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ABSTRACT
We report the results of a comprehensive experimental investigation of dissociative electron attachment (DEA) to ozone using the velocity
slice imaging technique. We reveal several channels that yield both O 

− and O 

−

2 

from negative-ion resonances formed by electron attachment.
Our results demonstrate that DEA to ozone proceeds through competition between symmetric and asymmetric dissociation pathways. This is 

governed by excitation of symmetric, asymmetric, and bending vibrational modes and likely involves vibronic coupling between the symme-
try of the negative ion resonance states. At 1.6 eV, symmetric dissociation results in vibrationally excited O 2 

and O 

−

2 

with near-thermal kinetic
energies. An additional asymmetric dissociation pathway driven by overlapping contributions from 

2 A 1 
and 

2 B 2 
states producing rotationally

excited O 2 
with enhanced translational energy is identified. DEA from the second resonance yields both O 

− and O 

−

2 

with considerable internal
energies arising from a single anionic state ( 

2 B 2 
) proceeding via an asymmetric dissociation mechanism. In the 4.1 − 4.4 eV region, overlap-

ping resonances with A 1 
and B 2 

symmetry lead to asymmetric dissociation, accompanied by a notable increase in internal excitations of the 

molecular moieties. This also provides experimental evidence for the previously proposed 

2 A 1 
shape resonance at 4.2 eV. At higher energies 

around 6.9 eV, angular distribution analysis reveals a contribution from an additional 

2 A 1 
state, in contrast to the theoretically predicted

2 B 2 
state. These findings establish a unified picture of competing symmetric and asymmetric dissociation mechanisms that produce highly 

internally excited and chemically reactive fragments.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0350118

INTRODUCTION

Understanding the dissociation dynamics of electronically 

excited polyatomic molecules is of fundamental interest in chem-
ical physics and provides insight into non-adiabatic vibronic 

coupling. 

1–5 Such coupling governs how excess energy in electronic 

degrees of freedom is redistributed among different vibrational 

modes, thereby controlling the internal excitation of the products 

and kinetic energy release of the reaction. 

6 These internally excited 

species, which often initiate further reactions, are important in 

understanding the formation and decay of large complex molecules 

in various environments such as the interstellar medium, planetary 

atmospheres, and industrial plasmas. 

7–16

Molecules with C 2v 
symmetry, such as the XO 2 

(OXO) systems 

(where X = O, S, N, Cl, etc.), have structural features that enable 

complex dissociation dynamics, 

17–19 leading to the formation 

of rovibrationally excited species that are highly reactive. 

20–23 

The energy redistribution into three vibrational modes, namely 

symmetric stretch, asymmetric stretch, and bending, of the excited 

electronic state dictates dissociation pathways. These pathways yield 

fragments with distinct rovibrational energy distributions and, con-
sequently, different chemical reactivities. In the two-body breakup 

of these molecules, dissociation is termed symmetric if the central 

atom (X) separates while the two terminal oxygen atoms combine to 

form an O 2 
fragment. This pathway is typically associated with exci-

tation of the symmetric stretching and bending modes and produces
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vibrationally excited O 2 
with relatively low kinetic energy 

(KE). 

17,24,25 This was first reported by Miller et al. in their explana-
tion of the experimental observations of highly vibrationally excited 

O 2 
from the photodissociation of ozone. 

26 In contrast, asymmetric 

dissociation is associated with dominant asymmetric vibrations 

that impart an impulse along the dissociating bond, resulting in 

rotationally excited XO fragments with distinct internal energy 

distributions. 

17,18 Understanding the competition between these 

mechanisms is crucial, as high internal excitations drive reactions 

that are otherwise inaccessible. 

20–23

Ozone (O 3 
), a prototypical molecule with C 2v 

symmetry, plays 

a critical role in Earth’s atmosphere. In the stratosphere, it forms 

a protective layer that absorbs nearly all harmful UV-B radiation 

from the Sun, while also acting as the most important green-
house gas after CO 2 

and CH 4 
. 

27,28 In the troposphere, O 3 
pho-

tolysis initiates oxidation of pollutants such as carbon monoxide 

and methane, thereby regulating their atmospheric lifetimes and 

transforming them into less harmful species. 

29 Furthermore, it acts 

as a strong oxidant and is formed as a secondary pollutant via 

photochemical reactions between volatile organic compounds and 

nitrogen oxides in the troposphere. 

29 Ever since the discovery of 

ozone holes over Antarctica during the Arctic winter, O 3 
has been 

the subject of considerable experimental investigations using UV 

absorption spectroscopy to study electronic transitions, 

30–32 laser-
induced fluorescence, 

33–35 and cavity ring-down 

36,37 techniques to 

measure lifetimes and photodissociation quantum yields. Crossed 

molecular beam experiments have probed state-resolved reaction 

dynamics with atoms and small radicals. 

38–40 Electron scattering 

experiments on O 3 
include elastic and inelastic scattering measure-

ments, electron-energy loss spectra, and electron-impact ionization 

to determine cross sections and excitation thresholds. 

41–47 Com-
plementary ion-beam collision studies have investigated associative 

detachment and three-body attachment mechanisms by directing
O 

− and O 

− 

2 beams at O 3 
target. 

48,49 The mass-spectrometric study
of ozone by Curran reported a very weak O 

−

3 

signal, in addition
to O 

− and O 

−

2 

, indicating a metastable bound ozone anion under
electron impact. 

50 Allan et al. later demonstrated that O 

−

3 forma-
tion is strongly enhanced at higher sample pressures and arises via 

three-body attachment or ion–molecule reactions. 

51 Matejcik and 

co-workers subsequently confirmed that low-energy electron attach-
ment to oxygen/ozone clusters efficiently produces intact cluster
anions along with O 

−

3 

, showing that dense gas and cluster environ-
ments are the natural regime where this otherwise very weak ion 

becomes observable. 

47

In particular, low-energy electron collisions with O 3 
have 

attracted significant interest 

24,42,44,52–55 over recent decades as 

researchers seek to explore the chemical pathways responsible for 

stratospheric O 3 
depletion 

56 and the Antarctic ozone hole. 

57 Cos-
mic ray ionization of atmospheric gases such as O 2 

and N 2 
gen-

erates a flux of low-energy electrons in the polar stratosphere, 

58 

with additional contributions from solar photoionization of low 

ionisation potential atmospheric constituents, such as halogenated 

compounds and organic precursors. 

59 These low-energy secondary 

electrons can cause dissociative electron attachment (DEA) to O 3 
, 

promoting fragmentation pathways that contribute to enhanced O 3 

depletion. 

58,60

Early DEA investigations have identified several principal 

negative-ion resonances in O 3 
: a dominant feature near 1.4 eV

producing O 

− , an endothermic channel to O−2 

peaking near 1.2 eV, 

and broader resonances around ∼3 and ∼7.5 eV that involve more 

complex dissociation pathways. 

24,45,50,51,53,61–63 Rangwala et al. 

53

reported absolute cross sections for O 

− and O 

−

2 

as a function of
incoming electron energy. These values near the first peak were 

reported to be ∼3.7 × 10 

−17 cm 

2 for O 

− at 1.4 eV and ∼1.7 × 10 

−17 

cm 

2 at 1.2 eV for O 

−

2 

. The O 

−

2 

cross section was further cor-
rected by Cicman et al. 

64 to ∼2.3 × 10 

−17 cm 

2 , peaking at 1 eV. 

Furthermore, Allan et al. 

52 have reported the production of vibra-
tionally excited O 

−

2 

from DEA to ozone around 1.2 − 2 eV, where O 

−

2
(v ≥ 4) was formed with a cross section ∼2.7 × 10 

−17 cm 

2 at 1.7 eV, 

undergoing autodetachment. Allan et al. 

52 identified two shape res-
onances, A 1 

at ∼4.2 eV that contributes to the DEA at 3.2 eV and 

B 2 
at ∼6.6 eV, arising from the capture of the incident electron into 

the σ 

∗ orbitals, which are strongly antibonding along the O − O 

bonds. Both resonances excite vibrational modes, with excitation 

of the asymmetric stretch mediated by non-adiabatic vibronic cou-
pling between the A 1 

and B 2 
states. 

5,51 A low-energy feature around 

1.3 eV was attributed to a core-excited resonance and is char-
acterized by minimal Kinetic Energy Release (KER), whereas the 

prominent peak near 3.2 eV, which exhibited significantly larger 

KER, was assigned to an A 1 
shape resonance. Angular distribu-

tions of O 

− corresponding to the ∼3.2 eV resonance have also been 

reported for limited angles (0 

○ − 140 

○ ). 

51 Based on the ion KE anal-
ysis, Walker et al. suggested that both the O 

− and O 

−

2 channels
around this energy originate from a single anionic resonance state, 

with dissociation proceeding along the asymmetric stretch coordi-
nate. 

24 Allan et al. also noted that the 7.5 eV peak observed in the 

O 

− channel of DEA is a Feshbach resonance. 

51

Theoretical studies using ab initio static potentials, R-matrix, 

and Schwinger multichannel methods have predicted shape and 

core-excited resonances, particularly in the 

2 A 1 
and 

2 B 2 
symmetry 

channels whose energies and resonance widths govern vibrational 

excitation and DEA pathways. 

5,55,65–69 Previous investigations have
identified the primary resonance regions in O 

−

3 

and estimated the
translational energy partitioning among the fragments. However, 

determining the fragment angular distributions at all angles is neces-
sary to validate the symmetries of the underlying resonant states and 

to achieve a comprehensive understanding of dissociation dynam-
ics across all DEA resonances, which remain largely unexplored. As 

a result, the nature of these Negative Ion Resonant States (NIRS) 

remains poorly understood, despite their critical importance in 

atmospheric chemistry and plasma environments.
The Velocity Slice Imaging (VSI) technique may be used as 

a highly sensitive probe of the dissociation dynamics of DEA and, 

hence, of the short-lived NIRS and their associated potential energy 

landscapes. Accordingly, in this study, we investigate DEA to O 3 

using the VSI technique to obtain both energy- and angle-resolved
momentum images of O 

− and O 

−

2 

fragment ions. Particular empha-
sis is placed on the identification of the symmetries of resonant states 

by analyzing the angular distributions extracted from the measured 

momentum images.

Experimental methods

The experiments were carried out using a VSI setup, as 

described elsewhere. 

17,18,70–72 Here, we provide a short description 

of the setup. An effusive molecular beam, generated through a
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capillary, intersects at right angles with a magnetically collimated 

pulsed electron beam (pulse width of 200 ns). The molecular beam 

is aligned along the axis of the time-of-flight mass spectrometer, 

which also acts as a VSI spectrometer when appropriate poten-
tials are applied to various electrodes. The spectrometer consists 

of a single-element electrostatic lens and a flight tube. Ion detec-
tion is achieved using a 2-D position-sensitive detector (PSD) 

composed of three 75 mm microchannel plates in a Z-stack con-
figuration, followed by a phosphor screen. Ions generated in the 

interaction region are extracted by a pulsed electric field, applied 

100 ns after the electron beam pulse. The electron beam pulse is 

produced by a thermionic-emission gun with an energy resolution 

of 0.5 eV.
The ions produced are velocity-focused onto the 2-D PSD by 

optimizing the electrode voltages. The detector is activated for a 

100 ns window by applying an 80 ns-wide 2 kV pulsed bias. A 

central slice of the Newton sphere is recorded by temporally syn-
chronizing the 2 kV detector pulse with the extraction pulse. The 

resulting phosphor screen images are captured with a CCD cam-
era. We performed the image calibration by obtaining the O 

− images 

from DEA to O 2 
. The images were obtained at three different elec-

tron energies around the resonance peak at 6.5 eV. The known KE 

of the fragments was used to calibrate the pixel positions to the 

ions’ initial momenta. Using this calibration, the pixel images were 

converted into momentum images, thereby enabling determination 

of the KE and angular distributions of the anionic fragments. Suf-
ficient purity (∼28%) samples of O 3 

were prepared and purified 

on-site at the Open University (UK) facility for these measure-
ments, as they readily decompose under UV exposure or upon con-
tact with metal surfaces. The detailed methodology of preparation 

and purification of O 3 
is described in the supplementary material, 

Section S1.

FIG. 1. (a) O 

−

2 

and (b) O 

− ion yield as a function of incident electron energy. In the
3 − 10 eV range, the O 

−

2 

signal has been magnified by a factor of 15 to enhance 

visibility (shown in red). The black arrows indicate the electron energies at which 

velocity slice images were recorded and presented.

RESULTS AND DISCUSSIONS

DEA to O 3 
leads to the formation of O−2 

+ O and O 

− + O 2 
frag-

mentation channels. The experimentally obtained ion-yield curves 

for these channels are presented in Fig. 1. Previous DEA investiga-
tions have identified distinct O 

−

2 

ion peaks at 1.2, 3, and 7.3 eV, and
O 

− ion peaks near 1.4, 3, and 7.5 eV. 

53,63 The present measurements 

are in agreement with these reported values, except for the O 

− third 

peak expected at 7.5 eV. The dominant impurity in the molecular 

beam is O 2 
, originating from the rapid dissociation of O 3 

upon con-
tact with metal surfaces. 

73,74 This O 2 
impurity gives rise to a strong 

O 

− peak at 6.5 eV, 

75 masking the O 

− signal from O 3 
expected at 7.5 

eV. Furthermore, the 3 eV feature of O 

− appears as a shoulder rather 

than a distinct peak, which is attributed to the overlap from the trail-
ing edge of the preceding intense peak at 1.3 eV. This overlap arises 

from the intrinsic finite energy spread of 0.5 eV of the incident elec-
tron beam. The following sections present a detailed investigation of 

the DEA dynamics near the first two peaks in O 

− channel and three
peaks in O 

−

2 

channel as indicated by the black arrows in Fig. 1. DEA
channels corresponding to the observed fragment ions, along with 

their threshold energies, are summarized in Table I. The threshold 

energies are derived from the thermodynamic dissociation energies 

and electron affinities of the relevant species as follows: the thermo-
dynamic heat of formation is 2.58 eV 

76 for O and 1.48 eV 

77 for O 3 

(supplementary material, Section S2). The electron affinities of O, 

O 2 
, and O 3 

are 1.46, 

78 0.44, 

79 and 2.1 eV, 

80 respectively.

First resonance

The momentum image of O 

−

2 

recorded at an incoming electron 

energy of 1.6 eV, shown in Fig. 2(a), exhibits a central low-KE dis-
tribution. From this image, the KE distribution for the O 

−

2 channel
is determined to be in the range 0–0.15 eV, which corresponds to 

the KER of 0–0.45 eV (supplementary material, Section S3). The
thermodynamic threshold for O 

−

2 formation, with the neutral O
fragment in the 

3 P 2 
state, is 0.66 eV as given in Table I, indicat-

ing that the energy partitioned into the internal excitation of the
O 

−

2 

fragment is in the range 0.94–0.49 eV. We attribute the inter-
nal excitation to vibrational excitation of the O 

−

2 ion with very

TABLE I. DEA fragmentation channels and their thermodynamic thresholds.

S.No. Fragmentation channel
Thermodynamic
threshold (eV)

1 O 3 
+ e 

− → O 

− ( 

2 P) + O 2 
(X3 Σ 

− 

g ) −0.36
2 O 3 

+ e 

− → O 

− ( 

2 P) + O 2 
(a 

1 Δ g 
) 0.62

3 O 3 
+ e 

− → O 

− ( 

2 P) + O 2 
(b1 Σ 

+ 

g 

) 1.27
4 O 3 

+ e 

− → O 

− ( 

2 P) + O 2 
(c1 Σ 

− 

u ) 3.74
5 O 3 

+ e 

− → O 

− ( 

2 P) + O 2 
(A 

′3 Δ u 
) 3.94

6 O 3 
+ e 

− → O 

− ( 

2 P) + O 2 
(A3 Σ 

+ 

u 

) 4.03
7 O 3 

+ e 

− → O 

− ( 

2 P) + O 2 
(B3 Σ 

− 

u ) 5.81
8 O 3 

+ e 

− → O−2 (X 

2 Π g 
) + O( 

3 P) 0.66
9 O 3 

+ e 

− → O−2 (X 

2 Π g 
) + O( 

1 D) 2.63
10 O 3 

+ e 

− → O−2 (X 

2 Π g 
) + O( 

1 S) 4.85
11 O 3 

+ e 

− → O 

− ( 

2 P) + O( 

3 P) + O( 

3 P) 4.76
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FIG. 2. Momentum image of (a) O 

−

2 

at 1.6 eV and (b) O 

− at 1.8 eV, with the blue arrow indicating the direction of the electron beam. (c) Corresponding KE distribution of 

O 

− with the fit using Gaussian functions. The vertical line marking the peak position of the Gaussian at 1.45 eV. (d) Angular distribution for the O 

− ions for the KE window of 

1.1–1.8 eV. The angular distribution data, normalized at 90 

○ with respect to the electron beam, are fitted (black solid line) with contributions from B 2 

(green dashed–dotted 

line) and A 1 

(orange dashed line) states.

little rotational excitation. We conclude this based on the following
discussion. This is because O 

−

3 is known to exhibit three well-
characterized low-lying electronic excited states of 

2 B 2 
, 

2 A 2 
, and 

2 A 1 

symmetries 

54,81 as outlined in Table II. Hiller et al. have experi-
mentally determined the energies of the optically allowed 

2 A 2 
and

2 A 1 
states through photodissociation of O 

−

3 

ions, locating them at

TABLE II. NIRS of O−3 

obtained by different theoretical calculations, experimental
observations, and their positions with respect to the neutral and anion ground states. 

The experimental observation by Arnold et al. for (X 

2 B 1 

) has been taken as the ref-
erence for the corresponding value calculation of the energy position with respect to
O 3 

(X 

1 A 1) or with respect to O 

− 

3 (X 

2 B 1 

) when only one of the values is available.

Symmetry
Energy with respect 

to O 3 
(X 

1 A 1 
) (eV)

Energy with respect
to O 

− 

3 (X 

2 B 1 
) (eV)

X 

2 B 1 −2.103 

a 0
2 B 2 −0.803 1.3 

b

2 A 2 −0.053 2.05 

c

2 A 1 0.557 2.66 

c

2 A 1 0.177, 0.277 2.28 

d , 2.38 

e 

2 B 2 0.157, 0.147 2.26 

d , 2.25 

e 

2 A 2 0.747, 0.763 2.85 

d , 2.87 

e 

2 A 1 1.03 

f 3.133 

2 B 2 1.18 

f 3.283 

2 A 2 2.08 

f 4.183 

2 A 1 4.2 

g , 4.83 

f 6.303, 6.933 

2 B 2 6.6 

g 8.703 

2 B 1 7.30 

f 9.403 

2 A 1 7.60 

h 9.703 

2 B 2 8.57 

f 10.673
a Arnold et al. 

80

b Peterson et al. 

81 

c Hiller et al. 

54

d Koch et al. 

83

e Rangwala et al. 

53 

f Nestmann et al. 

55 

g Allan et al. 

51

h Curik et al. 

68

−0.053 and 0.557 eV relative to the ground state O 3 
(X 

1 A 1 
), respec-

tively. 

54 Peterson et al. calculated the energy of the 

2 B 2 
state to be

−0.803 eV. 

81 Each of these three excited states can be accessed at 

an incident electron energy of ∼ 1.6 eV, depending on the strength 

of the Franck–Condon overlap. All these states are characterized by 

the occupancy of two electrons in the b 1 
orbital. This b 1 

orbital is 

a π- type orbital, which is antibonding along the O − O bonds but 

bonding along the terminal O atoms. This implies that these anionic 

states most likely lead to two-body fragmentation via a symmetric 

dissociation mechanism, in which the central oxygen atom disso-
ciates to form neutral O, while the terminal oxygens approach each
other to form a vibrationally excited O 

−

2 

. This process is facilitated by
the combination of symmetric stretch and bending vibration modes 

of the anionic parent, similar to that observed in DEA to OClO 

17

and SO 2 

18 . Therefore, symmetric dissociation of O 

−

3 

produces vibra-
tionally excited yet kinetically thermal fragments, consistent with 

our observed mechanism, as noted by Allan et al. 

51 and Walker
et al. 

24 However, it should be noted that O 

−

2 

can sustain a maximum
vibrational energy of 0.44 eV before reaching its autodetachment
threshold. Consequently, a significant fraction of the O 

−

2 anions
are expected to undergo autodetachment, rendering them unde-
tectable in our measurements. This autodetachment limit cannot be 

probed because the spectrometer’s energy resolution is limited at 

low energies, compounded by the intrinsic spread in the incident 

electron energy distribution. Allan et al. have reported the presence
of these auto-detaching vibrationally excited O 

−

2 

at this energy, cor-
roborating the instability of these states through the measured KE 

of the auto-detaching electrons. 

52 Based on the observed KER for 

this channel, the dissociation threshold of 0.66 eV, and the 0.44 eV 

autodetachment limit, we conclude that the observed KE distribu-
tion of O 

−

2 

ions results from attachment of electrons with energies
<1.6 eV. The upper limit of the observed KE corresponds to DEA of 

electrons with energies between 1.1 and 1.55 eV. The corresponding
internal excitation of the O 

−

2 

fragment is from v = 0 to 3, respec-
tively. The zero-KE ions would arise from the DEA from electrons 

with energies between 0.66 and 1.1 eV, again with the ion fragment 

excitation in the range v = 0 to 3, respectively. This is consistent 

with the finite energy width of our electron beam, which is 0.5 eV 

FWHM, and the DEA cross section peak around 1.1 − 1.2 eV for the
O 

− 

2 channel. 

45,51,53 The observed KE distribution that peaks at zero
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eV is partly due to the convolution of the absolute cross section curve 

for this channel and the electron energy profile of the gun with the 

mean at 1.6 eV, and partly due to bias of the parallel slice imaging 

toward the low-energy, particularly toward thermal energy frag-
ments. 

82 This is entirely possible in our case, as the electron beam 

with a 1.6 eV central energy has a 0.5 eV FWHM energy distribu-
tion. This is consistent with the high-resolution DEA measurements 

of this ion. 

44,51,52

Figure 2(b) shows the momentum image of O 

− obtained at an 

incident electron energy of 1.8 eV. A similar, but more diffuse, low-
energy distribution to that of O 

−

2 along with an additional outer
ring is visible in this image. However, the size of the O 

− inner 

low-energy distribution does not increase proportionally with the 

incident electron energy, indicating a relatively smaller increase in 

KE, as described in the supplementary material, Section S4. The ther-
modynamic threshold for O 

− formation from neutral O 3 
(X 

3 Σ 

−

g 

)
is −0.36 eV (Table I). Therefore, for an incident electron energy 

of 1.8 eV, the total excess energy available in the system is ∼2.16 

eV. The normalized KE distribution of O 

− ions is calculated from 

the momentum image in Fig. 2(b) and presented in Fig. 2(c). The 

contribution from ions corresponding to the inner low-KE region 

is represented by the red dotted–dashed curve, which peaks near 

zero KE with a HWHM of ∼0.45 eV. Since the incoming electron 

energy is below the three-body fragmentation threshold of 4.76 eV 

(Table I), the KER of the inner distribution, obeying momentum 

conservation of the two-body dissociation, is estimated to be ∼0.68 

eV (at HWHM). This leaves roughly 1.48 eV available for the inter-
nal excitation of O 2 

fragments, which is sufficient to promote O 2 

to a 

1 Δ g state or b 

1 Σ 

+ 

g state (for KER < 0.53 eV, i.e., KE < 0.35 eV),
as indicated by the threshold energy in Table I. Alternatively, the
well depth of 5.12 eV 

84 for O 2 
in its X 

3 Σ 

−

g state can accommodate
1.54 eV within its vibrational degrees of freedom, while the molecule 

remains in the electronic ground state. The latter is the most likely 

scenario upon symmetric dissociation via bending-mode excitation,
similar to the O 

−

2 

channel, in which the middle O atom dissociates
as O 

− . The vibrational excitation in this case is primarily governed 

by the degree of bending-mode excitation relative to the symmetric 

stretch mode. Therefore, a significant portion of the available energy 

is dissipated into the vibrational degrees of freedom of O 2 
, result-

ing in fragments with comparatively low KE. Moreover, depending 

upon competition between symmetric stretch and bending modes 

of vibrations, additional excess energy in the symmetric dissociation 

dynamics will result in further enhancement in vibrational excita-
tion of O 2, 

as the corresponding KER will not show an equivalent 

increment. For higher incident electron energies, if the dissipation in 

the symmetric stretch mode is less than that of the bending modes, 

O 

− arising from the central atom of the parent anion will acquire a 

relatively lower increment in the KER of this channel and a higher 

vibrational excitation of the O 2 
moiety. This is consistent with our 

earlier observation where the size of the inner distribution in the O 

− 

momentum image does not show the expected proportional incre-
ment with the electron energy. These observations indicate that both
O 

−

2 

and low-energy O 

− ions originate from the same NIRS through
a symmetric dissociation mechanism.

The presence of an additional outer ring in the momentum 

image at 1.8 eV, as shown in Fig. 2(b), indicates the possible pres-
ence of an additional dissociation pathway. A comprehensive kine-
matic analysis of momentum images in this energy range is crucial

to investigate the additional dissociation pathway. The KE of the 

outer ring peaks near 1.45 eV, presented as a blue dashed curve in 

Fig. 2(c), corresponding to a KER peaking around 2.17 eV in the 

two-body fragmentation channel. This nearly equals the available 

excess energy (∼2.16 eV), suggesting minimal energy transfer to the 

internal modes of the O 2 
fragment. This indicates that this dissocia-

tion is rapid and proceeds via the asymmetric dissociation pathway,
akin to the O 

− channel observed in DEA to both OClO 

17 and 

SO 2 

18.
Since almost all of the excess energy is taken up by the trans-

lational degrees of the fragments, O 2 
does not undergo signifi-

cant rotation before dissociation, validating the use of the axial
recoil approximation. Therefore, the angular distribution of O 

− may 

directly reveal the electron capture probability of O 3 
with respect 

to the incoming electron beam direction, and we can determine the
symmetry of the NIRS of O− 

3 contributing to the O 

− + O 2 
(X 

3 Σ 

− 

g )
channel. Using the formalism developed by O’Malley and Taylor 

85 

for diatomic molecules, later extended by Azria et al. 

86 for poly-
atomic species, we can determine the symmetry of the NIRS state, 

as described in our earlier studies. 

17,18 The angular distribution of 

the fragment ions is expressed as

I(θ) α
1

2π

2π

∫
0

∣
∞

∑
mlε

il exp (iδl) aϵ
lm χϵ∗

lm(θ, φ)∣
2

dφ,

where χϵ 

∗ 

lm(θ, φ) is the basis function for the irreducible repre-
sentation of the molecular point symmetry group, aϵ

lm denotes its
amplitude, and δ l 

is the associated phase. The angles (θ, φ) define 

the orientation of the dissociating bond with respect to the incident 

electron beam. These functions are expressed in the molecular (dis-
sociation) frame and, through appropriate transformations from the 

laboratory to the molecular frame, they can be represented as linear 

combinations of spherical harmonics. For the cases where a single 

NIRS cannot adequately reproduce the measured angular distribu-
tion, contributions from multiple NIRSs are included and combined 

incoherently. The form of the angular distribution function used for 

fitting is given by

I(θ) = ∑ 

i
a i 

I i 
(θ),

where I i 
(θ) corresponds to the angular distribution function for 

a given NIRS and a i 
corresponds to its weight factor. The choice 

of NIRSs and the terms included in the fits are based on phys-
ical considerations and analysis described in Section S5 of the 

supplementary material.
The outer ring in Fig. 2(b) exhibits a clear forward–backward 

asymmetry, with higher intensity in the backward direction and 

approximately half that intensity perpendicular to the electron 

beam. This asymmetry is clearly reflected in the corresponding 

angular distribution shown in Fig. 2(d). Since the O 3 
molecule lacks 

inversion symmetry about the dissociation axis, coherent contribu-
tions of even and odd partial waves may manifest in the observed 

asymmetry in the angular distribution. O 3 
, belonging to the C 2v 

symmetry group, has a neutral ground state of X 

1 A 1 
with an equilib-

rium bond angle of 116.8. Rangwala et al. proposed that the 

2 A 2 
and

2 B 2 
states may govern DEA to O 3 

at approximately 1.4 eV, consistent
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with electron-capture selection rules. 

53 In contrast, R-matrix calcu-
lations by Nestmann et al. suggested that the broad 

2 A 2 
Feshbach 

resonance, being two orders of magnitude wider than the 

2 A 1 
and

2 B 2 
resonances, mainly accounts for the 1.3 eV peak. 

55 Therefore, 

in principle, a linear combination of spherical harmonics corre-
sponding to transitions from X 

1 A 1 
to the 

2 A 1 
, 

2 B 2 
, and 

2 A 2 
states of

O 

−

3 can be used for fitting the angular distribution. However, the
characteristic intensity of the 

2 A 2 
transition is dominant perpendic-

ular to the electron beam. Since the experimentally observed angular 

distribution in Fig. 2(d) clearly shows intensity predominantly along 

the beam direction, with a preference for backward scattering, the 

fitting was performed using a linear combination of only 

2 A 1 
and

2 B 2 
states. The partial wave fit results indicate the contribution from 

the 

2 B 2 
state is about twice as strong as that from the 

2 A 1 
state. The 

extensive partial wave analysis, as discussed in the supplementary 

material, Section S5, shows that although the angular distribution 

gets a majority contribution from the 

2 B 2 
states, it alone cannot pro-

vide a complete picture, even if higher partial waves are included. 

Based on these observations, we propose that the NIRS undergoes 

a rapid asymmetric dissociation mechanism that leads to the for-
mation of the O 

− outer ring with negligible internal excitation of 

the O 2 
fragment.

DEA from the second resonance

The momentum image of O 

− recorded at an incident energy 

of 3.4 eV exhibits a single, well-defined ring structure as shown 

in Fig. 3(a), indicating that a single dissociation pathway domi-
nates in this energy range. The total excess energy, assuming the 

lowest threshold dissociation channel, at this electron energy is
∼3.76 eV. The corresponding KE distribution, shown in Fig. 3(b), 

peaks around 1.8 eV. The non-zero intensities near 0 eV (red 

dashed–dotted curve) are attributed to the early onset of the ∼6.5

eV resonance of O−2 

arising from the O 2 
impurity in the effusive

beam. Therefore, the estimated KER for this two-body channel obey-
ing momentum conservation is ∼2.7 eV, indicating ∼1.06 eV energy 

dissipation into ro-vibrational excitation of the molecular fragment
of O 2 

in its electronic ground state (X 

3 Σ 

−

g 

). The relatively large KER
suggests an active asymmetric dissociation mechanism. Asymmetric 

dissociation reflects dominant excitation of the asymmetric stretch
mode, leading to rapid bond cleavage and imparting an impulsive 

torque to the O 2 
fragment. This may result in pronounced rota-

tional excitation, with most of the excess energy converted into 

translational KE. The extent of O 2 
rotation depends on the instan-

taneous bond angle during dissociation, the O 

− momentum, and 

the fragment’s mass ratio. Under the simple impulse approximation, 

we assume that the bond length of the diatomic fragment remains 

unchanged during the instantaneous dissociation of the other bond 

(see the supplementary material, Section S6). Assuming dissocia-
tion occurs near the equilibrium geometry, the rotational energy of 

the molecular fragment is estimated to be 

1
4.7 of the excess energy.

Hence, the excess energy of ∼3.76 eV in the O 

−

3 system would
result in rotational excitation of ∼0.80 eV, leaving ∼0.26 eV for the 

vibrational excitation. Therefore, a total of ∼1.06 eV of energy is 

dissipated in ro-vibrational excitation of the molecular fragment of
O 2 

in X 

3 Σ 

−

g states undergoing an asymmetric dissociation mech-
anism. Notably, in this case, although the molecular fragment is 

ro-vibrationally excited, the vibrational excitation would be only up 

to v = 3. On the other hand, the rotational excitation would be the 

result of the impulse imparted during dissociation. This would make 

the axial-recoil approximation still valid for the angular distribution. 

At 3.4 eV electron energy, the second channel of O 

− can also be 

accessed, where the O 2 
molecular fragment is electronically excited 

to the a 

1 Δ g 
state. In this channel, with a thermodynamic threshold 

of 0.62 eV, the excess energy in the system would be 2.78 eV, which 

matches very well with the observed KER. In this case, the axial recoil

FIG. 3. (a) Momentum image of O 

− at 3.4 eV electron energy and (b) corresponding KE distribution of O 

− with a fit using a Gaussian function. The vertical line marks the peak 

position of the Gaussian at 1.8 eV. (c) Angular distribution of the ions in the KE range 1.65–2.05 eV. In addition, the angular distribution fit (black solid line) considers the B 2
state as the NIRS, along with the angular distribution data reported by Allan et al. (red diamond). 

51 (d) Momentum image of O 

−

2 

at 3.1 eV electron energy. (e) Corresponding
KE distribution with the fit using a Gaussian function. The vertical line marks the peak position of the Gaussian at 0.51 eV. (f) Angular distribution of the ions in the KE range 

0.3–0.7 eV. In addition, the angular distribution fit (black solid line) considers the B 2 

state as the NIRS. The electron beam direction for the momentum images is from top to 

bottom. The 180 

○ –360 

○ hemisphere of the momentum images is generated by mirror reflection of the measured 0 

○ –180 

○ hemisphere for presentation.

J. Chem. Phys. 165, 134307 (2026); doi: 10.1063/5.0350118 165, 134307-6

Published under an exclusive license by AIP Publishing

 12 O
ctober 2026 11:14:18



The Journal 

of Chemical Physics ARTICLE pubs.aip.org/aip/jcp

approximation would be valid, and we can obtain the symmetry of 

the NIRS participating in this process.
The single distinct ring-like feature observed in the momen-

tum image of the O 

− channel at 3.4 eV, shown in Fig. 3(a), exhibits 

maximum intensity along the electron-beam direction with no 

forward–backward asymmetry. The corresponding angular distribu-
tion is obtained from Fig. 3(a) and presented in Fig. 3(c). We tried 

fitting the angular distribution using single NIRS of various sym-
metries and found that the NIRS with B 2 

symmetry, including the 

p and d partial waves (the lowest allowed partial waves), gave the 

best possible fit, as shown in Fig. 3(c). Allan et al. reported more 

pronounced intensities at the forward direction, which led them 

to attribute this feature to the involvement of A 1 
symmetry in this 

energy range. 

51 They argued that the observed angular distribution 

could arise from maximum overlap between the plane wave of the 

incident electron and the A 1 
orbital. At the same time, they also sug-

gested that the possible vibronic coupling of this resonance with the 

B 2 
NIRS could make the dissociation efficient. Further support for 

the involvement of a B 2 
NIRS comes from Allan et al.’s observa-

tion of substantial excitation of the asymmetric vibrational mode 

in the electron energy-loss spectrum around 3.9 eV. By symmetry 

arguments, the asymmetric vibrational mode, which has B 2 
symme-

try, will be excited by the resonance of the same symmetry, i.e., B 2 

symmetry, if the partial waves other than the s-wave are scattered. 

Notably, the asymmetric vibrational mode is likely to play a cru-
cial role in the asymmetric dissociation mechanism proposed here. 

Taken together, these observations and our findings, we conclude
that the 

2 B 2 
NIRS of O 

−

3 

contributes to the DEA signal at this energy
as against the previously inferred 

2 A 1 
state, leading to the formation

of O 

− with electronically excited O 2 
(a 

1 Δ g 
) or O 2 

(X 

3 Σ 

− 

g ) fragments
with 1.06 eV in ro-vibrational excitation.

The momentum image of O 

−

2 recorded at 3.1 eV is presented
in Fig. 3(d). Similar to the previously discussed O 

− momentum 

image, Fig. 3(d) reveals a single ring-like distribution, suggesting 

only one dissociation pathway is active in this energy range. For 

the incident electron energy of 3.1 eV, the excess energy in the sys-
tem for this channel would be ∼ 2.44 eV for channel 8 and 0.47 

eV for channel 9 in Table I. This limits channel 9’s contribution 

to the KE value of 0.16 eV. The KE distribution obtained from 

the momentum image is shown in Fig. 3(e), which peaks around 

0.51 eV, indicating an estimated KER for this channel of ∼1.53 eV. 

Hence, we conclude that this DEA signal is from channel 8, where 

the O atom is in its ground state. Consequently, the remaining ∼0.91
eV is partitioned into the ro-vibrational modes of O 

− 

2 (X 

2 Π g 
). A

similar analysis under the simple impulse approximation estimates
that the excess energy of ∼2.44 eV in the O 

−

3 system would result
in rotational excitation of ∼0.52 eV, undergoing a similar asym-
metric dissociation mechanism active for the O 

− channel in this
energy range. Therefore, vibrational excitation in O 

−

2 

is expected to
be ∼0.39 eV. Considering the autodetachment threshold of 0.44 eV
of O 

−

2 

, any higher vibrational excitation would lead to electron ejec-
tion, rendering them undetectable, which is consistent with previous 

observations. 

52

In addition, as seen in Fig. 3(d), the O−2 

momentum image 

exhibits a more pronounced forward intensity, with nearly isotropic 

intensity in other angles. The corresponding angular distribution 

presented in Fig. 3(f) is fitted solely by the 

2 B 2 
NIRS within the

C 2v 
point group symmetry of O−3 

. Here, the forward angle prefer-
ence over all other angles is explained by contributions from p and 

d partial waves of the B 2 
symmetry. A detailed comparison of the 

quantitative contributions of each partial wave for different states is 

presented in the supplementary material, Section S5. Walker et al.
have proposed that both the O 

− + O 2 
and O 

−

2 

+ O channels arise
from the same NIRS of O 

−

3 through asymmetric dissociation, sup-
porting a unified dissociation pathway. 

24 We, therefore, conclude
that the same 2 B 2 NIRS of O 

−

3 contributes to the DEA signal in
the 3.1 − 3.4 eV region via rapid asymmetric dissociation, leading 

to the formation of O 

− with O 2 
with either ro-vibrational or elec-

tronic excitation or O 

−

2 

with vibrational excitation up to v = 3 and
the remaining energy in its rotational excitation with the O atom in 

its ground state.
Figures 4(a) and 4(d) show momentum images of the O 

− and 

O−2 

channels obtained at 4.4 and 4.1 eV, respectively. Both momen-
tum images primarily feature a single distinct ring, indicating a 

single dissociation mechanism. The O 

− ion KE distribution peaks
at ∼2 eV, indicating a KER of ∼3 eV for this channel, while O 

−

2 ion
KE peaks at ∼ 0.8 eV, indicating a ∼2.4 eV KER for this channel, 

owing to momentum conservation in two-body dissociation. Based 

on the threshold energies shown in Table I, the available excess ener-
gies in the O 

− production are estimated to be 4.76, 3.78, 3.13, 0.66, 

0.46, and 0.37 eV for channels 1–6, respectively. Similarly, the avail-
able excess energies in the O 

−

2 production would be 3.44 and 1.47
eV for channels 8 and 9 from Table I, respectively. Based on the 

observed KER, we eliminate the last three channels for the O 

− pro-
duction and channel 9 for the O 

−

2 

production at these energies. The
simple impulse approximation, considering the asymmetric dissoci-
ation, estimates a rotational excitation of ∼1.01 and ∼0.73 eV of the 

molecular fragment in O 

− formation from the 1st channel and O 

−

2
from the 8th channel from Table I, respectively. Therefore, the vibra-
tional excitation of O 2 

in O 

− + O 2 
(X 

3 Σ 

− 

g ) and O 

− 

2 in O( 

3 P) + O−2
channels would be ∼0.75 and ∼0.31 eV, respectively. For the O 

− ions,
the channels 2 (O 

− + O 2 
(a 

1 Δ g 
)) and 3 (O 

− + O 2 
(b 

1 Σ 

+ 

g )) may also
contribute with lower internal excitation (0.78 and 0.13 eV, respec-
tively) of the O 2 

fragment. As argued earlier, in all these cases the
axial-recoil approximation would be applicable to various degrees. 

In addition, the O 

− momentum image in Fig. 4(a) appears to have 

a faint thermal structure in the center. This thermal structure in 

the center manifests as a peak around 0 eV, represented by the red 

dotted–dashed curve in Fig. 4(b). We attribute this feature to the
well-known early onset of O 

− from the O 2 
impurity, peaking around 

6.5 eV electron energy since the thermodynamic threshold for these 

channels is 3.7 eV. Therefore, a similar thermal peak is not observed
in the corresponding O 

−

2 

channel from DEA to O 3 
.

A pronounced forward–backward asymmetry re-emerges in 

the O 

− channel, with enhanced intensity in the backward direc-
tion, as shown in Fig. 4(a). In contrast, the momentum image of
O 

−

2 

exhibits a stronger forward–backward asymmetry, with greater
intensity in the forward direction, as shown in Fig. 4(d). The angu-
lar distributions of the O 

− and O 

−

2 channels extracted from these
momentum images are shown in Figs. 4(c) and 4(f), respectively. 

Both of these angular distributions are fitted with a linear combina-
tion of 

2 A 1 
and 

2 B 2 
NIRSs, indicating that, for O 

− formation, both
symmetries contribute nearly equally, whereas in the O 

−

2 channel,
the B 2 

state contributes approximately twice as much as the A 1 
state.
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FIG. 4. (a) Momentum image of O 

− at 4.4 eV. (b) Corresponding KE distribution with the fit using Gaussian functions. The vertical line marks the peak position of the Gaussian 

at 2 eV. (c) Angular distribution of the O 

− ions in the KE range 1.8–2.20 eV. In addition, the fits to the data (black solid line) using NIRSs of B 2 

(magenta dashed line) and
A 1 

(burgundy dashed–dotted line) symmetries. (d) Momentum image of O 

−

2 

at 4.1 eV. (e) Corresponding KE distribution with the fit using Gaussian functions. The vertical
line marks the peak position of the Gaussian at 0.8 eV. (f) Angular distribution of the O 

−

2 

ions in the energy range 0.7–1.1 eV. In addition, the fits to the data (black solid line)
using NIRSs of B 2 

(orange dashed line) and A 1 

(green dashed–dotted line) symmetries. The electron beam direction in the momentum images is from top to bottom. The 

180 

○ –360 

○ hemisphere of the momentum images is generated by mirror reflection of the measured 0 

○ –180 

○ hemisphere for presentation.

It is worth noting that the angular distribution of the O−2 

ions can 

be reasonably reproduced by considering the B 2 
contribution alone. 

However, for the O 

− channel, the measured angular distribution 

cannot be adequately reproduced by the B 2 
contribution alone and 

requires a significant contribution from A 1 
state. Interestingly, the

momentum images of the O 

− and O 

−

2 

channels at this energy exhibit
complementary angular distributions, indicating that the same NIRS 

states may be undergoing similar dissociation mechanism with elec-
tron charge localization in the two different moieties. A qualitative 

energy analysis of this dissociation dynamics is discussed in Section 

S7 of the supplementary material. The details of these fits are given 

in the supplementary material, Section S5. These results indicate that 

the 

2 B 2 
state, which was present in the previous resonance, con-

tinues to have a considerable contribution in both channels, along 

with the appearance of a new anionic state of 

2 A 1 
symmetry in this 

energy range. Using Koopmans’ theorem, Allan et al. proposed the 

existence of a 

2 A 1 
symmetry resonance at ∼4.2 eV (see Table II),

arising from the temporary capture of the incident electron into σ 

∗ 

orbitals that are strongly antibonding along the O − O bond. 

5,51 This 

is experimentally verified by our measured angular distributions.
Therefore, we conclude that the O 

− + O 2 
and O + O 

−

2 

channels orig-
inate from common O 

−

3 resonance states of 

2 B 2 
and 

2 A 1 
symmetry,

undergoing an asymmetric dissociation leading to the formation of 

O 2 
and O 

−

2 

with ro-vibrational excitation.

Analysis of DEA from the third peak

Contaminations from residual O 2 
have posed challenges in 

obtaining reliable momentum images for the O 

− channel in the third 

resonance region near 7.5 eV. Nevertheless, the momentum image
of O 

−

2 

recorded at 6.9 eV presented in Fig. 5(a), remains unaffected
by this impurity. If O 

− 

2 is produced with O ( 

3 P), an excess ∼6.24
eV energy is available. The corresponding KE distribution peaks

FIG. 5. (a) Momentum image of (a) O 

−

2 

at 6.9 eV, with the blue arrow indicating the direction of the electron beam. (b) Corresponding KE distribution of O 

−

2 

with a fit using 

a Gaussian function. The vertical line marks the peak of the Gaussian at 0.9 eV. (c) Angular distribution for the O 

− ions for the KE window of 0.6–1.2 eV. The angular 

distribution data, normalized at 90 

○ with respect to the electron beam, are fitted (black solid line) with NIRS of A 1 

symmetry. The 180 

○ –360 

○ hemisphere of the momentum 

images is generated by mirror reflection of the measured 0 

○ –180 

○ hemisphere for presentation.

J. Chem. Phys. 165, 134307 (2026); doi: 10.1063/5.0350118 165, 134307-8

Published under an exclusive license by AIP Publishing

 12 O
ctober 2026 11:14:18



The Journal 

of Chemical Physics ARTICLE pubs.aip.org/aip/jcp

around 0.9 eV as shown in Fig. 5(b), indicating the expected KER 

to be ∼2.7 eV, and remaining ∼3.54 eV for internal excitation of O− 

2 

. 

This energy is adequate to populate the low-lying O ( 

1 D) state but 

insufficient to access the O ( 

1 S) state. Based on the energetics from
Table I, the O 

− 

2 (X 

2 Π g 
) + O ( 

1 D) channel is estimated to have an
excess energy of ∼4.27 eV. Here, the internal excitation of O 

−

2 would
be ∼1.57 eV. Using the simple impulse model, the vibrational excita-
tion of O 

−

2 

will be 0.66 eV, and the rotational excitation will be 0.91
eV. Since O 

−

2 

can accommodate only up to 0.44 eV in its vibrational
degrees of freedom, at least 1.13 eV of the internal energy must be 

partitioned into rotational excitation. This substantially exceeds the 

rotational energy predicted by the simple impulse model, indicat-
ing the presence of dissociation dynamics beyond the scope of the
model. In addition, the angular distribution of O 

−

2 ions presented
in Fig. 5(c) exhibits a pronounced forward–backward asymmetry 

favoring the forward direction of the electron beam.
Partial-wave analysis reveals that the observed angular distribu-

tion can be fully described by including only the s-, p-, and d-wave 

contributions of NIRS with 

2 A 1 
symmetry. The details of the angu-

lar distribution fits are discussed in Section S5 of the supplementary 

material. A similar two-peaked angular distribution was observed 

in the DEA of H 

− ions from H 2 
O at 8.5 eV, 

87 which is known to 

be a two-particle-one-hole type Feshbach resonance of 

2 A 1 
sym-

metry. The assignment of this 2 A 1 resonance at 6.9 eV in O 

−

3 is
interesting, as theoretical studies predict a 

2 B 2 
shape resonance at 

6.6 eV 

51 and a 

2 B 1 
Feshbach resonance near 7.3 eV. 

55 The absence of 

the 

2 B 1 
resonance in the present measurements may be attributed 

to its theoretically predicted ultrashort lifetime (∼11 fs), which is 

likely insufficient for the resonance to survive autodetachment and 

undergo dissociation. 

55 The ab initio calculations by Curik et al. pre-
dicts an A 1 

broad shape resonance at 7.6 eV with a large width of 

2.5 eV. This translates to a lifetime of ∼0.3 fs, which is too short 

to effectively compete against autodetachment. 

68 Therefore, to sus-
tain DEA in this high-energy region, the NIRS is expected to 

be either a Feshbach resonance or a two-particle-one-hole shape 

resonance. We propose that this resonance near 6.9 eV is a Fesh-
bach resonance, as predicted by Allan et al., 

51 while the measured 

angular distribution indicates that this Feshbach resonance is of 

A 1 
symmetry.

CONCLUSION

We have investigated symmetry-driven dynamics in DEA to 

O 3 
by measuring the kinetic-energy and angular distributions of

O 

− + O 2 
and O 

−

2 

+ O channels over a broad incident electron-energy
range of 0 − 10 eV using the VSI methodology. The O 

−

2 

yield exhibits
resonances at 1.2, 3.0, and 7.3 eV, whereas the dominant O 

− chan-
nel peaks at 1.4 and 3.0 eV. These results reveal that DEA to O 3 

proceeds through a competition between symmetric dissociation 

and asymmetric dissociation. The symmetry of the NIRSs govern-
ing the asymmetric dissociation pathways are identified by partial 

wave analysis of the measured angular distribution. Near the lowest 

peak at 1.2 eV, symmetric dissociation is identified in both O 

− and
O 

−

2 

channels, where the excitation of symmetric stretch and bending
modes leads to cleavage of the central oxygen atom, producing vibra-
tionally excited O 2 

and O 

−

2 molecular moieties with thermal KE.
Due to the autodetachment threshold, O 

−

2 can be produced with a

maximum of 0.44 eV in its vibrational degrees of freedom, whereas
the O 2 

moiety is observed with ∼1.54 eV vibrational excitation. In
addition, an asymmetric dissociation has been identified in the O 

− 

channel, where overlapping 

2 A 1 
and 

2 B 2 
NIRSs result in enhanced 

translational energy and negligible internal excitation of the O 2 
moi-

ety. The contributions from the 

2 A 1 
and 

2 B 2 
NIRSs are found to be 

in the ratio of 1 : 2.
In the second resonance region (3.1 − 3.4 eV), both the O 

− and 

O 

−

2 

ions originate from a common O 

−

3 

resonance via the asymmet-
ric dissociation mechanism, demonstrating a single NIRS with 

2 B 2 

symmetry. In this regime, O 2 
is formed in the electronically excited

state (a 

1 Δ g 
) or with ∼ 1.06 eV in ro-vibrationally excited O 2 

(X 

3 Σ 

− 

g ),
whereas O 

−

2 

is formed with 0.91 eV in ro-vibrational excitations. In
the intermediate region (4.1 − 4.4 eV), both 

2 A 1 
and 

2 B 2 
resonances 

contribute with ∼1 : 1 and ∼1 : 2 ratios, again driving asymmetric
dissociation into O 

− + O 2 
and O 

−

2 

+ O, respectively. The molecular
moieties are observed to have significantly enhanced ro-vibrational
excitation of ∼1.76 eV for O 2 

and ∼1.04 eV for O 

−

2 

. This provides
experimental evidence of the earlier proposed 

2 A 1 
shape resonance 

at 4.2 eV. 

51

In the third resonance region (6.6 − 7.5 eV), the angular dis-
tributions of O 

−

2 exhibit a strong forward–backward asymmetry.
Despite the theoretical predictions of a nearby 

2 B 2 
shape resonance 

at ∼6.6 eV, a partial-wave analysis shows that the 

2 A 1 
anionic state 

overwhelmingly dominates at 6.9 eV. We propose this resonance 

to be a Feshbach resonance, as predicted by Allan et al. 

51 These 

results establish a comprehensive understanding of DEA dynamics, 

involving competing symmetric dissociation and asymmetric dis-
sociation mechanisms leading to the formation of highly internally 

excited species, which are highly reactive and may be important in 

the reaction chemistry of the cold interstellar medium. These find-
ings highlight the need for advanced ab initio calculations along with 

time-resolved studies to probe these coupled electronic–nuclear 

dynamics.

SUPPLEMENTARY MATERIAL

See the supplementary material for detailed information on 

the preparation of ozone, the partial-wave equations used to fit 

the angular distributions, and the corresponding fit results. The 

material also includes a derivation of the rotational energy trans-
ferred to the diatomic fragment during dissociation, along with 

other supplementary material.
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