact shape of the cross section up to W
above threshold would be measured. However, the
resolution of the present apparatus is comparable
to the separation of the spikes and we ean extract
infol matlon only with 1 egard to the position Rnd
the magnitude of the trapped-electron peaks. Nev-
ertheless, we are able to resolve separate spikes
of a given excitation function when the well depth is
deep enough to encompass more than one spike of
such an excitation function. When the trap is deeper
than the separation of vibrational states of the Oa
molecule, the interpretation of the data is extremely
difficult. In this case there are contributions to
the trapped-electron current from more than one
excitation function at some incident electron ener-
gies.

In the energy region of interest in 02 (O-l eV) it
is possible for elastically scattered electrons to be
trapped and to reach the collector. This process
has been described in detail previously' and gives
rise to an electron peak at zero energy which de-
creases monotonically and disappears at 1-1.5 eV.
Thus all the inelastic structure below 1 eV is super-
imposed on an elastically scattered background cur-
rent. In the present apparatus this elastic back-
ground is much smaller than the inelastic structure,
which greatly simplifies analysis of the data. The
reduction of the elastically scattered background
current has been discussed by Burrow et al. "
Undoubtedly, the elimination of grids in the collision
chamber of the present apparatus is beneficial.

In the energy region 0-1 eV it is also possible
to form stable Oz by three-body attachment. Be-
cause the gas pressure used in the present experi-
ment is low, the contribution from 02 to the mea-
sured current is entirely negligible.

In the present experiments, two methods of data
acquisition are used. The first is an Rc method
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using phase-sensitive detection of the signals. The
second is a dc method in which the signal is mea-
sured by a vibrating-reed electrometer and stored
in a multichannel analyzer. The analyzer is used
as a signal averager for multiple scans of the elec-
tron energy. The potential on the retarding elec-
trode of the electron gun and the add/subtract cir-
cuit of the multichannel analyzer are switched at
the beginning of alternate scans, in a mode similar
to that described by Chantry, ' to give automatic
data recording.

The primary electron-beam current is between
5& 10 and 10 A. %'hen determination of the
absolute energle8 of the trRpped-electron peRks 18
desired, we use the lowest possible values of elec-
tron current because the zero-energy peak which
serves as an energy reference is most easily af-
fected by space charge.

The well depth is determined by measuring the
trapped-electron current produced from the excita-
tion of the 2 8 state in helium, whose shape and
magnitude are known, and by normalizing to the
positive-ion current in He at 18 eV. This method
for determining the effective well depth has been
used previously. '

III. VIBRATIONAL SPACING OF O SYSTEM

The vibrational spacing of the O~ state has been
determined in a subsidiary experiment by studying
resonances in the scattering of electrons from oxy-
gen. It is believed that the state involved has a
designation II~ and is the ground electronic state of
0& . Boness and Hasted' used a transmission
method in which the structure in the total trans-
mitted current was examined. Boness and Schulz'
studied the elastically scattered electrons alone
using a double electrostatic analyzer. Both mea-
surements give the vibrational spacing of the 0,
'II~ state to be about 0. 11 eV. This value has been
confirmed in the present experiment using the ap-
paratus described in Sec. II. The present results
give not only the vibrational spacings, but also the
anharmonieity of the vibrational levels of the Q2
'II, state.

For the measurement of the elastic cross section,
the potential well is reduced to zero so as not to
trap electrons from inelastic processes. The mag-
netic field is reduced to the lowest value that will
still collimate a useful beam, about 20-30 G. Under
these conditions, some of the electrons which are
elastically or inelastically scattered in the collision
chamber are able to reach the coH.eetor M. This
is verified by observations of the resonance in
helium'~ at 19.3 eV. It must be remembered that
this mode of operation differs from the trapping of
electrons in a potential mell.

Figure 3 is a typical recorder tracing of scattered
current from Qa as a function of electron energy.

I I I I I I

O.ll78V O.ll5eV O. llOOV O. IOBeV O. IOGeV

I I I I I I I

0.0 O. l 0.2 0.3 0.4 0.5 0.6 0.7
Electron Energy (eV)

FIG. 3; Recorder tracing of the scattered current as
a function of electron energy. The structure, represent-
ing a variation of about 10/g of the total current, is in-
terpreted as the resonance contribution to the elastic
cross section. The spacing of the peaks, indicated in
the figure, corresponds to the spacing of the vibrational
levels (v'=4-9) of 02 II~.

The zero has been suppressed for greater clarity
and the structure represents a variation of about
10/e of the total current. We attribute the structure
observed in Fig. 3 to elastically scattered electrons,
becRuse w'6 find that the lnelRstlc closs sections
are at least an order of magnitude smaller than the
elastic cross sections. '

Boness and Schulz' were not able to observe the
vibrational cross sections in Q3, although they could
observe the structure in the elastic cross section
with a signal-to-noise ratio of about 20: 1. This
negative experiment also indicates that the inelas-
tic cross sections via the compound state in Qz are
at least an order of magnitude smaller than the
resonances in the elastic cross section.

The spacing of the peaks in Fig. 3 can be mea-
sured to 2-3-mV accuracy. The anharmonieity
is seen to be 3+ 0.5-mV per level. Any value of
anharmonicity outside these limits would clearly
not fit the present data compounded over six vi-
brational levels of the negative ion. The spacing
of the first two peaks of Fig. 3 is ignored, as the
first peak is due to scattering of zero-energy elec-
trons and is not necessarily associated with a reso-
nance.

IV. INELASTIC MEASUREMENTS IN 02 HELOT j. cV

Figure 4 shows a series of plots of trapped-elec-
tron current versus electron energy, V, +8", at
various well depths. The plots in Fig. 4 are rep-
resentative of about 100 curves taken. The curves
consist of an elastic peak with a superpositi. on of
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The absolute energies at which the trapped-elec-
tron peaks occux' can be obtained either by reading
the position of the peak on the energy scale or by
measuring the distance between an inelastic peak
and the elastic peak and adding the well depth.

Examination of Fig. 4 shows the following intex'-
esting features: (a) At the lowest well depth, 0& W
& 5 mV, the spacing of the inelastic peaks corre-
sponds to the spacing of the vibrational levels in
the neutral molecule, which ax'e indicated by the
vertical dotted lines marked v = 1, 2, 3, 4. (h) At
higher well depth, the spacing of the peaks is
different from the vibrational spacing of 03. The
most exaggerated case is seen for a well depth of
80 mV in Fig. 4. Here the spacing between the
second and third inelastic peak is 110 mV, not 189
mV as in the ground electronic state. (c) The ratios
of the peak heights change as a function of well
depth. (d) At the higher well depths, some ot the
peaks split into doublets.

l60 mV

i 234V=
i I I

I & I I I I
I I I I i I I

v'=5 7 9 ll
I ~ l ~ 1 i I i I i I i l

0 OA 0.8 l.2
Electron Energy (eV)

FIG. 4. Trapped-electron current versus electron en-
ergy at well depths of 5, 40, 80, and 160 mV. At low
well depth, the trapped-electron peaks occur at the po-
sition of the vibrational levels of the neutral 02 g- state
marked v=1, 2, 3, 4. At intermediate well depths, the
peaks shift on the energy scale. At the higher well depths
the peaks occur at the positions of the compound states
02 . The positions of the compound states are marked by
the dashed vertical lines I'v' =5 —11). At the highest well
depth (W'= 160 mV), the well depth encompasses up to
two compound states and the peaks split into doublets.
The trapped-electron peak corresponding to e =3 does
not shift and this is taken to indicate that there is coin-
cidence between the levels e =3 of 02 and e' = 8 of 0& .

inelastic peaks on a monotonically decreasing back-
ground current. It is seen that the elastic peak
moves to higher energies as the weO depth is in-
creased. This is a result of our choice of plotting
on the abscissa the energy, E = V, + W (rather than
the accelerating voltage V, , as was done in previous
work). The elastic peak occurs at an accelerating
voltage, V, = 0, and thus appears at an energy 5'.

Peak Height versus Well Depth

In order to interpret curves such as those shown
in Fig. 4, the data are replotted in two different
ways (see Figs. 5 and 7). Figure 5 shows a plot
of the maximum peak height at the indicated well
depths. It is seen that the peak height correspond-
ing to v = j., n = 2, and e = 4 shows three distinct
regimes. First, the cross section increases slowly;
second, there is a rapid increase in the cross sec-
tion, and finally, there is a region of "saturation. "
%'hen the ordinate is multiplied by the factor 10
an effective cross section in units of cm can be ob-
tained. Past the point of saturation, the curve does
not represent the cross section at the given mell
depths, but rather the maximum cross section with-
in the indicated well depth. The data of Fig. 5 are
completely consistent with the plot of Fig. 2. The
x egime of slowly increasing cross sections is due

to direct excitation of the vibrational modes of 0&.
The rapidly rising part of the cross section occurs
when the trap stax ts encompassing the compound
state nearest to the vibrational level. The excita-
tion then occurs via the compound state, but the
slope of the excitation cross section is due to the
finite electron energy distribution. The peak height
reaches "saturation" when the whole of the electron
energy distribution overlaps the resonant state.
Also shown in Fig. 5 is thepeak heightof thetrapped-
electron signal when the respective peak splits
into a doublet at higher mell depth. This splitting
occurs (for v= i and v= 3) when the well depth is
large enough to encompass two compound states.

The curve for g= 3 differs markedly froxn the
curves fox' p= 1 2 and 4 ln that ther e is Qo change
in slope at low well depths; it rises at onset and

then saturates. %e interpret this behavior as an

indication that the compound state is almost coin-
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cident with (or slightly above) the vibrational level
v= 3. This observation represents one of the im-
portant results of this experiment, and will be fur-
ther substantiated in connection with the discussion
of Fig. V. The coincidence in energy between the
v= 3 vibrational state of O~ and one of the vibration-
al states of 0& fixes the relative positions of the
vibrational levels of the two systems.

Energy Levels of 02

Coupled with our knowledge of the spacing of vi-
brational levels of Os (see Sec. III), we can plot
Fig. 6, which shows the relative positions of vi-
brational levels of" O~ and of Oz . The anharmoni-
city of Oz is included. We stop the progression of
vibrational states at the quantum nearest the known
value of the electron affinity of Oz. Although sev-
eral values of electron affinity are being quoted, ' '

examination of the experimental evidence indicates
to us that at this time only the value of Pack and
Phelps ' is free from serious objection and thus we

take this value, 0. 43 eV, as the electron affinity
of O~.

Figure 6 clearly indicates that two vibrational
levels of Os (compound states) exist in the interval
between the v= 1 and v= 2, the v= 3 and v= 4, and

also between the v= 4 and v= 5 states of 0,. As the
well is increased in depth, it will eventually be
deep enough to encompass two compound states for
vibrational excitation for v=1, v=3, and v=4.
Our model, shown in Fig. 6, shows that this over-
lap with the second compound state occurs first
for v= 3. This is verified by examination of Fig.
4, which shows that at the larger well depth the
peaks corresponding to vibrational excitation of
g=3, v=4, and v=1 are split, each peak correspond-
ing to vibrational excitation via a different com-
pound state. This effect is also shown by the dashed
lines in Fig. 5, which show the behavior of the sec-
ond peak causing vibrational excitation to v= 1 and
v= 3 as a function of well depth. The second peak
to v= 3 appears at lower well depth than the second
peak for v=1, consistent with our model of Fig. 6.
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g= 3, the peak remains at a constant energy even
at low well depths, indicating that the compound
state must be located in coincidence (within -0.01
eV) with v= 3 of Oz. Figure 7 thus can be taken as
a confirmation for our hypothesis that there is a
coincidence between one of the levels of the com-
pound system Rnd '0= 3 of Qp. Figure 7 ln fRct
provides an alternative method for determining
the relative position of the vibrational levels of
the Q~ jl~ system.

At large well depth, the trapped-electron peaks
become doublets. At these mell depths, tmo levels
of the compound system are encompassed. Figure
7 shows the location on the energy scale of the split
peaks for v=1, v=3, and v=4 proceeding via
v'=6, v'=9, and v'=1l, respectively.

FIG. 6. Vibrational levels of 023Z~ and O2 ~II .
The vibrational spacing of the ground electronic state of
02 comes from Ref. 18, and the vibrational spacing as
weB as the anharmonicity of 02 have been measured in
the present experiment. The ladder of O~ is fixed with
respect to the ladder for 02 by noting the coincidence be-
tween level e =3 in Oz and e' = 8 in 02 . The downward

progression of the 02 ladder is stopped at the quantum

nearest the electron affinity of O~. The value of Pack
and Phelps {Ref. 21) (0. 43 eV) is used for the electron
affinity. Extrapolation of the vibrational levels leads to a
spacing of 132 mV (1065 cm ) for u' = 0 —u' = 1, in good

agreement with the value deduced by Raman spectroscopy
of alkali halides in which 02 is trapped (see Ref. 25).

Position of Peaks on Energy Scale

Additional, and in some ways more convincing,
evidence for the hypothesis that the vibrational ex-
citation functions for Q3 consist of a series of
spikes whose spacing is determined by the vibra-
tional levels of Qz, can be obtained from Fig. 7.
Figure 7 is a plot of the absolute energy at which

the trapped-electron peaks occur versus mell depth.
Also shown on the figure are the locations of the

vibrational levels of O, (solid horizontal lines) and

Oz (dashed lines) as determined in Fig. 6. If vi-
brational excitation proceeds via a direct process,
the peak of the trapped electron occurs at an energy
E= V„+ W (see Sec. I). Such a process exhibits
itself on Fig. 7 as a straight line mith intercept at
the threshold, V„, and a slope of unity. Figure 7

shows that such is the case, at lom well depth, for
v= 1, 2, and 4. Alternately, if vibrational excitation
proceeds via a compound state, the maximum of
the trapped-electron current remains at a constant
energy which is the energy of the respective com-
pound state. This is seen to be the case at inter-
mediate and high mell depth for v= 1, 2, and 4. It
is gratifying to note that the experimental points
at intermediate mell depth actually lie on the line
indicating the location of the compound states. For

Absolute cross sections for vibrational excitation
of Q3 are determined by comparing the trapped-
electron currents with the peak of the dissociative
attachment cross section at 6. 7 eV. The cross
section Rt the peRk for dlssoclRtlve negative-ion
formation" ~4 is taken to be ]..30&].0 ' cm . For
negative-ion collection, a field is applied across
plates M such that all negative ions formed are
collected. The magnitude of the vibrational cross
sections determined in this manner can be obtained
by multiplying the scale of Fig. 5 by 10 0 cm . It
should be noted that the value of the effective cross
sections determined in this experiment at 160 mV
above threshold are consistent with the values pre-
viously determined by schulz and Dowell. 7 Because
of the expected narrowness of the spikes (&1 meV)
in the cross sections, the only meaningful measure-
ments of their sizes are their energy-integrated
cross sections. These are given in Fig. 2. Al-
though Fig. 2 was presented as an assumed set of
cross sections, experiment verifies that it is
conceptually correct insofar as the locations of the
spikes and their relative magnitudes are concerned.
However, Fig. 2 is somewhat arbitrary with respect
to the widths of the spikes, which have been drawn
10 mV wide for clarity, and with respect to the
magnitude of the "direct" component. The magni-
tude of this "direct" component cannot be determined
accurately because it is not easy to extract from
Fig. 5 the effect of "tailing" of the electron energy
distribution from the direct portion of the cross
sections. It must be emphasized that in Fig. 2
the energy-integrated cross-section scale only re-
fers to the spikes at their peaks. This scale is
estimated to be correct within 50'/q. The magnitudes
of the spikes are also tabulated in Table I.

UI. DISCUSSION

It has been shown in this paper that the vibration-
al cross sections of the Q3 system consist of a
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FIG. 7. Absolute energy at vrhich trapped electron
peaks occur versus weO depth. The solid horizontal
lines are the vibrational states of the ground electronic
state of 02k' Z~ and the dashed horizontal curves are
the vibrational levels of the 02 H~ system. The energy
scale and the locations for the horizontal lines are taken
from Fig. 6. At intermediate ~el1 depth, vibrational ex-
citation proceeds via compound states and the trapped-
electron peaks should be located at the position of the
compound states determined from Fig. 6. To the ex-
tent that the experimental points lie on the horizontal
lines for v'=5 -10, this constitutes an independent de-
termination of the locations of the compound states. At
the highest well depths, the trapped-electron peaks split
into doublets. The symbols Q, Q, and+ indicate the
second peak leading to vibrational excitation of v =1, 3,
and 4 via v'=6, 9, and 11, respectively.

series of spikes, coincident mith the spacing of the
vibrational levels of the 02 ~II~ system.

Since it was not realized previously that the vi-
brational spacings of the 0& system were much less
than those of the neutral molecule, Schulz and

Dowell mere unable to determine whether the exci-
tation they observed at 160 meV above threshold
proceeds by a direct process or via a compound
state. The present data show that at 160 meV
above threshold, the compound state dominate the
excitation function. The anomalous average spacing
of about 0. 2 eV observed by Sehulz and Dowell re-
sults from the fact that they were not able to re-
solve the separate spikes of excitRtion functions,

TABLE I. Energy-integrated cross sections in units
of 10"20 eU cm .

X 1.0 3.8 8. 13
X X X 0. 64
X X X X
X X X X

1.89
0. 11 0.34
X X 0.2 0.33

v: vibrational quantum numbers of 02.
v': vibrational quantum numbers of 02,
'X: energetically inaccessible.

and they therefore measured the convolution of the
first two spikes of each level and the electron-beam
energy spread. The separation between such peaks
is approximately equal to twice the spacing of the
vibrational levels of the compound state, i.e. ,
0. 2 eV. The data of Schulz and Dowell can be du-
plicated almost exactly in the present experiment
by deliberately broadening the electron energy
spl eRd.

No detailed study of the '4~ and 'Z, electronic
states has been made in these experiments. Fig-
ure 4 shows that up to the well depths used, there
is no enhancement of the trapped-electron current
at the energy corresponding to the '4~ state, com-
pared with v= 4. It is thus confirmed that the cross
section of the '6, state is very small (-10 0 cm )
at energies up to about 150 mV above threshold.

When one attempts to compare the present vi-
brational excitation cross sections with those ob-
tained from swarm experiments, the process is
fraught with difficulties. It is possible that a com-
pound state can decay into any of the energetically
allowed vibrational states of the neutral molecule
mith the ejection of the electron. Hake and Phelps
had no theoretical or experimental data for these
branching ratios, and they therefore assigned the
total magnitude of their resonant-type cross sec-
tions to the vibrational state just below the reso-
nance. It can be seen from Fig. 2 that, contrary
to the above assumption, compound states in Q~
show a preference for decay into the lowest possible
state of the neutral molecule. As pointed out by
Herzenberg, this is to be expected from theoretical
considerations.

The branching ratio for the decay of compound
stRtes 18 governed by the overlap of the appropriate
wave functions and also by the probability for
barrier penetration. The potential barrier involved
here is that resulting from the "centrifugal" po-
tential. The barrier penetration depends on the
energy of the electrons which must escape in the
decay process Oz O2(g)+e. When the ratio of
electron energies of the emitted electrons is large,
the branching ratio also becomes large. For d-
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wave scattering, which is involved in the reaction
given above, the barrier penetration is proportional,
to the first approximation, ' to E', where E is
the energy of the ejected electrons. These con-
siderations account, in a qualitative way, for the
large branching ratios shown in Fig. 2. The
02 (v' = 7) state decays into 03 (v= 1) and Oz (v= 2)
in the ratio of 13:1. The Oz (v' = 8) state decays
into Oz (v= 2) and Oz (v = 3) in the ratio of 17: 1.
Because of the near coincidence of the g'=8 level
of 02 and the v= 3 level of Oz, the ratio of electron
energies of the ejected electrons is especially
large, leading to a large branching ratio for v=3
and v = 2 of 0&. It should be noted that the branching
ratio for low-lying vibrational states in N~ is close
to unity. This results from the fact that the ratio
of energies of the ejected electrons is also close
to unity since the compound state in N~ is located
near 2. 3 eV and the spacing of vibrational levels
is about 0.3 eV. Thus the barrier penetration in

N2 does not differ much for the decay channels
leading to the low vibrational states.

When we extrapolate the vibrational spacing of
the 02 system from the region in which it can be
measured in the present experiment, and termi-
nate the extrapolation at the value nearest to Pack
and Phelps's value for the electron affinity of 0„
we obtain a value of 132 mV for the spacing of the
lowest vibration alst ates ( v' = 0- v = 1) of 0, . This
value should be compared with a value of 135 mV
deduced by Holzer et a/. from Raman spectroscopy
of alkali-halide crystals, in which O2 is trapped.
The agreement between these two values is impres-
sive.
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Faddeev equations together with the Coulomb t matrix have been used to determine the as-
ymptotic amplitude for electron capture from neutral hydrogen by fast protons. The results
show that in the high-energy limit the capture cross section should go down as v, whexe e
is the velocity of the incident proton. The capture amplitude is identical to Drisko's second-
Born-approxixnation calculation except for a complex energy-dependent phase factor which
ultimately appxoaches unity with sufficiently high incident energy. The major contribution to
the three-body capture amplitude can be shown to come fxom the on-enexgy-shell two-body
t matrix, ln agreement with geDerR1 theorems coneerDlDg scattering fx'om coInplex systeDls ~

At high incident energies, the on-energy-shell contribution to the capture amplitude (not the
eloss section) will deereRse Rs 8, while the off-energy-shell contlQUUID coQtx'lbutloQ will
decrease as e . The contributions from the sum of the infinite number of two-body bound-
state poles can be shown to convexge, and the sum can be explicitly performed at high enough
incident energies in all except the forward direction. The bound. -state contributions to the
CRpture amplitude go dowD Rs 5 ~ which is xnuch less thRQ the coDtiQUUIQ coQtrlbUtlons.

I. INTRODUCTION

Most of the recent investigations in the asyrnp-
totic behavior of electron-capture cross section
from hydrogen at high energies involve the use of
either some kind of Born and distorted-wave ap-
proximation ~ or the impulse approximation. The
approximations usually consist of a Neumann type
of iteration of an integral equation whose kernel
contains d1sconnected diagrams» Moreover~ the
convergence of the Born series for rearrangement
three-body scattering has long been questioned.

lt is the purpose of the present paper to investi-
gate the asymptotic behavior of electron capture
with Faddeev's equations. 6 Other than the obvious
advantage that the kernel of this equation does not
contain disconnected diagrams and an iteration of
such an equation may well converge in the same
sense that a Born series converges for sufficiently
high incident energies in two-body scattering, there

is the additional advantage that the Coulomb two-
body t matrix7 is known in closed form. %6 shall
make use of some of the high-energy-approximation
techniques developed by Drisko' for the Born series
which also happen to be applicable to the Faddeev
series. To be specific, we shall consider the
following reaction at high incident energies:

P+ H(ls) -H(ls)+ p.
In the following, we will develop the general

formulation and introduce the coordinate system
as well as the notation in Sec. II. Vfe shall use
I ovelace's formulation for the three-body scatter-
ing, which is more convenient for our purpose than
the original Faddeeve equations. In order to facili-
tate comparison with previous results fol the
reader, we shall use the same notation as those
used by I ovelace, by Drisko, ' and by Mapleton
wherever possible. The actual integral equation
used, as well as the series expansion, will also be


