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Asymmetric „e,2e… study of the 100-eV ionization of the 1pg , 1pu , and 3sg

molecular orbitals of O2

J. Yang and J. P. Doering
Department of Chemistry, Johns Hopkins University, Baltimore, Maryland 21218

~Received 18 August 2000; published 14 February 2001!

The relative triple differential cross section for 100-eV electron-impact ionization of the three outer molecu-
lar orbitals of O2 has been studied in an asymmetric (e,2e) experiment. The angular distribution of low-energy
ejected electrons was measured from 30° to 125° with respect to the incident beam direction for an incident
electron scattering angle of 4° and ejected-electron energies of 3.5, 6.0, and 11.0 eV. The ionization of the
outer 1pg orbital that leads to the formation of an O2

1 ion in theX 2Pg state was observed to be accompanied
by the ejection of a low energy electron 90° to the incident beam direction on the binary side. Binary results
for the other two orbitals, 1pu and 3sg , to give thea 4Pu andb 4Sg

1 states were similar to previous results
for the analogous orbitals in N2 with ejection directions of 75° and 45° to the incident beam direction,
respectively. In contrast to the N2 results, the recoil peak for all cases was found to be aligned approximately
180° to the momentum transfer direction. Possible mechanisms for the binary low-energy electron ejection at
angles so far removed from the momentum transfer direction are discussed.
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INTRODUCTION

Coincidence ionization, or (e,2e), experiments in which
the two outgoing electrons have very unequal energies ar
interest for several reasons. The cross section for ioniza
is largest for the ionization events in which the sharing
energy between the two outgoing electrons is most une
or asymmetric@1,2#. Since these events are the most pro
able ionization processes, study of the (e,2e) cross sections
in this regime allows the partial cross sections or branch
ratios to various final states of the residual ion to be inve
gated @3#. The angular distribution of low-energy ejecte
electrons that is given by the triple differential cross sect
~TDCS! is also of interest in the study of the interactions th
lead to ionization of the neutral target.

Compared to atoms, very little work has been done so
on the asymmetric (e,2e) TDCS for molecules. Our work on
molecular nitrogen and oxygen has been described in
previous papers@4–7#. Two of the papers@4,5# reported par-
tial branching ratios for production of various final states
N2

1 and O2
1 by 100-eV electron impact on the neutral mo

ecules. The third@6# reported the distribution among vibra
tional states of the N2

1 ions produced in the ground an
first-excited electronic states by 100-eV electron impact i
ization of N2. The fourth@7# reported the angular distribu
tions of low-energy ejected or secondary electrons that
company ionization of the two outermost molecular orbit
of N2. In the present paper, we report the correspond
angular distributions of the low-energy ejected electrons
result from ionization of the three lowest ionization potent
molecular orbitals of O2 to produce three electronic states
the O2

1 ion.
100-eV electron impact ionization of molecules usua

produces a significant fraction of the residual ions in exci
electronic states. The cross section for producing each
state is triply differential if the usual convention of consi
ering only in-plane scattering is followed@7,8#. The three
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independent variables are usually taken to beu08 , the angle
through which the incident electron is scattered,uej , the
ejection angle of the low-energy ejected or secondary e
tron, andEej the energy of the ejected electron. These va
ables and the conventional ‘‘Ehrhardt’’ polar plot@2# used
for display of the TDCS are all shown schematically in F
1. The three variables do not define the final state of
residual ion. The final state of the ion is determined from
measurement of the energy loss of the incident electron
separate TDCS must be reported for each final state.

The most interesting variable isuej since the ejected elec
trons are distributed over a wide angular range. In atoms,
ejected electrons are found in two lobes centered along
opposite to the momentum transfer direction@2# as predicted
by first-order theory. These are known as the ‘‘binary’’ a
‘‘recoil’’ lobes of the TDCS @1#. The recoil lobe is often
larger than the binary lobe@7# and there are deviations of th
centers of the lobes from the momentum transfer directio

As discussed previously@7#, the angular resolution of the
apparatus as set up for these measurements was 4°. Th
angular bandpass centered on 4° scattering angle giv
good sampling of the interesting range ofu08 . Increasingu08
further leads to a very rapid decrease in signal.

In our previous work@7#, ionization of the 3sg and 1pu
outer molecular orbitals of N2 was observed. Although thes
two orbitals are only 1.11 eV apart in energy, the angu
distributions of the ejected electrons that accompanied t
ionization were quite different. For the 3sg orbital, electron
ejection in the binary direction was centered around250°
while that for the 1pu was near280°, very far from the
momentum transfer direction near230°. The recoil electron
distribution was typically shifted to a smaller angle than t
‘‘recoil direction’’ ~defined for the purposes of this discu
sion as 180° from the momentum transfer direction!. This is
opposite to what is generally observed in atomic ionizat
@2#.

Comparison of data from N2 and O2 is useful since O2 has
©2001 The American Physical Society17-1
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the same two molecular orbitals as N2 (3sg and 1pu), but
reversed in energy@9#, with an additional outer 1pg orbital
containing two unpaired electrons. 100-eV asymme
(e,2e) experiments are generally sensitive to the interacti
between the incident electron and the target@2# so it ap-
peared possible to compare the ionization of analogous
lecular orbitals in different environments by comparing t
results from O2 and N2. We also anticipated that ionizatio
of the two unpaired electrons of the outer molecular orb
of O2 would produce unusual effects, very different fro
ionization of paired electrons.

EXPERIMENT

A detailed description of the apparatus has already b
published@7#. Details relating to the experiments on O2 can
be found in the paper describing the O2 branching ratio re-
sults @5#.

Briefly, the apparatus consists of an electron monoch
mator, a scattered primary electron analyzer, and a l
energy ejected electron analyzer. All three electron sp
trometers use hemispherical electrostatic deflectors.
beam of electrons produced by the monochromator
crossed with an O2 gas jet from a hypodermic needle sourc
The scattered primary and ejected secondary electrons
energy-analyzed at variable angles with respect to the i
dent beam direction. The electrons were detected by elec
multipliers and conventional amplifier and discriminator c

FIG. 1. Schematic diagram of coordinates used to display
triple differential cross section for ionization leading to a spec
final electronic state of the residual ion. The angular distribution
ejected electrons is plotted vs ejection angle at constant scatt
electron angle and ejected-electron energy@2#. The incident elec-
tron enters from the bottom at6180° and is scattered to the lef
The ejected-electron direction and momentum-transfer direction
shown for the case of an electron ejected in the binary directio
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cuits that passed the digital pulses to the coincidence e
tronics. The entire apparatus was housed in a large, mag
cally shielded, stainless-steel bell jar approximately 0.5 m
diameter and 1.0 m high.

A double shield of high-permeability material was used
reduce the ambient magnetic field to a negligible value@7#
inside the bell jar. The shields were fabricated so that one
inside the bell jar and one fits outside. Like the bell jar, th
had open lower ends. The electron spectrometers were
ported inside the bell jar one diameter away from the op
bottom by the baffle used for differential pumping of th
source. Measurements of the residual magnetic field at
position of the spectrometers showed that the ambient g
magnetic field of approximately 0.6 G was reduced to,5
mG.

The method used for computerized data collection a
analysis has also been described in detail@6#. For each final
state of the ion, there is a characteristic energy equal to
energy of the ejected electron plus the ionization potentia
the molecular orbital from which the electron is remove
When the energy loss of the incident electron is equal to
value, an increase in the coincidence rate appears in the
incidence rate vs energy loss spectrum. At other values of
energy loss, the background, uncorrelated accidental co
dence rate is observed.

Each pulse received from the coincidence electronics
associated with it a time parameter and an energy loss
rameter. The memory of the computer was configured so
there was a time spectrum for each value of energy loss.
magnitude of the coincidence peak in each time spect
was plotted as a function of energy loss. This coinciden
energy loss spectrum is one final form of the data. Examp
of coincidence energy loss spectra of this type for O2 have
been published previously@5#.

In general, oxygen is more difficult to work with than N2.
This is partly due to the greater chemical reactivity of O2 that
causes the hot filament electron source to burn out m
rapidly. It is also a result of the fact that the total ionizatio
intensity in O2 is distributed among seven final states of O2

1

while N2
1 has only three states. A survey coincidence ene

loss spectrum of O2 taken with the apparatus, has been pu
lished previously@5#.

Data were acquired in both a ‘‘spectrum’’ and a
‘‘ejected angle’’ mode@7#. In the spectrum mode, a tim
spectrum is recorded at each value of energy loss. Thi
similar to a separation spectrum except that in our appara
the ejected energy was kept constant while the energy
was scanned at constantEej and uej . In the ejected angle
mode, time spectra are recorded as a function ofuej for a
fixed separation energy corresponding to a particular fin
ion state. The ejected angle data must be suitably normal
in order to determine the relative amplitudes of the sign
from the different final-ion states. This was usually done
normalizing the data at each of the angles to a coincide
energy loss spectrum taken at one angle.

The intensity of the scattered signal is proportional to
mutual volume of the incident electron beam and the neu
beam as viewed by the scattered- and ejected-electron d
tors. Since all the experiments were done at the same s
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FIG. 2. Experimental results for relative O2

triple differential cross section vsuej for ioniza-
tion of the 1ps orbital of O2 to give theX 2Pg

state of the residual O2
1 ion. The incident energy

and scattered-electron angle were 100 eV and
in all cases. Results are shown forEej of 3.5, 6.0,
and 11.0 eV. The direction of momentum transf
is shown by the small vector. The points are t
experimental data. The solid lines are lea
squares fits to the experimental data and are
tended to guide the eye.
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tered electron angle~4°!, it was only necessary to account fo
the changes in effective volume with ejected-electron an
The dependence of the scattering volume on secondary
tron ejection angle was determined by measuring the ang
dependence of an autoionization process in O2. We have
previously reported the observation of an autoionization p
cess in O2 @10# that produces an isotropic flux of electron
that can be observed in the coincidence energy loss spec
for very small ejected-electron energies. The variation of
scattering signal due to the change in scattering volume w
angle was determined by measuring the apparent variatio
intensity of this isotropic electron flux as a function of sc
tering angle. The angular dependence was found to be
represented by the function (11cos2 uej) @7#. In the present
work, this normalization was used differently at 3.5 and
eV. For the 3.5-eV data, the autoionization peak appeare
the coincidence energy loss spectrum. The intensities of
various peaks at different angles were normalized to a c
stant value of the autoionization intensity. For the 11-
data, the autoionization peak did not appear in the ene
loss spectra so it was necessary to use a different metho
normalization. The 11-eV data were collected using the ‘‘a
gular scan’’ method. This gave relative values of the cr
section for one final state at different values ofuej . The (1
1cos2 uej) correction factor was applied to the intensiti
measured at different values ofuej . In order to normalize the
data for the different transitions at the different values ofuej
a complete energy loss spectrum was obtained at a si
reference angle. The relative values of the true coincide
rates were then used to normalize the angular data to the
at the reference angle. This gave the corrected values o
intensities as a function ofuej .

At 6 eV, the O2 autoionization process was not used f
normalization since the 5 eV TDCS for argon was availab
both from experiment@11# and theory@12#. A mixture of the
two gases was admitted to the spectrometer and the O2/Ar
ratio was determined from an energy loss spectrum of
100-eV incident electron flux scattered at 4° that contain
03271
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peaks corresponding to electronic transitions of known o
cal oscillator strengths in both species. Using the small-an
relationship between the generalized and optical oscilla
strengths as described previously@13#, it was possible to cal-
culate the O2/Ar ratio and from this and the known argo
TDCS, the TDCS for O2 could be determined.

The measured energy of the ejected electrons contain
contact potential contribution. The true energy of the ejec
electrons was obtained by measuring the apparent positio
energy of the 19.3-eV He resonance as described previo
@7#.

RESULTS

Results for ejected-electron energies of 3.5, 6.0, and 1
eV for the X 2Pg , a 4Pu and b 4Sg

1 states of O2
1 are

shown in Figs. 2, 3, and 4. The direction of the moment
transfer vector is shown on each plot. Since our interest h
is in the angular distributions of the ejected electrons,
have normalized the data to a single maximum value to
cilitate comparison of the ejected-electron distributions.
should be remembered, however, that the triple differen
cross section decreases rapidly with increasing ejected
ergy. Since this aspect of the differential cross section
been well investigated in double differential cross sect
experiments@1#, we have not made any measurements of
TDCS as a function of ejected-electron energy.

Figure 2 shows the results for theX 2Pg state. The dis-
tribution of ejected electrons accompanying ionization to
X 2Pg state is the most unusual distribution observed for a
of the O2

1 states. The maximum of the binary peak
aligned with the290° direction, far from the momentum
transfer direction,234°. The results at the three ejecte
electron energies are quite similar. Since the recoil-peak d
from all the states appears to show the same effects,
recoil data will be discussed later.

Figures 3 and 4 show data for thea 4Pu and b 4Sg
1

states, respectively. The binary results are quite simila
7-3
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FIG. 3. Same as Fig. 2 except for ionizatio
of the 1ps orbital of O2 to give thea 4Ps state of
the O2

1 ion.
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those for the analogous orbital in N2. The signal to noise
ratio is not as good as for N2 because of the weaker signa
for O2 as noted above. The binary peak for thea 4Pu state
appears to be centered near275° for all three ejected ener
gies. For theb 4Sg

1 state, the 3.5- and 6-eV binary maxim
are near245°. At 11 eV, the signal to noise ratio was to
poor to allow a distribution to be obtained for theb 4Sg

1

state. The 3.5- and 6.0-eV binary results are very simila
those in N2. Removal of an electron from the 1pg orbital of
N2 gives a distribution with a peak near275°. For the 3sg
orbital, the peak is near250°.

The results for the recoil electrons are similar for all t
O2 orbitals and can be most clearly seen in Fig. 3, wh
shows the 6-eV ejected-energy results. Unfortunately, o
the edge of the recoil distribution is accessible with t
present apparatus. The 6.0- and 11.0-eV distributions ex
out to the 125° limit of the apparatus. The 11.0-eV cro
section is smaller than the 6.0-eV cross section at this an
This could be a result of a smaller overall cross section
the recoil lobe or an indication that the recoil lobe is of t
same size as at 6.0 eV, but has rotated towards 180°.
center of the recoil peak appears to be close to the re
direction.

To summarize, the binary electrons that come fro
events, which ionize the outer 1pg orbital and leave the re
03271
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sidual O2
1 ion in the X 2Pg state are directed 90° to th

direction of the incident beam. This direction is not a fun
tion of the ejected-electron energy or the momentum-tran
direction. The binary results for thea 4Pu andb 4Sg

1 states
are similar to what is observed in N2. On the other hand, the
recoil results are quite different from the N2 observations.
Since the recoil peak is produced by ejected electrons
subsequently collided with the molecular core, it is perha
not surprising that such a complicated process should be
ferent in O2 and N2.

It is interesting to consider processes that might cause
unusual distributions reported here. The following discuss
is intended to stimulate further work on these problem
Since there has been no theoretical work that specific
considered these systems, any discussion of possible me
nisms must include some speculation.

The most striking feature of the TDCS for both N2 and Og
is the very large angles, far form the momentum-trans
direction, at which some of the low-energy electrons a
ejected. These large ejection angles are an indication
strong interaction between the ejected electron and the
sidual ion core. The ionization process must produce a t
porary polarization that causes the electrons from the 1pg
molecular orbitals in all the randomly oriented O2 molecules
to be preferentially ejected 90° to the incident beam dir
n

0
ve
FIG. 4. Same as Fig. 2 except for ionizatio
of the 3sg orbital of O2 to give theb 4Sg

1 state
of the O2

1 ion. Due to the small signal at 11.
eV, it was not possible to measure the relati
TDCS at this ejected-electron energy.
7-4
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tion. Kim’s @14# observations on ‘‘soft’’ collisions, which
are the same large-impact parameters, small momen
transfer collisions we observe, may provide a clue to
process responsible. Kim points out that in these collisio
the target electron is acted on by an impulsive force tha
nearly perpendicular to the direction of motion of the in
dent particles. In our case of O2 molecules with two unpaired
electrons in an outer, antibonding orbital, this perpendicu
force may be especially effective in removing an unpai
electron and sending it off 90° to the direction of motion
the incident electron. For the other orbitals of O2 and N2, the
long-range force exerted by the incident electron is pres
ably be less effective and a more direct hit on the tar
electron is necessary. This leads to ejection towards
momentum-transfer direction.

The ejection of binary electrons associated with ionizat
of the higher molecular orbitals in O2 gives distributions very
similar to those observed for the analogous orbital in N2.
This occurs even though the order in energy of the orbital
d.

ys

-
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reversed in going from N2 to O2. This suggests that the sym
metry of the orbital is more important than its position in t
energy scheme.

The binary distributions for all the orbitals are quite sim
lar. This may be a result of the comparatively small intera
tion of the incident electrons with all the molecular electro
in the binary ejection case. In the recoil direction, the ejec
electrons presumably scatter from the molecular core.
molecules, this can obviously be a complicated process s
the molecular core is not spherically symmetric. It is the
fore not surprising that the recoil angular distributions a
very different from the binary distributions. The origin of th
very different recoil distributions for O2 compared to N2 re-
mains an unresolved question.
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