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Absolute measurements are presented for the positron-impact cross sections for positronium formation,
direct ionization, and total ionization of the diatomic molecules N2, CO, and O2, in the range of energies from
threshold to 90 eV. Cross sections for the electronic excitation of the a 1⌸ and a⬘ 1⌺ state in N2 and the A 1⌸
state in CO near threshold are also presented. The experiment uses a cold, trap-based positron beam and the
technique of studying positron scattering in a strong magnetic field. In O2, a feature previously seen in the total
ionization cross section is observed in both the positronium formation and total ionization cross sections. The
possible origin of this feature and its relationship to positron-induced dissociation is discussed. In N2, the
near-threshold electronic excitation cross section is larger than that for positronium formation. This likely
explains the relatively high efficiency of this molecule when used for buffer-gas positron trapping.
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AB + e+ → AB + e+ + e−;

I. INTRODUCTION

We have recently used a trap-based positron beam to measure the cross sections for positronium formation, direct ionization, and total ionization for noble gas atoms 关1兴. In the
work presented here, this method is used to make similar
measurements for the diatomic molecules N2, CO, and O2.
These targets are interesting for several reasons. Comparison
of N2 and CO is of interest because these molecules are
isoelectronic. For N2 and O2, new calculations of the cross
sections for direct ionization are available 关2,3兴. Finally, the
data reported here include measurements of the positronium
formation cross sections for N2 and CO, and improved measurements for O2.
The formation of positronium Ps 共i.e., the “atom” consisting of a bound electron-positron pair兲 is relevant, for example, to applications in a variety of fields including material science and biophysics. Since there is no analog of
positronium formation in electron scattering, the extensive
understanding of electron interactions with atomic targets is
of little help in developing procedures to treat this phenomenon theoretically. In particular, positronium formation requires the inclusion of an additional set of final states. This
poses a serious challenge to theory that has not yet been
solved in general, particularly at lower values of positron
energy where simple perturbative approaches, such as the
Born approximation, are invalid.
Also presented are state-resolved measurements of the
positron-impact excitation of the lowest-lying electronic
states in CO and more detailed measurements for N2. There
has been very little theoretical work to date on the positronimpact excitation of these and similar molecular targets. It is
hoped that the data presented here will motivate further efforts to understand these important processes. The synthesis
of the ionization data with the electronic excitation measurements provides a more complete picture of low-energy positron excitation processes for these targets.
Positrons can ionize a diatomic molecule AB 共or A2, depending on the molecule兲 by three processes: direct ionization
1050-2947/2005/72共6兲/062713共10兲/$23.00

共1兲

positronium formation
AB + e+ → AB+ + Ps;

共2兲

and direct annihilation
AB + e+ → AB+ + 2␥ .

共3兲

The first two processes have cross sections on the order of
a20, where a0 is the Bohr radius, whereas the latter has a cross
section that is orders of magnitude smaller 关4兴. Thus, to a
good approximation,

TI = I + Ps ,

共4兲

where TI is the total ionization cross section, I is the direct
ionization cross section, and Ps is the positronium cross
section.
In addition to the ionization processes described by Eqs.
共1兲–共3兲, and positron-impact electronic excitation of a molecule, one more reaction is relevant to the work presented
here, that of positron-induced dissociation,
AB + e+ → A + B + e+ ,

共5兲

where one or both of the atoms, A and B, can be in an excited
electronic state.
The measurements presented here are made with a cold,
trap-based positron beam. Scattering is studied in a strong
magnetic field, which permits absolute measurements of the
scattering cross sections without need for normalization to
other cross sections. Measurements are presented for direct
and total ionization and positronium formation in the diatomic molecules N2, CO, and O2. The measured direct ionization cross sections for all three diatomic molecules are
similar. In the case of positronium formation, the N2 and CO
cross sections have similar magnitudes and features; however, in O2, the cross section is lower by approximately a
factor of 2 and contains a feature close to threshold not observed in either N2 or CO. The possibility that this feature is
due to the distribution of valence-electron positronium for-
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FIG. 1. Schematic diagram of the electrode structure 共above兲
and the electric potentials 共below兲 used to study scattering with a
trap-based positron beam. The positron beam is guided by an applied magnetic field of strength BS in the scattering cell and BA in
the retarding potential analyzer 共RPA兲.

mation thresholds in O2 and a positron-induced dissociation
channel is discussed.
Also presented are state-resolved electronic excitation
cross section measurements for CO and higher-resolution
measurements for N2. The absolute magnitude of the cross
section for the A 1⌸ excited state in CO is approximately a
factor of 2 larger than that for the corresponding state in N2.
In the case of N2, the electronic excitation cross section near
threshold is larger than the cross section for positronium formation, whereas this is not true in CO. It is likely that the
large near-threshold electronic excitation cross section in N2
is the reason that N2 is the buffer gas of choice for efficient
positron trapping 关5,6兴.
II. EXPERIMENTAL TECHNIQUES
A. Trap-based positron beam and scattering apparatus

The experimental technique for forming a cold, trap-based
positron beam has been described in detail previously 关7,8兴.
Positrons from a 22Na radioactive source and neon moderator
are trapped and cooled in a three-stage buffer-gas PenningMalmberg trap in a 0.15 T magnetic field. The positrons cool
to the temperature of the buffer gas and surrounding electrodes 共i.e., 300 K ⬅ 25 meV兲 in ⬃0.1 s.
The process of positron beam formation is illustrated
schematically in Fig. 1. Following a cycle of positron trapping and cooling, the electric potential in the accumulator is
carefully raised to force the positrons out of the trap at a well
defined energy, set by the potential V in Fig. 1. In order to
maintain good energy resolution, the positron beam is operated in a pulsed mode with bursts of ⬃15 000 positrons generated at a 4 Hz rate. The beam energy in the gas cell, ⑀
= e共V − VS兲, where VS is the potential in the scattering cell,
can be varied from ⬃0.05 to 100 eV. Differential pumping
isolates the buffer-gas trap from the scattering experiment.
Positron pulses are passed through the scattering cell which
contains the test gas. Positrons that have not annihilated or
formed positronium in the scattering cell are guided by the
magnetic field through a cylindrical retarding potential analyzer 共RPA兲 electrode, and finally to a metal plate where the
positrons annihilate. The magnetic field in the scattering cell,
BS, is 0.09 T. The magnetic field in the RPA, BA, is adjust-

able from zero to 0.09 T. The resulting ␥ rays from the annihilation plate are monitored using an NaI crystal and photomultiplier.
The gas cell is 38.1 cm long and 7.0 cm in diameter, with
entrance and exit apertures 0.5 cm in diameter. Cylindrical
mesh grids inside the cell at the entrance and exit are used to
further tune the potential to be constant near the entrance and
exit of the cell. The electrical potential VA on the RPA can be
varied to analyze the energy distribution of the positrons that
pass through the scattering cell. The RPA is also used to
analyze the incident energy distribution of the positron beam
共i.e., with the test gas removed from the scattering cell兲. The
energy resolution of the positron beam used in the experiments described here is ⬃25 meV 共full width at half maximum兲. The apparatus achieves this vacuum environment by
the use of cryopumps. The base pressure of the scattering
apparatus is ⬃5 ⫻ 10−8 torr.
B. Scattering measurements using a strong magnetic field

The cross section measurements presented here were done
using a technique that relies on the fact that the positron
orbits are strongly magnetized 关9,10兴. In a strong magnetic
field, namely, where the positron’s gyroradius is small compared to the characteristic dimensions of the scattering apparatus 共but still large compared to atomic dimensions兲, the
total kinetic energy is separable into two components: energy
in motion parallel to the magnetic field, E储, and that in the
cyclotron motion in the direction perpendicular to the field,
E⬜. For the experiments described here, the magnetic field in
the scattering region, BS, and in the analyzing region, BA 共see
Fig. 1兲, can be adjusted independently. This then allows us to
take advantage of the adiabatic invariant  = E⬜ / B. To a good
approximation,  is constant in the case relevant here,
namely, when the magnetic field is strong in the sense described above, and the field varies slowly compared to a
cyclotron period in the frame of the moving positron.
If a positron is scattered in the gas cell, then some of the
positron’s energy will be transferred from the parallel to the
perpendicular component, with the specific amount depending on the scattering angle. The integral cross section measurements reported here rely on the fact that, by reducing the
magnetic field in the analyzing region, most of the energy in
E⬜ can be transferred back into E储 共due to the fact that  is
constant兲, while the total kinetic energy of the positron remains constant. In the current experiments, the magnetic
field ratio M between the scattering cell and RPA is 35:1,
which is sufficient to ensure that the value of E储 in the region
of the RPA is, to a good approximation, equal to the total
kinetic energy of the positron at that location. Thus the difference between the incident positron energy and that measured by the RPA is an absolute measure of the energy lost
due to inelastic scattering. This procedure provides an accurate method with which to make integral inelastic cross section measurements 关11,12兴. Absolute cross sections are obtained by normalizing the transmitted signal to the incident
beam strength. This avoids the need to normalize the measurements to other cross sections, as has typically been done
previously for ionization and total cross section measurements 关13兴.
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FIG. 2. Example of the method used to determine integral-inelastic and total cross sections:
positron scattering from CO. Shown are normalized RPA data for positrons going through the
scattering cell 共쎲兲 with no gas in the scattering
cell, and 共䊊兲 with CO in the scattering cell, for
共a兲 a magnetic field ratio M = 1; and 共b兲 M = 35.
The vertical arrow in 共a兲 denotes the point used to
measure the total scattering cross section. The
height of the step in the curve, Iex, in 共b兲 is proportional to the integral cross section for the vibrational excitation of CO 共Eex = 0.27 eV兲 关11兴.
Note the expanded vertical scale in 共b兲.
C. Cross sections for specific processes

ex共⑀兲 共a20兲 =

In this paper, we use the method described above to measure absolute electronic excitation and direct ionization cross
sections for diatomic molecules. Positronium formation cross
sections are measured as a loss of positrons from the incident
beam. An example of data used to determine integral inelastic scattering cross sections is shown in Fig. 2 for the case of
vibrational excitation of CO. The integral inelastic scattering
cross section is determined by the equation

ex共⑀兲 =

1 Iex共⑀兲
,
n ml I 0

共6兲

where nm is the number density of the target gas, and l is the
path length. Iex共⑀兲 corresponds to the number of positrons
undergoing the excitation process 共i.e. the step height兲, and I0
corresponds to the total number of positrons in the initial
pulse 共e.g., one unit in the normalized data shown in Fig. 2兲.
In Eq. 共6兲 and elsewhere in this paper, we assume the
weak-scattering limit of the Lambert-Beer law, namely, that
the fraction of scattered particles ⌬I Ⰶ I0. The total cross section for each target atom was measured in order to determine
the appropriate operating pressure to be consistent with this
assumption. The total scattering is proportional to the decrease in the transmitted beam when the RPA is set just below the beam cutoff energy with the mirror ratio between the
scattering cell and RPA set at M = 1 关i.e., see arrow in Fig.
2共a兲兴 关10兴. The test-gas pressure was chosen such that the
probability of undergoing a single collision in the scattering
cell was less than 15%. This corresponded to target gas pressures in the range of 0.05– 0.5 mtorr for the target species
studied. The main source of error in the data is statistical.
The apertures on the scattering cell are sufficiently small
so that there is a well defined interaction region where the
gas pressure and the electric potential are constant, and therefore the interaction path length can be accurately determined.
In all cases, the test gas pressure was measured using a capacitance manometer with an expected error below 1%.
This accurate knowledge of the pressure and path length
and Eq. 共6兲 allows us to make absolute cross section measurements. For the results in this paper, the following equation was used which incorporates the known geometry:

P 共mtorr兲 Iex共⑀兲
,
28.6
I0

共7兲

where P is the pressure in mtorr and the cross section ex is
given in units of a20 where a0 is the Bohr radius. Equation 共7兲
is the general expression for calculating inelastic scattering
cross sections.
D. Electronic excitation

The RPA curves for electronic excitation of molecules exhibit a more complicated structure than for the vibrational
excitation of molecules 关cf. Fig. 1共b兲兴 or the electronic excitation of atoms. This structure is the result of the fact that,
associated with each electronic transition is a manifold of
vibrational transitions. An example of a retarding potential
curve for the case of positrons incident on N2 is shown in
Fig. 3 关12兴.
The experimental energy resolution provided by the trap
based beam allows us to resolve the vibrational manifold

FIG. 3. 共Color online兲 Raw data for electronic excitation in N2.
The positron energy in the scattering cell is 11 eV, and the beam
transport energy 共set by V in Fig. 1兲 is 19.3 eV. The positions of
vibrational manifold energies for each electronic state are shown as
vertical bars. The lengths of the bars are proportional to the FranckCondon factor for each transition and therefore show the relative
weighting of the vibrational states within an electronic state.
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associated with a given electronic transition 关12兴. In the case
of the molecules studied here, there is a further complication.
The observed RPA curve is the sum of overlapping step functions for different electronic transitions. Fortunately, we are
able to use the fact that the relative heights of the vibrational
steps for each electronic transition have been calculated.
These values, namely the so-called Franck-Condon factors,
are the transition probabilities for the excitation from the
ground state to a specific vibrational state within a particular
excited state manifold.
By using the known Franck-Condon factors for the vibrational manifold for each electronic state, the cross sections
for excitation of the individual electronic states can be deduced. This is done by fitting the data to an expression consisting of a series of summed, resolution-broadened error
functions representing the energetically accessible vibrational levels 关12兴. The relative magnitudes of the step heights
are set by the Franck-Condon factors. The solid line in Fig. 3
is an example of such a fit for N2. The absolute step heights
are proportional to the cross sections for this process. Reference 关14兴 gives the Franck-Condon factors for N2. For CO
we used the values calculated by Cartwright 关15兴.
E. Direct ionization

For direct ionization measurements, the RPA is set to exclude positrons that have lost an amount of energy corresponding to the ionization energy or greater. As a result, only
positrons that have lost less than this amount of energy pass
through the RPA to the detector. The difference between the
signal strength when the RPA is set to allow all of the positrons to pass through the RPA and that when the RPA is set to
reject those that have ionized the test species is denoted as II.
The incident beam strength I0 is measured by ensuring
that the positron energy inside the gas cell is below the
threshold for positronium formation 共i.e., the ionization energy minus the positronium binding energy 6.8 eV兲. This
measurement is taken with the test gas in the scattering cell.
Positrons that backscatter in the cell are reflected from the
back wall of the trap and sent back toward the detector.
The absolute, direct ionization cross section is then given
by the equation

 I共 ⑀ 兲 =

1 I I共 ⑀ 兲
,
n ml I 0

共8兲

where II共⑀兲, as defined previously, is the magnitude of the
loss in signal strength due to ionization by positrons with
energy ⑀ in the gas cell, nm is the number density of the
target gas, and l is the path length in the scattering cell.
F. Positronium formation

Since positronium is a neutral atom, positrons that form
positronium in the scattering cell are not guided by the magnetic field, and the vast majority are therefore lost before
striking the detector. Positronium lifetime aside, the solid
angle ␦⍀ of the annihilation plate as viewed from the gas
cell through the exit aperture of the cell is negligibly small,
␦⍀ ⬍ 10−3. Positrons either annihilate in the scattering cell

TABLE I. Characteristic energies for N2 and CO and O2
关19兴.

Molecule
N2
CO
O2

Excitation
8.59 eVa
8.07 eVa
7.05 eVb

Ps
formation

Direct
ionization

8.78 eV
7.21 eV
5.4 eV

15.58 eV
14.01 eV
12.2 eV

a

Electronic, 1⌸ state.
Threshold for dissociation to atomic oxygen 共Schumann-Runge
band兲.

b

because of the short annihilation lifetime of the Ps atom 共i.e.,
0.12 ns for para-positronium and 142 ns for orthopositronium兲, or drift out of the beam and annihilate at the
walls of the cell. In either case, positronium formation results
in a loss of positron beam current. In the case of the magnetically guided positron beam used here, all positrons that
do not form positronium, including those backscattered in
the scattering cell 关10兴, will be transmitted through the RPA
共which is grounded during these measurements兲 and strike
the detector plate. Those positrons that are backscattered will
reflect off of the exit gate of the buffer gas trap, then travel
through the scattering cell a second time, before arriving at
the detector.
The difference between the incident beam strength I0 and
the transmitted beam strength when the positron has energy ⑀
in the gas cell is denoted as IPs共⑀兲 and is proportional to the
number of positronium formed at that energy. The only other
possible positron loss process is so-called direct annihilation.
Since the cross section for direct annihilation at the energies
studied is orders of magnitude smaller than that for positronium formation, this contribution is neglected.
The positronium formation cross section is then given by

Ps共⑀兲 =

1 IPs共⑀兲
,
n ml I 0

共9兲

where nm and l are defined above. The quantity I0 is measured as the incident beam strength with gas in the cell and
with the positron energy in the cell less than the threshold for
positronium formation. The total ionization cross section is
calculated as the sum of the direct ionization and positronium formation cross sections.
III. EXPERIMENTAL RESULTS

In this section, we describe results for direct ionization,
positronium formation, and total ionization in N2, CO, and
O2. We also describe measurements for positron-impact excitation of the lowest-lying electronic excited states of N2
and CO. Relevant energies for these processes are summarized in Table I.
A. Ionization: N2 and CO

Figure 4 shows the current measurements for Ps formation, direct ionization, and total ionization cross sections for
N2. Similar to the noble gases, the positronium formation
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FIG. 4. Integral cross sections for N2: 共쎲兲 positronium formation, 共䉲兲 direct ionization, and 共䊏兲 total ionization. Vertical bars in
this and subsequent figures mark the positions of the Ps formation
and direct ionization thresholds.

cross section in N2 has a sharp turnon. The positronium formation cross section peaks around 20 eV, slightly past the
threshold for direct ionization.
Figure 5 shows the present data for N2 compared with
other recent experimental results for the direct and total ionization cross sections 关16兴. To our knowledge, there are no
other published results for the positronium formation cross
section in N2. The current direct ionization measurements are
slightly larger than the only other measurements of this cross
section 共i.e., those shown in Fig. 5兲. The current total ionization cross section, on the other hand, is about a third smaller
than those reported in Ref. 关16兴. The origin of this significant
discrepancy is not presently understood.
Also shown in Fig. 5 is the Coulomb plus plane waves,
full energy range 共CPE兲 distorted wave calculation of Cam-

FIG. 5. Integral cross sections for N2: 共䉲兲 direct ionization and
共䊏兲 total ionization cross section. Shown for comparison are the
experimental results of Ref. 关16兴 for 共䉮兲 direct ionization and 共䊐兲
total ionization. The CPE theoretical result of Ref. 关2兴 for direct
ionization is shown by the solid line.

FIG. 6. Integral cross sections for CO: 共쎲兲 positronium formation, 共䉲兲 direct ionization, and 共䊏兲 total ionization.

peanu 关2兴. The CPE method includes the full Coulomb interaction between the slower of the two outgoing particles 共the
scattered positron or the ejected electron兲 and the residual
target ion while the fast outgoing particle is described by a
plane wave. Using energy-dependent combinations of the
static potentials of the neutral atom and the residual ion, this
calculation accounts, at least approximately, for the partial
screening of the ionic charge by each of the two outgoing
particles. The positronium formation channel is not included
in these calculations. Given the simplicity of the model, the
theoretical results are in reasonably good agreement with the
measurements.
Figure 6 shows the current measurements in CO for the
cross sections for the Ps formation, direct ionization, and
total ionization cross sections. The positronium formation
and direct ionization cross sections are similar in shape and
magnitude to those of N2. There is a similar sharp onset in
the positronium formation cross section which peaks around
24 eV. The direct ionization cross section has a slower rise
than that for positronium formation and flattens out somewhat near the end of the range of energies studied similar to
that in N2.
Figure 7 compares the present results for CO with other
recent experimental results for the direct and total ionization
cross sections 关17兴. Both of the current direct and total ionization cross sections are in reasonably good agreement with
those of Ref. 关17兴. As in N2, at lower energies 共e.g., ⬍60 eV兲
the current measurements for direct ionization are systematically higher than those of Ref. 关17兴 but the two sets of data
are in better agreement at higher energies. Also shown in Fig.
7 is the CPE distorted-wave calculation of Campeanu 关18兴.
Similar to the case of N2, given the simplicity of the model,
the theoretical predictions are in reasonably good agreement
with the measurements.
B. Ionization: O2
1. Direct ionization and positronium formation

Shown in Fig. 8 are the results of the current measurements of the cross sections for positronium formation, direct
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FIG. 7. Present measurements of the integral cross sections for
CO: 共䉲兲 direct ionization and 共䊏兲 total ionization. Shown for comparison are the experimental results of Ref. 关17兴 for 共䉮兲 direct
ionization and 共䊐兲 total ionization and theoretical calculation 共—兲
of Ref. 关18兴. Vertical bars mark the positions of the Ps formation
and direct ionization thresholds.

ionization and total ionization for O2. The direct ionization
cross section is similar in shape and magnitude to those of
N2 and CO. The positronium formation cross section, on the
other hand, is distinctly different than those observed for the
other two molecules with a magnitude about 2 / 3 of that
observed in N2 and CO. The O2 cross section has a sharp rise
at threshold followed by a dip in the cross section before a
more gradual rise to the main peak in the cross section at
about 18 eV.
In Fig. 9, the present results for direct ionization in O2 are
compared to the experimental results of Ref. 关20兴 and the
predictions of the distorted-wave model CPE theoretical calculations of Campeanu et al. 关3兴. While both sets of experimental data are in excellent agreement, the measurements are
significantly larger than the theoretical predictions.
Figure 10 compares the present data for O2 with other
recent experimental values for the total ionization and posi-

FIG. 8. Integral cross sections for O2: 共쎲兲 positronium formation, 共䉲兲 direct ionization, and 共䊏兲 total ionization.

FIG. 9. Present measurements of the integral cross section for
共䉲兲 direct ionization in O2. Also shown for comparison are the
experimental results of 共䉮兲 关20兴, and the theoretical calculation of
共– –兲 关3兴. Vertical bars mark the positions of the Ps formation and
direct ionization thresholds.

tronium formation cross sections. The present values for the
positronium formation cross section are in good agreement
with those of Ref. 关22兴 from the positronium formation
threshold to the threshold for direct ionization 共i.e., from
5 to 12 eV兲. In contrast, at higher energies, the values from
Ref. 关22兴 are lower than the current measurements by a factor of ⬃1.5– 2. The situation for the total cross section is
somewhat the opposite. While the values of the total cross
section from Ref. 关21兴 agree with the present measurements

FIG. 10. Present measurements of the integral cross sections for
O2: 共쎲兲 positronium formation and 共䊏兲 total ionization cross section. Below the direct ionization threshold at 12.07 eV, the value of
the positronium formation and total ionization cross sections are
equal. Also shown for comparison are the experimental results for
共䊐兲 the total ionization from Ref. 关21兴; and 共䊊兲 positronium formation from Ref. 关22兴. Vertical bars mark the positions of the Ps formation and direct ionization thresholds. The experimental cross section for the excitation to the Schumann-Runge continuum from Ref.
关20兴 is also shown 共--兲. See text for details.
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up to ⬃7 eV, they are higher than the current measurements
from 7 eV to just above the threshold for direct ionization at
12 eV. Above the direct ionization threshold, there is again
good agreement between these two independent total ionization cross section measurements.
With regard to the discrepancy between the current Ps
formation data and that from Ref. 关22兴 above the threshold
for direct ionization, we note that we can make a second,
independent determination of the Ps formation cross section
in this region of energies by subtracting our direct ionization
measurements from the total ionization measurements of
Ref. 关21兴. The result agrees well with our Ps formation measurements. Thus this analysis confirms the present Ps formation measurements relative to those of Ref. 关22兴 where they
disagree above 12 eV. In the next section, we discuss further
the differences between the total ionization cross section of
Ref. 关21兴 and the current Ps formation measurements in the
range from 6 to 12 eV.
2. Unusual near-threshold behavior in O2

As compared to N2 and CO and noble gas atoms 关1兴, the
present Ps formation data in O2 exhibit unusual nearthreshold behavior. As shown in Fig. 10, there is a very sharp
rise at threshold, immediately followed by a sharp change in
slope and gradual decrease in the cross section from about
7 to 11 eV. A similar feature was seen previously in the total
cross section measurements of Laricchia et al. 关21兴. In their
work, they suggested that the correspondence between the
dip in their total ionization data around 11 eV and the increase in the cross section around 12 eV is the result of a
coupling between the Ps formation and a well-known dissociation channel in O2. In particular, the experimental cross
section for positron excitation of the Schumann-Runge 共SR兲
bands and continuum in O2 is shown by the dashed line in
Fig. 10 关20兴. These bands correspond to transitions from the
ground state, 3⌺−4 , to the 3⌺−u state. They begin at 6.2 eV and
converge to a limit at 7.05 eV that is followed by a continuum corresponding to the reaction 关19兴
O2 + e+ → O共 3 P兲 + O共 1D兲 + e+ .

共10兲

The present data also exhibit a change in the slope of the
total ionization cross section around 7 eV and a dip around
11 eV 共i.e., in approximately this same region of energies兲. It
seems plausible that these somewhat atypical features could
be due to the O2 dissociation channel.
However, O2 also differs from N2, for example, in another
respect. In oxygen, there is a larger gap in energy between Ps
formation on the highest-lying molecular orbital and the next
set of orbitals. The Ps threshold for the highest-lying molecular orbital in O2 is 5.27 eV 共two electrons兲, and the thresholds for the other orbitals are at 9.29 eV 共four electrons兲 and
11.36 eV 共two electrons兲 关23兴, close to the start of the increase in the present Ps formation data at ⬃12 eV. This relatively large gap in Ps formation thresholds likely contributes
to the relatively flat slope in the Ps formation cross section
above 7 eV.
There does remain, however, a discrepancy at energies
between 6 and 12 eV between the two independent sets of Ps
formation data 共i.e., the present data and those from Ref.

FIG. 11. Integral cross sections in N2 for the excitation of the
a 1⌸ states by 共쎲兲 positrons and 共䊊, 䊐兲 关24,25兴 electrons. Also
shown are the three theoretical predictions for positron excitation of
the a 1⌸ state from Ref. 关26兴. All curves were calculated using the
Schwinger multichannel formalism with different choices for the
basis sets: 共—兲 mixed antibonding orbitals, 共¯兲 mixed bonding
orbitals, and 共--兲 Hartree Fock orbitals.

关22兴, which agree兲 and the total ionization measurements of
Ref. 关21兴 共cf. Fig. 10兲. In principle, these extra ions could be
formed by positron-induced dissociation if the positron were
to bind the dissociated, excited-state O共 1D兲 oxygen atom.
However in that case, the ion would be produced by annihilation, and hence measured in the current Ps formation measurements 共i.e., as a lost positron兲.
In principal, the positive ion signal in the data of Ref. 关21兴
might also have a component formed when the electronically
excited O共 1D兲 atoms from the neutral dissociation process
strike the hemispherical scattering cell used in this experiment. The difference between the total ionization signal and
the current Ps formation measurements in this energy range
would then be proportional to the cross section for positroninduced dissociation. It appears, however, that the excitation
energy of O共 1D兲 共i.e., 2 eV兲 is too small for this scenario to
be likely. Thus in our view, there is an unresolved discrepancy as to the origin of the excess ion signal reported in Ref.
关21兴 relative to the current Ps formation measurements and
those in Ref. 关22兴 in the region from 7 to 12 eV.
C. Electronic excitation: N2 and CO

The cross section for electronic excitation of N2 by positron impact was measured previously by Sullivan et al. 关12兴.
More detailed data for the a 1⌸ state 共Eex = 8.59 eV兲 in N2
are shown in Fig. 11. The results for the a⬘ 1⌺ state 共Eex
= 8.40 eV兲 of N2 are shown in Fig. 12. Shown, for comparison, are the cross sections for the analogous electron impact
cross sections 关24,25兴. Also shown in Fig. 11 are the most
recent theoretical results for the positron excitation of the
a 1⌸ state cross sections from Ref. 关26兴.
The a 1⌸ state positron-impact cross section has a sharp
onset, which is not observed in the analogous electron-
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FIG. 12. Integral cross sections in N2 for the excitation of the
a⬘ ⌺ state by 共䉱兲 positrons 共present data兲 and 共䉭兲 electrons 共from
Ref. 关24兴兲.
1

impact cross section. While resonance features are ubiquitous in electron scattering, they have remained relatively elusive in positron scattering. This particular feature in N2 and a
similar one shown below for CO are two of the very few
potential examples of resonances in positron scattering.
The recent theoretical calculation 关26兴, shown in Fig. 11,
does not show evidence of this feature. This calculation was
performed using the Schwinger multichannel method. While
this calculation does contain all of the open electronic states,
it does not include the positronium formation channel. This
channel opens at 8.78 eV 共i.e., very near the threshold for the
a 1⌸ state at 8.59 eV兲, and so it may be that including this
process is necessary. The three theoretical curves in the figure correspond to performing the calculation using three different basis sets for the N2 molecule: Hartree Fock orbitals,
mixed bonding orbitals, and mixed antibonding orbitals
共ABOs兲. The authors of Ref. 关26兴 indicate that, while the
ABO calculation best matches the data as expected, the large
variation of three results raise some question as to the accuracy of the calculations 关27兴.
In Fig. 13 are shown cross section data for the A 1⌸ state
共Eex = 8.07 eV兲 in CO. There is a sharp turnon at threshold,
and the maximum value is about twice that for N2. Also
shown, for comparison, are the analogous experimental and
theoretical electron-impact cross sections 关28,29兴.
Figure 14 shows a comparison of the results for electronic
excitation and positronium formation in N2 and CO. It is
likely that the relative magnitudes of the a 1⌸ electronic excitation cross section and the positronium formation cross
section in N2 at about 9 – 10 eV explains why it is the most
effective buffer gas identified to date for positron trapping
共i.e., in terms of high trapping efficiency兲. As compared with
CO, for example, the ratio of the near-threshold electronic
excitation cross section to the positronium formation cross
section is ⬎1 for N2 but 艋1 for CO. This may be due to the
fact that, in N2, the electronic excitation channel is open
before the positronium formation channel; whereas for the
reverse is true for CO and most other atomic and molecular
species.

FIG. 13. Integral cross sections for the excitation of the A 1⌸
state in CO by 共쎲兲 positron and 共䊐兲 electron impact 关28兴. Also
shown 共—兲 is a theoretical calculation for the excitation of the A 1⌸
state in CO by electrons 关29兴.

It has long been recognized that N2 is the most efficient
buffer gas for positron trapping and that the efficiency is
maximized when the various trap stages are tuned to correspond to a positron energy loss of 9 eV per collision 关5,6兴.
The likely explanation is the relatively large electronic excitation cross section of the a 1⌸ state relative to the cross
section for positronium formation in N2.
IV. SUMMARY

This paper presents results for positronium formation in
N2 and CO. Also presented are results for the total and direct
ionization cross sections for both these targets and O2. Figure

FIG. 14. Comparison of the electronic excitation 共䉲, 䉮兲 and
positronium formation 共쎲, 䊊兲 cross sections in N2 共solid兲 and CO
共open兲. The vertical bars on the x axis mark the threshold values for
Ps formation in CO, electronic excitation in CO, electronic excitation in N2, and Ps formation in N2, respectively.
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FIG. 15. Integral cross sections for the direct ionization, positronium formation, and total ionization of CO, N2, and O2, respectively. Vertical bars mark the positions of the thresholds for O2, CO,
and N2, respectively.

15 shows a comparison of the cross sections for the three
molecules. The isoelectronic molecules N2 and CO have
similar positronium formation and ionization cross sections
as might be expected. However, the positronium formation
cross section for O2 is qualitatively different near threshold
from those for N2 and CO.

The characteristic shape of the near-threshold feature
in O2 has qualitative similarities to a feature observed previously in the total ionization cross section for O2 in this region of energies. In that work, it was attributed to the onset
of the excitation of the Schumann-Runge continuum in O2
共i.e., breakup of the neutral molecule into atomic oxygen兲
which has a threshold just above the positronium formation
threshold.
There is good agreement between the present measurements for the direct ionization cross sections in N2 and CO
and those of Refs. 关16,17兴. It is interesting to note that the
direct ionization cross sections for these targets by electron
impact are almost identical from 50 to 90 eV 关30兴, which is
not the case for the positron-impact measurements presented
here or those of Refs. 关16,17兴. In CO, the total positronimpact ionization cross sections presented here are also in
good agreement with those of Ref. 关17兴. In N2, the results for
total ionization are significantly lower than the previous
measurements of Ref. 关16兴.
In O2, there is good agreement between the current experimental data for Ps formation and previous experimental
data below the direct ionization threshold, but a significant
disagreement in the cross section above this threshold. An
independent measure of the Ps formation cross section in this
region was presented which supports the current measurements. There is good agreement between the present measurements of the total ionization cross section and previous
measurements above the direct ionization threshold, but significant disagreement between the two sets of measurements
below this threshold. The possible explanation of this discrepancy, which would appear to be an excess positive ion
signal that does not involve the disappearance of a positron,
is not readily apparent. The agreement between the two existing experimental direct-ionization measurements for O2 is
good. However, neither of the two sets of experimental direct
ionization measurements agree well with a recent theoretical
calculation.
While there is a good degree of consensus, at least among
experimental results, for the cross sections in N2 and CO,
this is not the case for O2 at low energies. Further experimental examination of the cross sections for this target is
warranted. Of particular interest is understanding the potential role of positron-induced dissociation, which appears as if
it may be important at energies between the positronium formation threshold and that for direct ionization. Improved theoretical calculations for direct ionization would be welcome.
Theoretical predictions for the positronium formation cross
sections for all molecules studied would also be of great
interest.
In the case of electronic excitation, there are many similarities between the cross sections in N2 and CO, including a
rapid rise at threshold for excitation of the 1⌸ electronic
state. Comparison of the electronic excitation and positronium formation cross sections in N2, indicates that the likely
reason N2 is the most efficient buffer gas for positron trapping is the larger cross section for electronic excitation, as
compared to that for positronium formation, in the range
from 9 to 11 eV.
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