
PHYSICAL REVIEW A 99, 012710 (2019)

Two-body fragmentation dynamics of N2Oq+ (q = 2, 3) induced
by electron-capture collisions with 5.7-keV/u Xe15+

Lei Chen,1 Xu Shan,1,* Xi Zhao,1 Xiaolong Zhu,2 Xiaoqing Hu,3 Yong Wu,3,† Wentian Feng,2 Dalong Guo,2

Ruitian Zhang,2 Yong Gao,2 Zhongkui Huang,2 Jianguo Wang,3 Xinwen Ma,2,‡ and Xiangjun Chen1

1Hefei National Laboratory for Physical Sciences at the Microscale and Department of Modern Physics,
University of Science and Technology of China, Hefei 230026, China

2Institute of Modern Physics, Chinese Academy of Sciences, Lanzhou 730000, China
3Institute of Applied Physics and Computational Mathematics, Chinese Academy of Engineering Physics, Beijing 100094, China

(Received 5 December 2018; published 24 January 2019)

Two-body fragmentation of N2Oq+ (q = 2, 3) induced by electron-capture collision of 5.7-keV/u Xe15+ is
studied. Through the triply coincident measurement on ion-pair fragments with the scattered projectile and the
correlation analysis on the ion-pair time of flight and momentum conservation, we have clearly identified 12
reaction channels for the formation and dissociation of N2O2+ and N2O3+. The fraction ratios for these channels
and the corresponding kinetic energy release (KER) distributions for the ion-pair products have been obtained.
Calculations of the potential energy curves of N2O3+ for the N-N and N-O bond stretches are performed using
the complete active space self-consistent field method. The KER spectra for the two-body fragmentation of
N2O2+ → N+ + NO+ and N2

+ + O+ can be explained by the decay via the X 3�− and 1 3� states, and the
major peaks or structures observed in the KER spectra for N2O3+ → N+ + NO2+ can be attributed to the 1 2�,
2 2�, and 2 2�− states, whereas those in the KER spectra for N2O3+ → O+ + N2+

2 are mainly contributed from
the 1 2�, 3 2�, and 4 2� states. In addition, we found that the KER structures for the same ion-pair products are
not sensitive to the number of electrons stabilized at the projectile, but the KER intensities are clearly dependent
on it. The mechanism of multielectron captures of the projectile to form the transient multicharged molecular
ions and the following projectile stabilization with or without autoionizing cascades is proposed to explain it.
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I. INTRODUCTION

Electron transfer and emission, as well as the following
dissociation processes of molecules induced by the highly
charged ion (HCI) collision are of importance both in
fundamental research and in their applications, particularly to
molecular physics [1] and biological studies on radiation dam-
age [2]. Over the past decades, reaction microscope or coinci-
dence momentum imaging techniques [3,4] have been demon-
strated to be feasible to reconstruct the three-dimensional
momentum vectors for charged particles formed in collision
processes. As a result, numerous HCI experiments have
been performed on molecular systems from simple diatomic
molecules like N2 [5–10] and CO [11–14] to triatomic
molecules such as CO2 [1,15–18], OCS [19,20], CS2

[16,21], H2O [22,23], and even several polyatomic molecules
[7,24–26]. Most of these studies focused on identifying the
dissociation channels and reconstructing the structure of
precursor molecular ions with the aid of the measured time
of flight (TOF) and the kinetic energy release (KER) of
the fragments, but only a few works paid attention to the
electron transfer in ion-molecule collisions and its influence
on the following fragmentation of molecular ions [7–13,18].
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In slow collisions of He2+ and Ar3+ with N2, Ehrich et al.
[7] found that the KER distributions of two fragment N+
ions strongly depend on the number of electrons captured by
the projectile ions, i.e., with increasing number of captured
electrons, the position of maximum is shifted towards lower
energies and the width of KER distributions becomes smaller
and smaller. Whereas in the case of high-energy collisions
of 97-MeV Ar14+ and CO [27], the average value of KER
obtained in one-electron-capture collision was found to be
considerably larger than that in the pure ionization process in
which the projectile charge state does not change. A similar
remark is also reported in charge-changing ion-molecule
collisions of 2-MeV C+ and N2 [10], where the KER was
found to differ significantly in electron loss and capture
processes of the projectile. These studies implied that
the fragmentation dynamics of molecular ions could be
strongly dependent on the particular collision processes and
parameters including the projectile charge, velocity, and type.
Thus, further investigations on this issue, especially extending
to polyatomic molecules, are highly desirable.

Nitrous oxide (N2O), a well-known greenhouse gas, is one
of the dominant ozone-depleting substances emitted through
human activities [28]. In addition, the N2O molecule has a
linear asymmetrical triatomic structure where two N atoms are
not equivalent in the chemical site. All these make it interest-
ing to study the dissociative ionization of N2O. Fragmentation
of N2Oq+ induced by the interactions with electrons [29–32],
photons [32–37], and intense laser fields [38–40] has been
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studied extensively. Theoretical studies for the potential en-
ergy surfaces of multicharged molecular ions are restricted to
N2O2+ [34,35,41]. On the other hand, less attention was paid
to the ion-induced fragmentation of N2O. The investigations
available on two-body dissociation of N2O were conducted by
Siegmann et al. [42] in fast collision with 5.9-MeV/u Xe43+
and Wang et al. [43] in collisions of 15–30-keV H−, C−,
and O−. The complete three-body Coulomb fragmentation of
N2Oq+ (q = 3, 4, 5) is studied by Werner et al. [44] in col-
lisions with 3.6-MeV/u Au50+, 5.9-MeV/u Xe18+, and 5.9-
MeV/u Xe43+. Very recently, Khan et al. [45] also reported
their study on the three-body fragmentation of N2Oq+ (3 �
q � 7) in collisions with 1 atomic unit (a.u.) Ar8+ (1 MeV)
and Xe15+ (3.2 MeV). However, in these works, the effects
of electron capture in ion-N2O collision on the fragmentation
of molecular ions have not been studied so far. In addition,
the accurately measured KER and calculated potential energy
surfaces, particularly for N2O3+, are expected to reveal the
specific decay pathway and dynamics.

We report here a detailed study on two-body fragmenta-
tion of N2Oq+ (q = 2, 3) induced by electron-capture (EC)
collisions of 5.7-keV/u Xe15+. The momenta of fragment
ions are measured in coincidence with the charge-changed
projectile by a reaction microscope setup. Through the cor-
relation analysis on the TOF and momentum conservation of
ion-pair fragments, 12 reaction channels for the EC-induced
ion-pair dissociations are identified and the corresponding
KER distributions are derived. Calculations of the potential
energy curves of N2O3+ for N-N and N-O bond stretches
are performed using the complete active space self-consistent
field (CASSCF) method. We explored the two-body frag-
mentation mechanism of N2O2+ and N2O3+ in view of the
measured KER spectra and the calculations. Furthermore, the
effect of electron capture on the fragmentation of molecular
ions is also analyzed.

II. EXPERIMENTAL METHODS

The measurements were carried out using a reaction micro-
scope mounted on the 320-kV platform for multidisciplinary
research with highly charged ions at the Institute of Modern
Physics, Chinese Academy of Science, Lanzhou. The details
of the experimental setup have been presented elsewhere
[46,47]. Briefly, Xe15+ ions were extracted from a 14.5-GHz
electron cyclotron resonance ion source and accelerated to
750 keV. After being collimated by two sets of adjustable slits
and purified by several sets of electrostatic deflectors, the ion
beam was transported to the target chamber and intersected
with a cold supersonic N2O gas jet. The diameter of the
molecular beam at the interaction zone is about 2 mm, and the
estimated target density is approximately 1011 particles/cm3

with a driving pressure of 6 bars. The recoil ions (i.e.,
molecular fragments) formed in the collisions were extracted
and accelerated toward the time- and position-sensitive de-
tector (PSD-R) by a Wiley McLaren-type TOF spectrometer
[48]. The projectile ions were charged-state analyzed by a
magnetic deflector downstream of the interaction zone. The
primary projectile ions were collected by a Faraday cup,
whereas the charge-changed ions were detected by another
position-sensitive detector (PSD-P). The signal from PSD-P

triggered the data acquisition system, and the recoil ions were
recorded in coincidence with the scattered projectile ions.
Thus, pure target ionization reactions were eliminated in the
present experiment. All time- and position-sensitive detectors
mentioned above consisted of a pair of microchannel plates
and a delay line anode. The multihit response of such detec-
tors allows one to reconstruct the momentum vector of each
fragment ion from the time of flight and the detection position.
Through the correlation analysis on the TOF and momentum
conservation of ion-pair fragments, as well as the charge
states of the scattered projectile, the reaction channels for the
EC-induced two-body Coulomb explosion can be determined.

III. COMPUTATIONAL METHODS

Since the potential energy curves (PECs) of N2O2+ have
been studied before [34,35] by using the internally contracted
multireference configuration interaction (MRCI) method and
those of N2O3+ are not available in the literature. In this
work, the calculations of PECs for collinear geometries of
N2O3+ along with N-N and N-O bond stretches are performed
using the CASSCF method [49,50], a combination of an SCF
computation with a full configuration interaction involving a
subset of the orbitals (known as the active space), in which all
the states included in the concerned configuration active space
are optimized simultaneously and both wave functions and en-
ergies are converged to second order. Here the active space is
comprised of all valence orbitals, totally about 85 000 config-
uration state functions are considered in the PECs calculations
for two 2�+ states, three 2�− states, two 2� states, and five 2�

states. In addition, the orbital wave functions are expanded
on Dunning’s cc-pV5Z (i.e.,15s7p1d contracted to 4s3p1d)
basis set [51], which describes the core-valence correlation
and polarization effect well. The present PECs calculations
are carried out using the MOLPRO 2010 software package [52].

IV. RESULTS AND DISCUSSION

A. Ion-ion coincidence maps and
identification of reaction channels

Figure 1(a) shows a two-dimensional coincidence map
between the TOF of molecular fragments and the position of
charge-changed projectile ions obtained from the 5.7-keV/u
Xe15+ and N2O collision experiment. In Fig. 1(a), two
charge states of the final projectile ion could be clearly
identified, namely, Xe14+ and Xe13+. The total TOF spectrum
of fragment ions is illustrated in Fig. 1(b). One can see that
various fragment ions from the dissociative ionization of
N2O can be resolved clearly. Figures 1(c) and 1(d) show
the two-dimensional TOF coincidence maps of ion-pair
fragments for Xe14+ and Xe13+ scattered projectiles,
from which a series of reaction channels can be resolved
independently. In the present work, we concentrate on the
two-body complete Coulomb explosion channels and study
the EC selective dissociation dynamics of N2O2+ and N2O3+.
With the help of ion-pair TOF correlation maps in Figs. 1(c)
and 1(d), 12 channels for the EC-induced N2O2+ and N2O3+
fragmentation are identified and presented below. In these
reaction channels, the scattered projectile finally held one
or two electrons, and the electron emission process is also
accompanied except for the Ch(3) and Ch(4) channels. Here,
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FIG. 1. (a) Two-dimensional coincidence map between the time of flight of fragment ions and the position of the projectile ion after
capturing electrons; (b) one-dimensional time of flight spectrum for the first hit ions, (c), (d) ion-ion coincidence maps between the first hit
ions and the second ones.

we denote the processes producing Xe14+ and Xe13+ as the
single- and double-electron capture (SC and DC) collisions
of the Xe15+ projectile, respectively.

The relative fractions of the 12 reaction channels identified
by the present experiment are also determined by using the

corrected counts after the ion-pair momentum correlation and
conservation, which are listed in Table I. One can see that the
SC-induced dissociative reactions for both N2O2+ and N2O3+
are dominant. In addition, for two dissociative channels of
N2O2+, the ratios of the SC and DC reactions are almost the
same as 97:3, while for four dissociative channels of N2O3+,
the ratios between the SC and DC are approximately equal to
85:15, a little lower than for the case of N2O2+.

It is noted that the ratio of N2O2+ breakup to N+ + NO+
and O+ + N2

+ has been studied extensively by electron, ion,
and photon collision experiments [30,33,34,40,42], as well
as the simulation [41]. One can see from Table II that the
present ratio of about 65:35 is very close to the previous data
of 59:41 from the ion experiment [42], but smaller than those
from electron (75:25) [30] and photon experiments (80:20)
[33,34]. The discrepancy could be qualitatively understood
in view of the different reaction mechanism to form N2O2+
excited-state populations among the various experiments, i.e.,
electron-capture processes in ion-molecule collision and pure
ionizations in electron or photon collisions.

B. Dissociation of N2O2+

As presented above, two kinds of ion-pair dissociation
channels of N2O2+ have been identified, i.e., N2O2+ →
N+ + NO+ and N2O2+ → O+ + N2

+, corresponding to four

TABLE I. Relative ion-pair fractions for 12 reaction channels observed in 5.7-keV/u Xe15+-N2O collision.

N2O2+ N2O3+

Reaction N+ + NO+ O+ + N2
+ N+ + NO2+ O+ + N2

2+ N2+ + NO+ O2+ + N2
+

SC 56.05% 30.45% 3.41% 3.77% 2.06% 0.13%
DC 1.73% 0.82% 0.55% 0.63% 0.38% 0.02%
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TABLE II. Relative abundances for N+ + NO+ and O+ + N2
+ of N2O2+ fragmentation determined by various experiments.

Present 5.9-MeV/u 10-keV 40-eV 24–100 nm 800-nm Theoretical
Channel SC DC Xe43+ ions [42] electron [30] photon [33] photon [34] intense laser [40] prediction [41]

N+ + NO+ 65% 68% 59% 74% 80% 79% 75.5% 75%
O+ + N2

+ 35% 32% 41% 26% 20% 21% 24.5% 25%

reaction channels (Ch1–Ch4). The specific KER distributions
for these channels are shown in Fig. 2, respectively, and
the noticeable peaks or shoulders are observed clearly. In
addition, for the same ion-pair fragments induced by the
SC and DC processes, the shapes of the KER distributions,
particularly at the positions of peaks and shoulders, are almost
the same, indicating that the KER distributions of N2O2+
fragmentation are not sensitive to different reaction processes
in the present 5.7-keV/u Xe15+ collisions. This behavior is
quite different from the previous observations of Ehrich et al.
[7] in slow collisions of 300-keV Ar3+ with N2 and those of
Watson et al. [27] in fast collisions of 97-MeV Ar14+ with CO,
in which they found the clear dependence of the KER distribu-
tions on the number of electrons captured by the projectile, but
contrary behaviors were revealed by these two experiments.
We conjecture that the present highly charged Xe15+ slow
collision could allow the almost identical state populations of
N2O2+, and therefore result in very similar behavior of KER
distributions for the same ion-pair fragments.

In order to assign the structures observed in the KER spec-
tra and reveal the specific pathway of N2O2+ dissociations,
the KER spectra for these channels are fitted by Gaussian
functions using the least-squares method as shown in Fig. 2.

The positions of the major peaks and shoulders are determined
and listed in Table III. As a comparison, KER values available
in the literature [29–32,34,36,38–40,42] are also shown in
Table III.

For N2O2+ → N+ + NO+, as shown in Fig. 2(a), the
observed major peak at 6.8 eV is in good agreement with
the previous measurements [29,38,40,42]. A broad peak or
shoulder is also observed around 9.0 eV, but only Bhatt
et al. [30] presented an indication at about 5.3 eV in their
10-keV electron collision experiment, where much lower
KER values for the observed channels were reported than
those in other works. According to the previous MRCI poten-
tial energy curves of N2O2+ [35], the presently measured peak
at 6.8 eV should be ascribed to the significant contribution
of N2O2+ (1 3�−) dissociating to N+(3P) + NO+(1�+) with
respect to the lowest adiabatic threshold energy (28.79 eV)
for this channel [53]. It is worth noting that the contribution
to this peak from the 1 3� state of N2O2+ is also probable
because it may decay along the N-N stretching direction via
fluorescent transitions to the 1 3�− state and then dissociates
[35,38]. The shoulder around 9.0 eV could be assigned to
the contributions of N2O2+ (1 1�, 1 1�−) dissociating to
N+(1D) + NO+(1�+) in view of the possible curve crossing

FIG. 2. The KER spectra for two-body dissociation of N2O2+: (a) N+ + NO+, (b) O+ + N2
+. Two Gaussian peaks in (a) and three in (b)

(dashed lines) are used to fit the experimental data (circular and square solid dots) and the solid lines represent the sum of their fitting.
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TABLE III. Comparison of KER peak values for various dissociation channels of N2O2+ and N2O3+ obtained by the present and previous
experiments.

KER (eV)

Ion impacts Electron impacts Ultraviolet light Intense laser

Present Ref. [42] Ref. [31] Ref. [32] Ref. [29] Ref. [30] Ref. [32] Ref. [36] Ref. [34] Ref. [38] Ref. [39] Ref. [40]

Channel SC DC
N++NO+ 6.8 6.8 7.0 6.3 ±1.0 7.2 ± 0.7 6.6 ± 0.2 4.0 ± 0.5 7.2 ± 0.4 6.4 ± 0.3 6.3 ± 0.3 6.8 6.5 ± 0.2 6.8 ± 0.2

9.0 9.0 5.3 ± 0.6
O++N2

+ 5.8 5.8 5.0 3.2 ± 1.0 7.5 ± 1.5 5.9 ± 0.2 3.5 ± 0.4 7.4 ± 1.0 5.6 ± 0.5 3.2 5.8 5.6 6.2 ± 0.1
7.0 7.0 6.5 5.8 ± 1.0 7.0 ± 0.2 4.4 ± 0.5 5.8 7.2
9.5 9.5 9.0 ± 1.0 5.6 ± 0.7 8.5

N++NO2+ 13.0 13.0 13.0 ± 0.2 11.3 ± 1.3
16.5 16.5
21.5 21.5

O++N2
2+ 12.0 12.0

15.0 15.0
17.0 17.0

N2++NO+ 13.0 13.0 17.5 ± 3 13.2 ± 0.2 8.4 ± 1.0 11.9 ± 0.2
17.0 17.0
22.0 22.0

O2++N2
+ 16.0 16.0 15.0 ± 2.0 12

23.0 23.0 22.0 ± 2.0

of the 1 1� and 1 1�− states of N2O2+. However, a theo-
retically expected KER peak (12.7 eV) for this dissociation
channel predicted by the pure Coulomb explosion (CE) model
using localized point charges at equilibrium bond length is not
observed in the present measurement, which agrees with the
previous reports.

For the dissociation channel N2O2+ → O+ + N2
+, to

model the KER spectra correctly, we fit each of them using
three Gaussian-type peaks. Both KER spectra for the SC and
DC collisions show a noticeable peak at 5.8 eV, a pronounced
shoulder around 7.0 eV, and a high-energy tail above 9.5 eV,
respectively. Our present observations on KER structures are
in good accordance with the previous measurements by 5-keV
electron impact (5.9, 7.0 eV) [29] and 750-nm intense laser
experiments (5.8, 7.2 eV) [38], whereas Siegmann et al. [42],
in the 5.9-MeV/u Xe43+ collision experiment, observed two
structures in the KER spectrum for this channel at 5.0 and
6.5 eV. Similar to the case of N2O2+ → N+ + NO+, all the
measured KER values are lower than the value (12.2 eV)
predicted by the CE model for this channel. In light of
the MRCI calculations [35], the presently observed peak at
5.8 eV can be explained by the N2O2+ (X 3�−) decay into
O+(4S) + N2

+(2�g
+) whose energy limit is 30.9 eV, while

the shoulder around 7.0 eV should be attributed to the decay of
the N2O2+(1 3�) → O+(4S) + N2

+(2�u) pathway with the
decay limit of 32.4 eV. A high-energy tail above 9.5 eV may
be the contributions of other highly excited states of N2O2+,
referred to as the mixture of states in the literature [35].

C. Dissociation of N2O3+

As described above, eight reaction channels for the SC-
and DC-induced N2O3+ dissociations (Ch5-Ch12) have been
identified by using the TOF correlation and momentum con-
versation of ion-pair fragments. The momentum of center of

mass of the precursor ion is also used to eliminate the random
coincidences from these complete CE channels. Figures 3(a)–
3(d) show the KER distributions for these eight dissociation
channels of N2O3+.

For the sake of studying the KER structures carefully,
we used Gaussian-type peaks to fit the KER spectra for the
eight channels. As shown in Fig. 3(a), for the N2O3+ →
N+ + NO2+ pathway a sharp peak can be assigned to be
13.0 eV in both reaction processes, well agreeing with the
value of Khan and Misra [29]. A broad peak around 16.5 eV
is also clearly identified from the KER spectra, which was
not observed in the previous experiments. The high-energy
KER tail appearing around 21.5 eV is lower than the expected
KER value (25.5 eV) predicted by the pure CE model. As
for N2O3+ → O+ + N2

2+, a distinct peak at 15.0 eV and two
shoulders around 12.0 and 17.0 eV are clearly recognized in
the KER spectra for the SC and DC collisions. The CE model
predicts a KER value of 24.4 eV for this channel, still much
higher than the present measured values. As mentioned above,
the present CE model is a simple model, only using localized
point charges at the equilibrium bond length of N2O, in which
the simple repulsive potential may not well describe the PECs
of molecular ions. Furthermore, for the formation of N2O2+ or
N2O3+, the outer-valence orbital electrons are not completely
stripped. The delocalization of the remaining electrons will
make the charge on each nucleus center deviate from integer
values. Such factors may result in the discrepancy of KER
values between the CE prediction and the measurement [54].

The KER distributions for the N2O3+ → N2+ + NO+ are
shown in Fig. 3(c), in which a major peak at 13.0 eV and a
second peak at 17.0 eV are distinctly observed. Additionally,
a higher KER tail around 22.0 eV seems visible. As can be
seen in Table III, Hishikawa et al. [39] reported a peak around
11.9 ± 2.0 eV and Eland and Murphy [32] reported a peak
around 17.5 ± 3.0 eV, whereas Khan et al. [29] reported a
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FIG. 3. The KER spectra for two-body dissociation of N2O3+: (a) N+ + NO2+, (b) O+ + N2
2+, (c) N2+ + NO+, and (d) O2+ + N2

+. Three
Gaussian peaks in (a)–(c) and two in (d) (dashed lines) are used to fit the experimental data (circular and square solid dots) and the solid lines
represent the sum of their fitting.

major peak around 11.8 eV. All these experimental values
are lower than the prediction of the CE model (25.5 eV).
It is noted that the characteristics of KER distributions for
this decay pathway, which include three peaks and their
positions, are very similar to those of N2O3+ → N+ + NO2+.

In Fig. 3(d), we present the KER distributions for the SC-
and DC-induced N2O3+ → O2+ + NO+ channels which can
be identified clearly from the ion-ion coincidence map in
Fig. 1. Due to the very small reaction probability relative to
other N2O3+ decay channels, the measured counts are quite
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FIG. 4. Potential energy curves of N2O3+ for (a) N-N and (b) N-O bond stretches. Vertical dashed lines and the shadow area represent the
equilibrium bond lengths and the Franck-Condon zone of N2O (X 1�+), where vertical transitions may occur in view of the fast collision time
(less than 10−16 s). Dissociation limits are shown on the right side of each panel.

low for this decay of N2O3+. However, two structures can be
identified in both KER spectra at about 16.0 and 23.1 eV, close
to the values of Khan et al. [29].

It is well known that the kinetic energy released by the
fragmentation is directly linked with the electronic states
of precursor molecular ions. In order to reveal the ori-
gin of KER peaks and understand the decay dynamics of
N2O3+, we have calculated the potential energy curves for
collinear geometries of N2O3+ along N-N and N-O bond
stretches at the CASSCF level of theory, where the N-O
or N-N bond length is fixed at the equilibrium values of
N2O (X 1�+), i.e., RN-N = 2.132 a.u. and RN-O = 2.223 a.u.,
respectively. Because of the complexity of N2O3+ electronic
states, it is very difficult to scan the potential surfaces for
too many electronic states. In this work, only the electronic
states with doublet multiplicity are taken into account. The
calculated results are depicted in Fig. 4, and the dissociation
limits are also included in each figure with the energy zero

point set at the lowest dissociation limit (3P + 1 2�). In
Fig. 4(a), the potential wells for the 1 2�−, 1 2�+, and 1 2�

states of N2O3+ along the N-N stretches can be seen, while
these states of N2O3+ along the N-O coordinates, as shown in
Fig. 4(b), have no obvious potential wells. In addition, other
states of N2O3+ have no obvious potential barriers, indicating
the repulsive or predissociative features. Table IV lists the
low-lying electronic states of N2O3+ and the corresponding
KER values calculated according to their dissociation limits.

According to the present calculations in Table IV, the two
peaks at 13.0 and 16.5 eV observed in Fig. 3(a) in experi-
mental KER spectra for the N2O3+ → N+ + NO2+ channel
can be explained by the dissociation via the 1 2�, 2 2�,
and 2 2�− states of N2O3+ along the N-N stretch direction.
The theoretically predicted KER values are approximately
13.24 eV for dissociation via the 1 2� state, 16.03 eV for
the 2 2� state, and 16.47 eV for the 2 2�− state, in per-
fect agreement with the present measurement. In Fig. 3(b),

TABLE IV. The calculated energies of N2O3+ electronic states and the KER values for N2O3+ dissociation into N+ + NO2+ and O+ + N2
2+

with various dissociation limits.

N+ + NO2+ O+ + N2
2+ N2+ + NO+

States Energy (eV) Dissociation Limits KER (eV) Dissociation limits KER (eV) Dissociation limits KER (eV)

1 2� 13.24 3P + 1 2� 13.24 4So + 1 3�u 12.66
1 2�− 14.45 3P + 1 2� 15.56 4So + 1 3�−

g 13.21
1 2� 15.07 3P + 1 2� 14.15 2Do + 1 1�+

g 11.20
1 2�+ 15.93 3P + 1 2� 14.94 4So + 1 3�+

u 13.83
2 2� 17.58 3P + 1 2� 16.03 2Do + 1 1�+

g 13.70
2 2�− 18.02 3P + 1 2� 16.47 2Do + 1 1�+

g 14.14
3 2� 18.78 4So + 1 3�g 14.81 2P o + 1 1� 16.65
4 2� 19.32 1D + 1 2� 17.42 2Do + 1 3�u 15.42
5 2� 19.57 1D + 1 2� 16.12 2Do + 1 3�u 15.67
2 2� 19.87 1D + 1 1� 17.97 2Do + 1 3�u 15.97
3 2�− 19.88 1D + 1 2� 16.44 2Do + 1 3�u 15.99
2 2�+ 20.21 2Do + 1 3�u 16.32 2P o + 1 1� 18.08
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for the N2O3+ → O+ + N2
2+ channel, the major peak at

15.0 eV can be explained by the decay of N2O3+ (3 2�, 4 2�)
into O+(4So) + N2

2+(1 3�g ) and O+(2Do) + N2
2+(1 3�u),

releasing the energies of about 14.81 and 15.42 eV. The
shoulder around 12.0 eV should be mainly contributed from
the dissociation via the 1 2� state, whose theoretically ex-
pected KER value is about 12.66 eV, in good agreement
with the experimental value. As for the N2O3+ → N2+ +
NO+ dissociation, the peak at 17.0 eV observed in Fig. 3(c)
should be ascribed to the decay of the 3 2� state N2O3+ into
N2+(2P0) + NO+(1 1�) with respect to the calculated KER
value of 16.65 eV. However, the explanations about the peak
at 13.0 eV for N2O3+ → N2+ + NO+ observed in Fig. 3(c)
and two structures in Fig. 3(d) for N2O3+ → O2+ + N2

+ are
beyond the present theoretical calculations. The electronic
states of N2O3+ with other multiplicity could be responsible
for them. Comprehensive calculations for the potential energy
curves of N2O3+ are expected to further investigate the spe-
cific pathways of N2O3+ → N2+ + NO+ and O2+ + N2

+ in
the future.

V. CONCLUSION

Two-body fragmentation of N2Oq+ (q = 2, 3) induced by
the EC reactions of 5.7-keV/u Xe15+ collision are investigated
by utilizing a reaction microscope. Twelve reaction channels
have been identified from the two-dimensional TOF corre-
lation maps of ion-pair fragments measured in coincidence
with the charge-changed projectile. The relative fractions
of these 12 reaction channels are also determined and the
corresponding KER distributions for the specific dissociations
of N2O2+ and N2O3+ have been derived. The potential energy
curves of N2O3+ are calculated at the CASSCF level of theory.
We found that the N2O2+ prefers to dissociate along the N-N
direction via the 1 3�− state to the N+(3P) + NO+(1�+) path-
way and decay along the N-O bond via the X 3�− and 1 3�

states into O+(4S) + N2
+(2�g

+) and O+(4S) + N2
+(2�u),

respectively. For the fragmentation of N2O3+, the domi-
nant pathways are proposed that the low-lying states (1 2�,
2 2�, and 2 2�−) mainly result in N+(3P) + NO2+(1 2�) and
N+(3P) + NO2+(1 2�), whereas higher excited states (3 2�

and 4 2�) prefer to dissociate into O+(4So) + N2
2+(1 3�g )

and O+(2Do) + N2
2+(1 3�u). In addition, we also found that

the behavior characteristics of KER distributions, particularly

at the peaks or structures and their positions, for the same
ion-pair fragments of N2O2+ and N2O3+ are not sensitive
to the number of electrons stabilized on the projectile in
the reaction processes, which are different from the previ-
ous observations of Ehrich et al. [7] in slow collisions of
300-keV Ar3+ with N2 and those of Watson et al. [27] in
fast collisions of 97-MeV Ar14+ with CO. In present slow
collisions of highly charged Xe15+ with N2O, the electron-
capture process of projectile ions should be most dominant
and the possibility of direct ionization of targets is quite small,
which is similar to the observation in the low-velocity ion
collision with atoms or molecules [18,47]. We conjecture
that the present reaction is the capture of k electrons into
multiply excited levels of projectile with the formation of a
transient k-fold multicharged molecule, i.e., Xe15+ + N2O →
[Xe(15−k)+]∗∗ + [N2Ok+]∗∗ (k = 2, 3), which is followed by a
projectile stabilization with or without autoionizing cascades
([Xe(15−k)+]∗∗ → Xe(15−k+m)+ + me−, m = 0, 1, 2) and ac-
companied by kinds of fragmentation from molecular ions.
Such electron-capture processes in the collision could in-
duce almost identical state populations of N2Ok+, which is
a possible reason that the present KER distributions show
almost the same feature for the specific ion-pair fragments
of N2O2+ and N2O3+ measured in coincidence with Xe13+
and Xe14+ scattered projectiles. Further experiments on the
N2O molecule are desirable to investigate this issue by using
additional electron coincidence measurement or using other
kinds of ion projectiles with different charges and energies in
the future.
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