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Coincidence measurements of the angular distributions of O1 dissociated from O2
21 produced by electron

impact on O2 have been made. With an incident electron energy of 55 eV, 2.6-, 3.7-, 4.5-, and 5.8-eV O1 ions
were detected separately using the time-of-flight and coincidence method at selected angles between 40° and
140° in 10° steps. The results show two flat, isotropic and two anisotropic angular distributions and attempts
have been made to interpret these symmetries and to identify the sources of the ions.@S1050-2947~96!00909-2#

PACS number~s!: 34.80.Gs

I. INTRODUCTION

For the last several years, a series of papers on the kinetic-
energy distributions of fragment ions from N2 and O2 @1,2#
and the angular distribution of fragment ions from N2 @3#
upon dissociative ionization by electron impact have been
reported by the authors. Angular distributions of molecular
dissociation products have been of interest since Dunn@4#
reported a selection rule based on symmetry. Angular distri-
bution measurements have been made mostly for H2, N2,
and O2, and the results at threshold have shown good agree-
ment with the selection rule@5–14#. However, in most ex-
periments, only singly ionized dissociation products from ei-
ther of the following two processes, taking O2 as an example,
were detectedwithout using coincidence detection tech-
niques:

e1O2→O2
112e→O11O12e, ~1!

e1O2→O2
2113e→2O113e. ~2!

A few experiments@12,14,15# detected doubly ionized dis-
sociation products and determined their angular distributions.
Although some experiments@16–18# employed coincidence
detection to measure theenergydistributions of singly ion-
ized products dissociated from doubly ionized parent mol-
ecules, no experiment, except the one by the authors@3#,
measured theangulardistribution with a coincident energy-
selection mechanism. This is probably due to difficulties
from the very low counting rates.

Recently, there has been increasing interest in double or
multiple ionization of atoms and molecules, and many ex-
periments have been done with discharge lamps or synchro-
tron light sources@19–21#. There have also been some
electron-impact double-ionization experiments@15–17,22–
24#. However, the results are limited and less well analyzed
compared to the photon-impact experiments. For the case of
double ionization of molecular oxygen, there exist the
photon-impact results of Curtis and Eland@25#, Elandet al.
@19#, and Price and Eland@20#, the electron-impact results of
Feldmeier, Druchholz, and Hofmann@23# and Larssonet al.
@24#, and the theoretical results of Larssonet al. @24#, Beebe

Thulstrup, and Anderson@26#, and Hurley@27#. The agree-
ment among these data is poor and interpretations are not
consistent. In the experiments@16–18# where the energy dis-
tributions of singly ionized products dissociated from doubly
ionized molecules were measured, assignments of the
sources of these singly ionized products showed discrepan-
cies.

This situation spurs more intensive research on the double
ionization of molecules. One way of increasing the informa-
tion on the electronic states of doubly ionized molecules in-
volved in the production of the dissociation products is mea-
suring the angular distributions of singly ionized dissociation
products and applying Dunn’s selection rule to the resultant
distributions as described above@3#. This information is im-
portant in assigning the electronic states of doubly ionized
parent molecules from which singly ionized molecules origi-
nate. Based on the kinetic-energy distribution of O1 ions
obtained by the authors, coincidence measurements of the
angular distributions of O1 dissociated from O2

21 produced
by electron impact on O2 have now been carried out. Our
previous measurement@1# of the kinetic-energy distribution
of O1 ions produced from doubly ionized O2 by electron
impact showed two dominant peaks at 3.7 and 5.8 eV with
signs of the smaller peaks near 2.6 and 8.8 eV. With an
incident electron energy of 55 eV, 2.6-, 3.7-, 4.5-, and
5.8-eV O1 ions were detected separately using time-of-flight
and coincidence techniques at selected angles between 40°
and 140° in 10° steps.

II. EXPERIMENTAL DETAILS

The experimental setup used in this experiment was the
same as the one used in the previous experiment on N2 @2#,
and only the changes will be described here. An electron
beam was generated from a hot iridium filament to increase
the lifetime in the oxygen environment, and was pulsed with
a full width at half maximum~FWHM! of about 15 ns. The
energy of the incident electrons was adjusted to 55 eV, and
the currents of the dc and pulsed electron beams were main-
tained at about 1mA and a fewnA, respectively. The reason
for choosing 55-eV incident energy is this: since Dunn’s
selection rule applies near the threshold, the electron-impact
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energy in this experiment has to be near the threshold for
double ionization of oxygen molecules. The potential-energy
curves of the doubly ionized O2 states in the Franck-Condon
region lie mostly between 45 and 50 eV. Therefore the
electron-impact energy should not be much greater than
these energies. In this experiment, an electron energy of 55
eV was chosen. The preset O1 energies were 2.6, 3.7, 4.5,
and 5.8 eV. An estimate of the total uncertainty in the kinetic
energy varies from 0.1 to 0.2 eV, depending on the time of
flight.

III. RESULTS AND DISCUSSIONS

The angular distributions of the 2.6-, 3.7-, 4.5-, and
5.8-eV O1 ions dissociated from O2

21 produced by electron
impact on O2 are given in Fig. 1. In every data set, a point at
90° is normalized to 1.

As mentioned already, one angular distribution measure-
ment must be made at one selected, preset kinetic energy of
the ion, and the next measurement at the next kinetic energy.
The kinetic-energy distribution of Ref.@1# was used to select
these preset kinetic energies—2.6, 3.7, 4.5, and 5.8 eV—at
which the angular distribution measurements were made.
Our result of the kinetic-energy distribution showed peaks at
2.6, 3.7, 5.8, and 8.8 eV and was similar to that of Feldmeier,
Druchholz, and Hofmann@23#, even though the details do
not agree in several aspects. The kinetic-energy distribution
of Feldmeier, Druchholz, and Hofmann shows two dominant
peaks at 3.8 and 5.3 eV, and a third peak near 8.4 eV. Our
result shows two dominant peaks at 3.7 and 5.8 eV with clear
signs of smaller peaks near 2.6 and 8.8 eV. The reason for
taking an angular distribution at 4.5 eV even though no
4.5-eV kinetic-energy peak was observed will be discussed
later.

As can be seen in Fig. 1, the angular distributions at 2.6
and 4.5 eV are isotropic while those at 3.7 and 5.8 eV are
anisotropic. The one at 3.7 eV exhibits a minimum and the
other at 5.8 eV a maximum near 90°.

(i) 5.8 eV. As mentioned above, the total uncertainty in
the kinetic energy in our results is up to 0.2 eV, while Feld-
meier, Druchholz, and Hofmann@23# did not give an esti-
mate. However, since both experiments are the low-
resolution electron-impact experiments, it seems that the
5.3-eV peak of Feldmeier, Druchholz, and Hofmann might
correspond to our 5.8-eV peak. Neither Feldmeieret al. @23#
nor we could identify the source of this peak from just the
previous kinetic-energy distribution results. No assignment
of the states to this peak had been available except that of
Larsson et al. @24# who assigned several states to their
6.0-eV peak, which is close to our 5.8-eV distribution. How-
ever, their calculated energies of those assigned states
showed big differences from the measured value of 5.8 eV.

In the photoionization experiment of Curtis and Eland
@25#, a total kinetic-energy release of 11.5 eV, half of which
is fairly close to our 5.8-eV peak, was observed to be in great
abundance, and it was postulated that the state from which
this kinetic-energy release originated was near 43.9 eV.
From the potential-energy curves of O2

21 given in the report
of Larssonet al. @24#, the possible states near 43.9 eV, which
could release a total kinetic energy of 11.5 eV are 13Dg ,
1 3S g

2, andC 3Pu . Since the ground state of O2 is X
3S g

2, a
transition to either 13Dg or C

3Pu in the perpendicular di-
rection with respect to the symmetry axis is allowed and a
transition to 13P g

2 is allowed in both the perpendicular and
parallel directions according to Dunn’s selection rule. None
of these three states is excluded from contributing to the
5.8-eV kinetic-energy peak. Therefore, even though we still
cannot uniquely identify the states responsible for this
5.8-eV peak, we conclude thatC 3Pu and either or both
1 3Dg and 13S g

2, a combination of which results in a flat
angular distribution, are contributing based on the results of
the angular distribution.

(ii) 4.5 eV. Larssonet al. @24# obtained a noncoincident
O1-ion kinetic-energy spectrum following electron impact—
which means that the O1 dissociation products both from the
O2

1 states and from the O2
21 states were detected—and as-

signed the following two doubly ionized O2
21 states to the

4.5-eV peak:

B 3Pg→O1~4S!1O1~2D !, ~3!

A 3Su
1→O1~4S!1O1~4S!. ~4!

However, Doolittle, Schoen, and Schubert@28# measured the
kinetic-energy distribution of O1 ions produced by photoion-
izationbelow the appearance potentialof O2

21 and noticed a
peak at 4.5 eV, which means that the 4.5-eV peak is coming
from a singly ionized state of O2. Furthermore, neither Feld-
meier, Druchholz, and Hofmann@23# nor we @1# observed
any peak at 4.5 eV in the previous kinetic-energy distribu-
tions. Therefore, it is possible that the 4.5-eV peak observed
by Larssonet al.was coming from the O2

1 states instead of
the O2

21 states.
According to Dunn’s selection rule, a transition from the

ground stateX 3S g
2 of O2 to neither of the above twoB

3Sg
andA 3S u

1 states is allowed in both the perpendicular and
parallel directions, which would result in a flat angular dis-
tribution. This supports the flatness of our 4.5-eV result of
the angular distribution. Therefore it can be concluded from

FIG. 1. Angular distributions of O1 ions dissociated from O2
21

produced by electron impact on O2.
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the kinetic-energy distributions, as well as from the angular
distributions, that a 4.5-eV kinetic-energy peak is not ex-
pected from the double ionization of O2, at least near thresh-
old.

(iii) 3.7 eV. Larssonet al. @24# assigned the 3.4-eV ions
to theB 3S u

2 state. This may be the same peak as the 3.8-eV
peak of Feldmeier, Druchholz, and Hofmann and our 3.7-eV
peak. Dunn’s selection rule allows a transition from the
ground stateX 3S u

2 of O2 to the 3S g
2 state in the parallel

direction with respect to the symmetry axis. This agrees with
the angular distribution at 3.7 eV, which shows a minimum
at 90°. Therefore, our angular distribution results support the
assignment of Larssonet al. @24#. We note that the experi-
ment of Larssonet al. was a noncoincident experiment and
the assignment was principally based on the potential curves
alone. It is very difficult to assign a correct state among
many closely spaced states to a certain kinetic-energy peak
in electron-impact experiments due to their poor resolution.

(iv) 2.6 eV. The angular distribution of the 2.6-eV O1

fragments is flat~see Fig. 1!. The origin of these fragments
cannot be identified even from this angular distribution re-
sult. Curtis and Eland@25# and Elandet al. @19# reported the
observation of the total kinetic-energy release of 4.5 eV, and
later Price and Eland@20# interpreted that this energy release
was due to two-step photoionization processes. However,
Dunn’s selection rule was derived for a single-step electron-
impact process and cannot be applied to the two-step photo-
ionization process. Therefore this symmetry argument is not
applicable and a possible relation between this total-energy
release and our 2.6-eV feature is only tentative. Further stud-
ies using a different experimental method are required.

IV. CONCLUSIONS

Measurements of the angular distributions of O1 dissoci-
ated from O2

21 produced by electron impact on O2 have

been made employing time-of-flight and coincidence tech-
niques. Energy-selected O1 ions, 2.6, 3.7, 4.5, and 5.8 eV,
were detected in coincidence for angles between 40° and
140°. The angular distributions at 2.6 and 4.5 eV are isotro-
pic while those at 3.7 and 5.8 eV are anisotropic. The distri-
bution at 3.7 eV exhibits a minimum and the one at 5.8 eV a
maximum near 90°.

For the 5.8-eV distribution, the 13Dg , 1
3S g

2, andC 3Pu

state are possible candidates. Since the ground state of O2 is
X 3S g

2, a transition to either 13Dg or C
3Pu in the perpen-

dicular direction with respect to the symmetry axis is al-
lowed and a transition to 13S g

2 is allowed in both the per-
pendicular and parallel directions according to Dunn’s
selection rule. Therefore we could conclude thatC 3Pu and
either or both of 13Dg and 13S g

2 are contributing.
In the 4.5-eV case, Larssonet al.assigned theB 3Pg and

A 3Su
1 doubly ionized states as the origins of the 4.5-eV

peak. However, according to the Dunn’s selection rule, a
transition from the ground stateX 3Sg

2 of O2 to neither of
the above two states is allowed in any direction, which is
considered with the flatness of our 4.5-eV angular distribu-
tion. Therefore, we conclude that a 4.5-eV kinetic-energy
peak is not expected, at least near threshold.

The angular distribution at 3.7 eV, which shows a mini-
mum at 90° supports the notion that theB 3S u

2 state is re-
sponsible for this kinetic-energy release. The symmetry ar-
gument confirmed the result derived from potential-energy
curves. The origins of the 2.6-eV ions cannot be derived
from the angular distribution result.
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