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Electron ionization dynamics of N2 and O2 molecules: Velocity-map imaging
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This paper reports a crossed-beam velocity-map imaging study into the electron ionization dynamics of
jet-cooled N2 and O2 molecules at electron collision energies from 35 to 100 eV. The use of velocity-map
imaging detection provides insight into the detailed ionization dynamics through the dimension of the product ion
kinetic energy associated with impulsive dissociation. In particular, “mesoscopic” cross sections corresponding
to ionization from manifolds of energetically close states converging to the same dissociation asymptote are
reported for a number of single-ionization channels. In addition, a range of double-ionization cross sections
have been characterized, including those yielding X2

2+ dications. These are found to be in excellent agreement
with other cross sections determined in coincidence measurements. This agreement supports a meaningful and
accurate determination of the single-ionization channels.
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I. INTRODUCTION

Molecular nitrogen N2 and oxygen O2 are two benchmark
molecules within the field of ion physics due to their abundance
and importance in planetary atmospheres and interstellar
chemistry, as well as in laboratory plasmas [1–6]. For example,
N2 and O2 constitute some 78% and 21% of Earth’s atmosphere
by volume, respectively, and N2 is the major component of the
atmospheres of Titan (94%) and Triton (99.99%), the largest
moons of Saturn and Neptune, respectively. Within the upper
reaches of planetary atmospheres, energetic electrons are
produced either through high-energy photoionization or via the
capture of solar wind electrons by a planetary magnetosphere.
Such electrons may induce a variety of ionization processes,
with the resulting ions playing an important role in the
chemistry of the upper atmosphere [2,4,7,8]. As a specific
example, Titan’s upper atmosphere consists mainly of N2

and CH4 species that through ion-molecule reactions are the
precursors of complex organic tholins present in the lower
atmosphere; the present conditions on Titan are thought to
be similar to those on primordial Earth [7,9–14]. Electron
ionization processes are similarly thought to play a role in the
upper atmosphere of Triton [15–17]. In these astrophysical
examples and indeed also for laboratory plasmas, modeling
of the ion-molecule processes requires knowledge of the
ionization process in which the ionic species are formed,
including ionization probabilities or cross sections and ion
internal state distributions.

Electron ionization, formerly widely known as electron-
impact ionization, is one of the most fundamental processes
in collision physics [1]. The collision between a free electron,
e−(Ei), with initial kinetic energy Ei (35–100 eV in this work),
and a gas-phase molecule, AB, may induce vertical ionization:

e−(Ei) + AB → AB+ + e−(Ef ) + e−(Ee),

where e−(Ef ) is the scattered electron, with kinetic energy Ef ,

and e−(Ee) is the ejected or “ionization” electron, with kinetic
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energy Ee. The energy available to the products, equal to the
energy transferred in the collision, �E = Ef −Ei, less the
vertical ionization potential of the ejection electron, is initially
apportioned in some way between Ee and internal excitation of
the nascent parent cation, AB+. The distribution of �E across
many collisions or the partitioning of �E between the electron
and ion is not revealed in most experiments. The neutral
and ionic electronic states accessible in an electron-molecule
collision are not strictly governed by optical dipole selection
rules, and, in principle, a large number of nascent states
of energies up to the collision energy can be accessed. In
practice, electron ionization is usually an inefficient collision
process, in that only a small portion of the electron kinetic
energy is transferred in the collision. Within the commonly
used framework of Bethe theory [18], the majority of ionizing
collisions are of glancing nature, with large impact parameters
[19]. Because N2 and O2 molecules have only one vibrational
degree of freedom along the bond from which the electron is
ionized, dissociation from unbound ionized states populated
in the electron-molecule collision is (usually) rapid, and the
kinetic-energy distribution of the fragments strongly reflects
the dissociative state and its Franck-Condon overlap with
the ground state. In more complex molecules, the number
of valence electrons increases and consequently the number
of accessible ionized states increases. When coupled with
the distribution in the amount of energy transferred from the
incoming electron to the molecule, the process yields canonical
ensembles of parent ion (vibronic) microstates. In contrast to
electron ionization, photoionization deposits a known quantity
of energy into the molecule, initially yielding a parent ion
microcanonical ensemble of a well-defined total (electronic)
energy. The known total energy makes interpretation of the
fragment distributions in terms of energy partitioning and
statistical vs impulsive models of the dissociation dynamics
simpler than in the case of electron ionization. However, as
will be demonstrated, the ion velocity distributions recorded
in an electron ionization experiment are still information rich.

The present study details an electron-molecule crossed-
beam imaging study into the ionization dynamics of N2 and
O2 over the electron energy range from 35 to 100 eV. By
measuring the ion fragment kinetic energy (termed kinetic-
energy release or KER, herein) associated with ion production
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as a function of incident electron energy, and applying a simple
diatomic dissociation model, “mesoscopic” cross sections,
which correspond to groups (or “manifolds”) of energetically
close states dissociating to the same asymptote, have been
determined. These mesoscopic cross sections have not been
previously characterized in the case of single ionization. In
addition, the procedure also produces double-ionization cross
sections, for both X+,X+ and X2

2+ channels.
A key advantage in the present study is the use of velocity-

map imaging (VMI) in the detection step [20–23]. Compared
with conventional rotatable detectors, VMI provides improved
data acquisition rates, and true “velocity-mapped” angular
distribution without any blurring caused by the finite size of
the interaction region. Despite these considerable advantages,
the application of VMI detection to ionization processes other
than photoionization has been limited [20,24–29].

II. EXPERIMENTAL METHODS

The electron-molecule crossed-beam VMI instrument used
in the present study has been described previously [20]. During
an experiment, 180 μs pulses of N2 or O2 gas (BOC > 99.9%
purity) are admitted to the instrument via a Parker-Hannifin
Corp. Series 9 pulsed solenoid valve. The gas pulses are
crossed at right angles with a pulsed electron beam of ∼30 ns
pulse duration, with a selected kinetic energy between 35 and
100 eV and FWHM energy resolution of ∼0.25 eV, generated
from a modified PSP Vacuum Technology ELS100 LaB6

single-crystal electron source. The electron beam diameter is
∼1 mm at the interaction region. The velocity-mapping ion
optics consist of a conventional three-electrode arrangement
(repeller, extractor, and ground) [22,23], encased within a
mu-metal shield to eliminate stray magnetic fields from the in-
teraction region. The velocity-mapping lens pulsing sequence
is electrically controlled via a pair of Behlke HTS-101 fast
transistor switches. All three velocity-mapping electrodes are
grounded while the electron pulse traverses the interaction
region. As soon as the electron pulse has cleared the lens
assembly, the repeller and extractor electrodes are pulsed to
their velocity-mapping potentials with a rise time of around
8 ns. Repeller potentials of 7 and 5 kV are used for N2 and
O2, respectively, combined with one of two flight tubes of
length 240 and 480 mm, respectively. The shorter flight tube
allows collection of the complete KER distribution, while
the latter allows acquisition of “zoomed in,” higher-resolution
KER distributions in the low-energy region near the center of
the image. After traversing the flight tube, the ions are incident
on a position-sensitive ion imaging detector consisting of two
40 mm chevron-mounted multichannel plates (MCPs) coupled
to a P47 phosphor screen. Images produced on the phosphor are
captured by a Photonic Science MiniFDI intensified CCD cam-
era, time gated to the arrival time of the ion of interest, and the
total (time-dependent) signal at the phosphor is monitored by
a Hamamatsu H10721-01 photomultiplier, allowing the com-
plete time-of-flight spectrum to be recorded in tandem with
the image of interest. The repetition rate of the experiment was
limited to ∼15 Hz by the acquisition speed of the CCD camera.

There have been several instrumental improvements since
the publication of our earlier communication [20]. The electron
pulse width has been reduced by around 10 ns following

improvements to the electron gun pulse driver, the Behlke
switch resistance-capacitance circuits have been retuned in
order to optimize the performance of the extractor and repeller
pulsing, and the skimmer assembly has been further optimized
to achieve a higher-quality supersonic expansion. The velocity-
mapping resolution is characterized to be ∼3.5%, which is
a small improvement over the ∼5% reported in our initial
communication.

Electron ionization of N2 and O2 produces three dominant
ion species in each case: the parent ion X2

+(m/z = 28 or 32),
the fragment ion X+ (m/z = 14 or 16), and the doubly charged
parent ion X2

2+(m/z = 14 or 16), where X denotes N or O,
respectively. Images for ions with m/z = 14 and 16 were ac-
cumulated over 500 000 acquisition cycles at selected incident
electron energies in the range from 65 to 100 eV. Images
acquired for electron energies between 40 to 60 eV were
accumulated over two- or threefold this number of counts
in order to achieve a comparable signal-to-noise ratio. Signal
levels are lower at lower electron energies due both to the
reduced emissivity of the source within the electron gun and
the reduction in the electron ionization cross section at these
energies.

Each image was processed on-the-fly using thresholding,
centroiding, and event-counting algorithms [30], and was
background corrected postacquisition by subtracting an image
recorded under conditions in which the electron pulse had
cleared the interaction region shortly before arrival of the
molecular beam. The background image contains all contri-
butions from ionized background gas in the vacuum system,
but does not contain contributions from the molecular beam.
Because the N2

2+ partial ionization cross section is relatively
large, it was necessary to accumulate event-counted images at
sufficiently low count rates to minimize loss of the dication
signal due to two or more events either illuminating a single
camera pixel (cf., centroiding) or saturating the microchannel
plates near the center of the image within a given time-of-flight
cycle. These effects were studied systematically prior to data
collection in order to ensure that this condition was satisfied.

The image acquisition software records the number of
ions impinging on the detector, i.e., a counting cross section,
such that N2

2+ or O2
2+ is “imaged” as one count. The

detector assembly and camera are operated under linear gain
conditions; Ar2+/Ar+ and Ne2+/Ne+ ratios were routinely
recorded and ensured to match those from well-reviewed
measurements [31,32]. Of note in the discussion below, a gross
cross section records X2

2+ (or a correlated ion pair, N+, N+)
as two counts.

A. Fragment ion angular distributions

One key feature of VMI detection is the ability to char-
acterize any angular anisotropy in the measured fragment
ion distributions. As first detailed by Dunn and co-workers
[33,34] and further discussed in a number of publications
including Zare [35] and Misakian et al. [36], these anisotropies
arise from a combination of the symmetry of the electron-
molecule ionization interaction and momentum transfer during
the electron ionization collision [37–39]. In many cases, the
excitation and ionization efficiency depends on the relative
orientation of the incoming electron beam and the molecule
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[40,41], in much the same way as photoexcitation depends
on a favorable overlap between the polarization of the exciting
radiation and the transition dipole associated with the transition
of interest. If the resulting internally excited ion dissociates
on a time scale that is fast compared with the time scale of
molecular rotation, the velocities of the dissociation products
will be aligned predominantly along the direction of the
vibrational motion associated with bond cleavage. The second
possible source of anisotropy is momentum transfer from
the electron beam to the molecular ion [36], which imparts
an additional net forward asymmetry to the fragment ion
angular distribution. All images recorded in the present study
exhibit only momentum transfer anisotropy in the fragment
ion velocity-map images.

B. Data fitting procedure

The velocity-map images represent two-dimensional pro-
jections of the full three-dimensional (3D) ion fragmentation
distributions along the time-of-flight axis. When the ion
fragmentation distribution has an axis of cylindrical symmetry,
as in the present case, the speed distribution of the ions can
be determined by performing an inverse Abel transform on
the image, which returns the central slice through the 3D
distribution, and integrating this slice over the angular coordi-
nate [24]. The speed distribution may then be converted into
a kinetic-energy release distribution via a simple coordinate
transformation. While this is a widely adopted procedure,
even the best algorithms for performing the inverse Abel
transform tend to introduce noise into the data. In the present
work, this complication was avoided by fitting the radial
distributions obtained from the crushed images directly. The
kinetic-energy release distribution was expanded as a sum
of Gaussian-like functions (this choice of basis function is
discussed further below), and a forward-convolution procedure
was used to generate the corresponding radial distributions
for the crushed images, which could be fitted directly to the
corresponding distributions extracted from the experimental
data. As a check, the KER distributions returned from the
fitting and forward-convolution procedure were compared
with those obtained using the popular polar onion peeling
(POP) algorithm [42].

The images acquired for all electron energies were fitted
simultaneously by requiring the mean kinetic energy and
full-width at half maximum of the basis functions to remain
constant, with only the relative intensity of each basis function
allowed to vary between images acquired at different electron
energies. Systematic mapping of the parameter hypersurface
ensured that the final fits represented a global minimum. The
fitting procedure employed the minimum number of basis
functions that were able to satisfy the criteria of (i) providing
good overall fits to the data and accounting for all observed
spectral features, (ii) yielding similar fits for individual data
sets whether they were fitted separately or as part of a
global fit, (iii) producing extracted cross sections that exhibit
reasonable electron energy thresholds and a smooth electron
energy dependence, and (iv) returning results in agreement
with previously published data, where available. Basis sets
consisting of ten and 11 functions were used to fit the data for
m/z = 14 and 16, respectively.

Within the fitting procedure, each Gaussian-like basis func-
tion represents the contribution (mesoscopic cross sections)
from a given dissociation asymptote to the overall fragment ion
KER distribution. It is assumed that Gaussian-like basis func-
tions provide a reasonable description of such contributions for
several reasons: (i) the reflection approximation [43] tends to
be valid for diatomics, since there is only one dissociation
coordinate, (ii) all studies to date have failed to observe
significant fine structure in the measured KER distributions,
and (iii) principal component analysis performed on each data
series confirmed both that the contributions from each com-
ponent eigenvector were closely Gaussian-like in functional
form, and that the number of basis functions determined in
the simultaneous fitting procedure was approximately correct.
In addition, the principal component analysis revealed which
basis functions were approximately parallel (but sufficiently
resolved in the KER domain). The contribution from doubly
charged parent ions was assumed to take the same functional
form as that for singly charged parent ions, simply reflecting
the kinetic-energy distribution of the neutral parent molecules
in the molecular beam.

Finally, for a homonuclear diatomic, the measured fragment
ion energy or KER in this study is equal to half of the total
kinetic-energy release in the dissociation.

All ionization cross sections determined in this work are
numerically tabulated in the Supplemental Material, with
uncertainties given at the 95% confidence level [44].

III. RESULTS AND DISCUSSION

A. Nitrogen

Radial distributions of the measured velocity-map images
for m/z = 14 (transformed into dimensions of KER), together
with the forward-convoluted contribution from each basis
function are shown in Fig. 1 for three selected electron
energies. Although KER distributions have been reported in

FIG. 1. Radial distributions and final forward-convoluted fits for
the images of N+ and N2

2+ formed in the electron ionization of N2.
Note that intensity is multiplied by the image radius in order to better
illustrate the high-KER features. S1–S6 and D1–D4 are defined in
the text.
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FIG. 2. Mesoscopic ionization cross sections for the nine frag-
ment kinetic-energy release manifolds of N+.

a number of early studies, namely, those of Van Brunt and
Kieffer [45], Locht et al. [46], Deleanu and Stockdale [47],
and Köllmann [48], the large errors (30–50% in magnitude)
and low KER resolution (between ∼0.25 and 1.0 eV) did not
permit any reliable mesoscopic cross-section determination. In
accord with an earlier study [49], the present data and model
indicate that there are five predominant and distinct dissoci-
ation asymptotes resulting from single ionization: N+(3P ) +
N(4S); N+(3P ) + N(2D); N+(3P ) + N(2P ); N+(1D) + N(2D);
and N+(1D) + N(2P ). In addition, the earlier rotatable detector
studies all indicated relatively isotropic scattering distributions
for incident electron energies of 40 eV or greater, which is
consistent with the present study [39,45,47,50].

The mesoscopic cross sections as a function of electron
energy are shown in Fig. 2. These cross sections have been
normalized such that the total area for each KER distribution is
equal to the partial ionization cross section (PICS) previously
determined with the same instrument [20]. The ten basis
functions required to achieve a globally acceptable fit have
been assigned to six single-ionization manifolds, denoted S1
to S5, and four double-ionization manifolds, denoted D1
to D4. The mean KERs for the single-ionization contribu-
tions are S1 = 0.25(13) , S2 = 0.55(1), S3 = 0.98(1), S4 =
1.64(4), S5 = 2.77(3), and S6 = 4.46(8) eV.

Manifold S1 is assigned to autoionization of Rydberg states.
There have been a number of studies reporting KER and
angular distributions of Rydberg and high-Rydberg nitrogen
atoms following electron impact of N2 [51–54]. These studies
all returned similar KER distributions to earlier electron
ionization distributions for N+, although with an additional
small feature centered around 0.3 eV assigned to the manifold
of states converging to the N+(3P ) + N(4S) asymptote.

Manifolds S2 and S3 arise predominantly from the well-
known C 2�u

+ ← X1�g
+

ionizing transition. The C state is
bound in the Franck-Condon region and correlates with the
N+(3P ) + N(2D) or S2 dissociation asymptote. Vibrational
states with v � 3 are known to predissociate, and have been
the subject of a number of experimental and theoretical studies
[55–58, and references therein]. At v = 3, the predissociation
rate is slow and competitive with fluorescence; the rate
increases linearly with increasing v. There are two different
predissociation models postulated, known as the accidental
and direct models, the latter of which is now more generally
accepted [55]. Assuming the direct predissociation model, the
above vibrational window of the C 2�u

+
state predissociates

via the B 2�u
+

continuum state, correlating with the N+(3P ) +
N(4S) or S3 dissociation asymptote. The electron ionization
experiments of Locht et al. [46] using the retarding potential
technique similarly observed vibrational structure comparable
with the recent photoionization experiments noted above.
Van Brunt and Kieffer [45,59] tentatively observed forward-
backward peaking angular distributions for N+ formed within
the S2 and S3 manifolds near threshold, in accord with
Dunn’s rules [33] for a formally allowed �u

+ ← �g
+ parallel

transition.
Manifold S4 is thought to correlate with the N+(3P ) +

N(2P ) dissociation asymptote, and almost certainly also
includes contributions from excitation to the F 2�g

+
(and

perhaps G 2�u) state correlating with the N+(1D) + N(4S)
dissociation asymptote [45,49,59,60]. Again, Van Brunt and
Kieffer [45,59] have tentatively observed reasonably strong
forward-backward scattering anisotropy near threshold over
this manifold, consistent with the excitation of states reached
via parallel transitions. Angularly resolved photoelectron-
photoion coincidence (PEPICO) measurements also support
this assignment [61].

Manifold S5 comprises the largest component of the
fragment KER distribution for incident electron energies
greater than 70 eV, consistent with the retarding potential
measurements of Locht et al. [46]. This manifold is assigned
to the N+(1D) + N(2D) dissociation asymptote. Again,
angularly resolved PEPICO measurements indicate strong
forward-backward dissociation of the fragment ions over this
KER window, indicating significant 2�g

+
character for the

parent state [61].
The contribution to the KER distribution from manifold

S6 is reasonably broad, with a tail extending out to ∼6 eV,
consistent with sampling of one or more highly repulsive
potential curves. This manifold is assigned to the N+(1D) +
N(2P ) dissociation asymptote.

Considering the above relative contributions and asymptote
assignments from each of the single-ionization manifolds,
at the lowest electron energy of 30 eV, electron ionization
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produces the N+(3P ) and N+(1D) species with ∼80% and
∼20% abundance, respectively. These abundances level out to
∼52% and ∼48% at an electron energy of 100 eV. If the contri-
butions from double ionization (detailed below) are included,
electron ionization with 100 eV electrons produces these two
atomic ion states in ∼78% and ∼22% abundance, respectively.
For comparison, Brenton and co-workers [63] have estimated
from N+ + O2 scattering experiments following production of
N+ using 100 eV electron ionization that ∼86% of N+ is pro-
duced as N+(3P ) and ∼14% is formed as N+(1D). To date, all
evidence indicates that N+(1S) is a very minor product [12,62].

FIG. 3. Comparisons of N2 double-ionization cross sections with
other literature measurements: Märk [65,66], Hałas and Adamczyk
[67], Tian and Videl [68], Feldmeier et al. [69], and Brehm and
de Frênes [70]. The distribution from this work given in (c) is the
reconstructed distribution (not crushed).

The doubly charged N2
2+ species (D1) is observed as a

parentlike feature in the m/z = 14 KER distribution, and has
a number of long-lived excited states with lifetimes on the
time scale of the present measurements [63,64]. The N2

2+

counting cross section extracted from the present data (labeled
D1 in Fig. 1) is shown in Fig. 3(a), and can be compared
with the 14N15N measurements of Märk [65], which have been
increased by 20% following the discussion in Itikawa [66] and
Bull et al. [20]. Also included for comparison are the 14N15N
measurements of Hałas and Adamczyk [67], although these
have been renormalized to the gross m/z = 14 partial ioniza-
tion cross section determined in this work because their PICS
and total ionization cross section (TICS) in poor agreement
with those now well established. Subject to these caveats, there
is good overall agreement between the three sets of measure-
ments. The total N+,N+ double-ionization (counting) cross
section is shown in Fig. 3(b), and is in very good agreement
with the heteroisotopic coincidence determination of Tian and
Vidal [68]. The total N+,N+ double-ionization KER distri-
bution is illustrated in Fig. 3(c), and compares favorably with
those from several of the literature coincidence studies [69,70].
Further details of double-ionization cross sections D2, D3, and
D4, given in Fig. 2, are discussed in detail in the Supplemental
Material [44]. That the present procedure of extracting double-
ionization cross sections can reproduce other independent lit-
erature measurements on heteroisotopic isotopomers provides
confidence that the method provides reliable characterization
of the mesoscopic single-ionization channels.

B. Oxygen

Radial distributions of the measured velocity-map images
for m/z = 16 (transformed into dimensions of KER), together
with the forward-convoluted contribution from each basis
function, are shown in Fig. 4 for three selected electron

FIG. 4. Radial distributions and final forward-convoluted fits for
the images of O+ and O2

2+ formed in the electron ionization of O2.
The O2

2+ (D1) contribution is detailed later, and can just be seen in the
top left plot near zero KER. Note that the intensity scale is multiplied
by the radius in order to better illustrate the high-KER features. S1–S7
and D2–D4 are defined in the text. An example 100 eV velocity-map
image is given in the Supplemental Material [44].
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FIG. 5. Mesoscopic ionization cross sections for the ten fragment
kinetic-energy release distributions of O+.

energies. The overall KER distributions are generally in
good agreement with a number of previously reported non-
imaging measurements, although the earlier measurements
suffered ion discrimination effects [39,71]. The 11 basis
functions required to achieve a globally acceptable fit have
been assigned to seven single-ionization manifolds, denoted
S1 to S7, and four double-ionization manifolds, denoted
D1 to D4. The mesoscopic cross sections are given in
Fig. 5. The mean KERs for the single-ionization contri-
butions are S1 = 0.23(1), S2 = 0.57(1), S3 = 0.99(1), S4 =
1.30(3), S5 = 2.32(4), S6 = 3.24(8), and S7 = 4.1(1) eV.

As for N2, all images have been normalized to the PICS
from this instrument and, in turn, the TICS measured as
part of this study using the instrument recently detailed in
Bull et al. [72]. These PICS and TICS are given in the
Supplemental Material [44], and are in excellent agreement
with the deflection measurements of Straub et al. [73] and mass
spectrometry measurements of Krishnakumar and Srivastava
[74], which have been recommended as literature references in
the reviews of Itikawa et al. [75,76], Lindsay and Mangan [77],
and Raju [78]. An advantage of the present VMI measurement
is a high degree of confidence in the measured relative PICSs

due to the fact that imaging can ensure that all ions produced
with high KER are collected.

As in the case of N2, manifold S1 is assigned to au-
toionization of Rydberg states. Mason and Newell [79] and
Borst and Zipf [80] performed electron dissociative excitation
experiments to characterize KER manifolds predominantly
associated with the O(5S) species near 0.13, and 0.3 eV,
respectively. More recently, Matsuo et al. [81] have assigned
an ionization manifold centered at 0.2 eV to autoioniza-
tion of Rydberg states converging to the 3 2�u state of
O2

+ and correlating with the O(1D) + O+(4S) dissociation
asymptote. Other vibrational progression measurements using
synchrotron and tunable VUV light sources are in agreement
with this assignment [82–85].

Manifolds S2 to S7 correspond to groups of states disso-
ciating to different dissociation asymptotes [39,71]. Potential-
energy curves for many low-lying O2

+ electronic states
are given in Lafosse et al. [86], and the assignments that
follow are consistent with those presented in data from a
number of photoionization studies [87–89]. Assuming single-
electron ionization of O2, manifolds S2 to S7 are assigned
to the following dissociation asymptotes: S2 corresponds
to O+(4S) + O(3P ); S3 to O+(4S) + O(1D); S4 to O+(2D) +
O(3P ); S5 to O+(4S) + O(1S); S6 to O+(2P ) + O(3P ); and
S7 to O+(2D) + O(1D). Rydberg studies indicate that some
small proportion of the signal assigned to both S5 and
the double-ionization manifolds discussed later results from
autoionization processes [71,90].

Manifolds S2 and S3 are thought to arise from both direct
dissociation and predissociation of the B 2�g

−
state of O2

+

[87,91]. Synchrotron studies investigating the competition
between the B 2�g

−
state (pre)dissociating to the S2 and S3/S4

asymptotes have found the ratio to be heavily dependent upon
the initial vibrational state accessed in the excitation step [92].

Manifold S4 makes the largest contribution to the measured
KER distributions; however, the signal from S4 overlaps
considerably with that from S3, and the two contributions
are therefore not well resolved. Manifolds S5, S6, and S7 have
smaller cross sections due to the fact that population of the
corresponding states is statistically less probable; electron-
impact excitation is generally a relatively inefficient process,
and therefore does not efficiently populate the higher-energy
states correlating with these dissociation asymptotes. S5 and
S6 are thought to arise primarily from the C 4�u

− and (3)2�u

states, respectively. These two states have been observed to
yield O+ with anisotropic angular distributions in PEPICO
measurements [87]. However, the lack of any observable
anisotropic dissociation behavior in electron ionization ex-
periments, even in earlier studies with rotatable detectors
assuming electron kinetic energies near thresholds, means
that confidently assigning each manifold with particular state
contributions is not possible.

Based on the above asymptote assignments, around 33% of
the signal arising from single ionization of O2 results from
production of electronically excited O+ ions. Specifically,
∼68% of O+ fragments are formed in the 4S ground state,
∼25% in the 2D state, and ∼8% in the 2P state, at an
incident electron energy of 100 eV. Including contributions
from double ionization (detailed below), these percentages
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remain approximately the same at ∼69%, ∼25%, and ∼5%,
respectively. For comparison, Brenton and co-workers [62,93]
have estimated from O+ + O2 scattering experiments, fol-
lowing 100 eV electron ionization, the total O+ ionization
contributions to be ∼63%, ∼19%, and ∼18%, respectively.
Finally, it is noted that a method of characterizing metastable
ions from electron ionization has been reported very recently,
supporting a small yield of O+(2P ) from O2 [94].

Manifold D1 (appearing at very low KER in Fig. 4)
corresponds to formation of O2

2+ and, similar to N2
2+, the

FIG. 6. Comparisons of O2 double-ionization cross sections with
other literature measurements: Märk [65,75], Sigaud et al. [95],
Tian and Videl [68], Cho and Lee [98], Feldmeier et al. [69], and
Brehm and de Frênes [70]. Note that the intensities in each curve are
arbitrarily scaled so that the spectral features between curves can be
compared.

velocity distribution of these ions simply reflects the velocity
distribution of the neutral O2 in the molecular beam. The
partial ionization (counting) cross section for production of
O2

2+ is shown in Fig. 6, along with two other literature
measurements for comparison. As was the case for N2

2+,
discussed earlier, the heteronuclear 17O16O2+ data of Märk
[65] has been increased by 20% (still assuming Märk’s
original experimental uncertainties of ±10%) [20,65,75], and
at incident electron energies of 80 eV, 94.5 eV, and 100 eV
agree within experimental error with those determined in the
present work. Also included for comparison is the recent study
of Sigaud et al. [95], which employed delayed extraction
time-of-flight mass spectrometry combined with arrival-time
distribution (ATD) fitting in an attempt to extract the O2

2+

cross section. Unlike the data recorded in the current study,
Sigaud’s ATDs are essentially featureless, making it very
difficult to extract any physically meaningful contributions
from different ion formation pathways from their data. The
fitting procedure used in Sigaud’s work employed only three
Gaussian functions to describe the O+ ATD, with any near-zero
KER O+ (e.g., autoionization) being subsumed into one or
more of these basis functions.

Further, unlike N2
2+ above, O2

2+ is considerably less
stable in the Franck-Condon window due to its lower bond
order [96]. Many excited states are metastable with lifetimes
on the time scale of nanoseconds to microseconds [96,97];
and predissociation processes contribute significantly to the
O+,O+ coincidence spectrum. The short O2

2+ lifetimes mean
that the time scale over which an experiment is performed can
have a significant bearing on the ions observed. In the present
work, formation, extraction, and detection of O2

2+ all occur
around 1–2 μs, while Sigaud et al. [95] used a pulse sequence
such that only dications surviving for over 20 μs could be
detected. The timing differences in the two experiments should
result in slightly larger measured cross sections for O2

2+ in
the present work. However, Fig. 6(a) indicates that the cross
sections measured by Sigaud et al. [95] are systematically
larger than those measured in the present work, and do not
agree within experimental error. At present, we do not have a
comprehensive explanation for this discrepancy.

The total O+,O+ double-ionization (counting) cross
section is shown in Fig. 6(b), and is in very good agreement
with the heteroisotopic coincidence determination of Tian
and Vidal [68]. The total O+,O+ double-ionization KER
distribution is illustrated in Fig. 6(c), and compares favorably
with those from several literature coincidence studies [69,70].
Further details of double-ionization cross sections D2, D3, and
D4, given in Fig. 5, are discussed in detail in the Supplemental
Material [44].

IV. CONCLUSIONS

This paper has presented the results of a velocity-map
imaging study into the electron ionization of N2 and O2

molecules at electron collision energies between 35 and
100 eV. The study represents a detailed application of
velocity-map imaging to investigating the dynamics of electron
ionization. Analysis of the measured fragment kinetic-energy
release distributions has allowed mesoscopic cross sections to
be characterized, providing insight into the contributions from

022704-7



JAMES N. BULL, JASON W. L. LEE, AND CLAIRE VALLANCE PHYSICAL REVIEW A 91, 022704 (2015)

dissociation processes leading to different product asymptotes
as a function of incident electron energy. Cross sections for
double-ionization pathways have been measured previously
by other authors, and are in good agreement with the data from
the present study. This provides confidence in the mesoscopic
single-ionization cross sections extracted from the same data
sets. Aside from a degree of net forward anisotropy with
respect to the electron beam as a result of momentum transfer,
all angular fragmentation distributions appear isotropic over
the range of incident electron energies studied.

One overall conclusion from this study is that electron
ionization is a useful universal ionization mechanism capable
of accessing a broad distribution of dissociative ionization
channels, although at the cost of selectivity. Even for a
simple diatomic it is difficult to deconvolute semi-microscopic
channels from the data due to the large number of states from
which dissociation occurs. Further information on the electron
ionization dynamics could potentially be available through
imaging the velocity distribution of the scattered electron,

particularly if this could be achieved in coincidence with the
fragment ions, and/or electron energy loss spectroscopy.

Finally, whether or not the ionization dynamics are com-
pletely understood, the universal and “hard” nature of electron
ionization means that it may prove extremely useful as a
universal ionization and detection scheme for use in the
“probe” step of pump-probe experiments into a variety of
molecular phenomena, including laser-initiated photodissoci-
ation processes and photoinduced chemical reactions.
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