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We study the fragmentation of NO?* (¢ = 2,3) molecular ions produced by collisions between 96 keV O°* ions and
neutral nitric oxide (NO) molecules, using the cold target recoil ion momentum spectrometer (COLTRIMS). The kinetic
energy release (KER) for various dissociation channels is obtained. For the channel NO** — N+ 4+ O, double-electron
capture followed by autoionization of the projectile ions is the dominant process, which can be explained by the recapture
of loosely bound electrons into highly excited states of the target. For NO3* trication, two dissociation channels, i.e.,
(@) NT + 02" and (b) N2t + O, are observed, where channel (b) is the dominant channel. Moreover, for dissociation
channels originating from the same parent molecular ion, the dissociation channel with a higher charge for the oxygen
ion fragment exhibits a higher most probable KER, which is consistent with studies of CO fragmentation by Rajput et al.
Additionally, it is observed that as capture stability increases, the average KER shifts to higher values.
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1. Introduction

When charged ions collide with neutral molecules, elec-
tron transfer, emission processes or both may occur. The
produced molecular ions subsequently dissociate into vari-
ous fragments, which are of great significance for studying
fragmentation dynamics. With the advent of reaction mi-
croscopes, the kinetic information carried by the fragments
produced by fragmentation can be analyzed in greater de-
tail. Over the past few decades, extensive experimental stud-
ies have been conducted on the interaction processes be-
tween ions and molecules. Molecular targets range from di-
atomic molecules such as N,[12 and CO,B-! to triatomic
molecules such as COz,[6‘8] oCSsP-11 and NzO,[lz’B] and
further to polyatomic molecules, biomolecules and clusters
such as hydrocarbons!'4-161 and amino acids.!'’"'! These
studies have significantly deepened our understanding of
molecular fragmentation. Most of these experiments identified
dissociation channels using time-of-flight (TOF) correlations.
The momenta of fragment ions can be reconstructed to obtain
the kinetic energy release (KER) of the dissociation channels,
which unveils the dissociation mechanisms.

However, the influence of different electron loss mecha-
nisms, such as electron transfer and electron emission men-
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tioned above, on the fragmentation dynamics has not been
studied in detail. In the collision between Ar®t and N, the
KER distribution for the dissociation of N3* (¢ = 3, 4, 5,
6) strongly depends on the number of autoionized electrons
from the projectile. As the number of autoionized electrons
decreases, the peak value of the KER shifts towards higher
energies. In the collision between A8t and CO, different dis-
sociation channels of the same parent molecular ion exhibit
distinct KER distributions. For the channel with the O ion
fragment with a higher charge state, the peak of the KER is
located at a higher energy. These studies indicate that the
fragmentation dynamics may be highly dependent on the elec-
tron loss mechanism during the collision process. Nitric ox-
ide (NO), one of the commonest diatomic molecules, is a by-
product of automobile exhaust, industrial emissions and com-
bustion processes; it reacts with oxygen to generate nitrogen
dioxide (NO;), thus making it an important atmospheric pol-
lutant. In terms of biomedicine, NO can act as a vasodilator
with advantageous effects on cardiometabolism. Besides, due
to its toxicity to pathogens and tumor cells, researchers have
utilized its antimicrobial and anticancer potential to develop
NO-based therapeutic strategies. Despite its significance, the
physicochemical properties of NO are not well understood.
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Based on the above results, the present study investigates
the fragmentation processes induced by the collision between
0%* and NO. The ground state electronic configuration of the
NO molecule is 162 262 362 402 11 562 27!, which fea-
tures an unpaired electron at the 27 highest occupied molec-
ular orbital, indicating that the neutral NO molecule has an
open-shell structure. This unpaired electron makes the ion-
ized NO ion generate various configurations and produce di-
verse dissociation channels. Previous studies have explored
the fragmentation of NOY* (¢ = 1, 2) induced by photons,
electrons and protons, and its energy curves have been calcu-
lated. Our study focused on ion-induced two-body fragmen-
tation of NOY" (g = 2, 3) which has not been looked at in
previous studies.

2. Experimental setup

The experiments were conducted at the EBIS platform
at the Institute of Modern Physics, Chinese Academy of
Sciences, Lanzhou. Details of the setup are described
elsewhere.[29-25] I brief, the Q" ion beam is produced in
an electron cyclotron resonance ion source, then charge se-
lected, accelerated to 96 keV, and focused and collimated by
a lens and slit before entering the collision chamber. The ion
beam collides with supersonic NO gas in the collision cham-
ber. The recoil ions generated in the collision are guided to
the position-sensitive detector by an electrostatic field along
a Wiley—McLaren type TOF spectrometer, which consists of a
107.5 mm acceleration region and a 215 mm field-free drift re-
gion. The scattered ions, which have different charge states af-
ter collision, are separated from the O%* ion beam by an elec-
trostatic analyzer downstream from the collision zone. The
scattered projectiles are detected by another detector, while the
uncollided O%" ion beam is collected by a Faraday cup. In the
experiment, the extraction field is 186 V/cm. The recoil ion
fragments are in coincidence with the scattered projectile O+
and O** ions, which ensures that the different electron trans-
fer processes can be selected and separated. The momenta of
fragments for two-body dissociation channels can be recon-
structed by the recorded time and position information. The
condition of momentum conservation is employed to decrease
background events.

In this experiment, the collision process of 0% and NO
is a low-velocity collision, v, = 0.49 a.u., electron capture is
the dominant process and the probability of transfer ioniza-
tion (TI) is small. TI is defined as when one or multiple target
electrons are ionized along with one or multiple electrons be-
ing captured in the projectile. When the velocity increases to
1.0 a.u., both the TI process and the electron capture process
become contributing processes. Comprehensive analyses of
the interactions among various collision processes at slow and
intermediate velocities can be found in Refs. [2,26,27]. For
convenience in discussion we have ignored the contribution of

the TI process in this experiment. The reaction process in this
experiment can be represented by the following equation:

Oq+ +NO — O(qu)+**... +Nr+ + Os+
— O mWF 4 pe + Y hvg + N 4+ 0O
k

(CmAn),

where m = r+ s, with m representing the number of captured
electrons. In this context, n denotes the number of autoion-
izing electrons of the projectile, and k denotes the number
of radiative photons. For instance, the C3A1 channel repre-
sents a process where triple-electron capture is followed by
single projectile autoionization. If no autoionization occurs
after multiple electron capture, the excited state of the projec-
tile stabilizes via photon emission, i.e., radiative stabilization.
The capture stability increases as the number of autoionizing
electrons decreases. For the double-electron capture (DC) sce-
nario, stabilization occurs via radiative emission, and the pro-
cess is termed true double-electron capture (TDC). In addition,
if the DC process is followed by projectile autoionization, it
is called the autoionizing double-electron capture (ADC) pro-

CESS.

3. Results and discussion

Figure 1 presents the TOF coincidence spectrum for the
first-hit and second-hit fragment ions resulting from the O%*—
NO collision. The ion species and corresponding charge states
for the first-hit fragments are labeled along the top of the hor-
izontal axis, while those for the second-hit fragments are sim-
ilarly labeled along the vertical axis. Due to momentum con-
servation, the two-body dissociation channels appear as sharp
island-like distributions with negative slope in the TOF spec-
trum. Various dissociation channels can be identified in the
figure. Nt + O™, as the most prominent channel, is broader
with a surrounding extended region compared with the others;
this is attributed to the contribution from multi-body fragmen-
tation processes. Two dissociation channels of NO?™ trication,
i.e., Nt + 0" and N** + O™, with similar shapes are identi-
fied. The island-like distributions for NO** and NO°* are
also observed, In this paper, we focus on the two-body dis-
sociation processes of NOY™ (g = 2, 3), including N* 4+ O™,
NO** — N* +0?* and NO** — N>t + O channels. The
KER distributions and relative branching ratios for these chan-
nels have been obtained and are presented in Table 1. The
KER values calculated using the Coulomb explosion model
are also listed for comparison. Based on the potential energy
curves of the molecular ions, the KER corresponds to the en-
ergy difference between the point in the Franck—Condon re-
gion and the dissociation limit of the molecular ion. This pro-
vides valuable insight for associating the observed KER fea-
tures with specific electronic states of the molecular ion.
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Table 1. Relative yield (%) of different capture processes of the 0%+t —NO collision system and its most probable KER (eV).

Final projectile

Dissociation o+ o+ Coulomb Relative
channel .. . . . energy (eV) intensity (%)
KER (eV) Relative intensity (%) KER (eV) Relative intensity (%)
Nt+O+ 9.257 97.6 9.257 2.4 12.52 76.9
N2t4+0* 18.5 82.5 17.5 25.04 15.7
NT4+02+ 23.6 81.3 18.7 25.04 7.3
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Fig. 1. Time-of-flight correlation spectra of the first- and second-hit ions
in O®*-NO collisions at a projectile energy of 96 keV.

3.1. Fragmentation of NO>*

Edvardsson and colleagues studied the process of NO**
fragmentation induced by electron impact and obtained its
KER distribution.?8! Tt extends from 2 eV to 30 eV with a
major peak at 9 eV and a sharp peak around 14 eV. Associat-
ing the calculated potential energy curves, the electronic states
corresponding to different KERs are obtained. In the present
work, we investigated the fragmentation of NO** induced by
0% collisions. The parent molecular ion undergoes dissocia-
tion driven by Coulomb repulsion, resulting in singly charged
fragments N™ + O™, which is the dominant dissociation chan-
nel observed in this experiment. The experimentally observed
KER spectra for the fragmentation of NO?* dications are pre-
sented in Fig. 2. The shape of the spectrum is consistent with
the KER distribution reported by Edvardsson and colleagues.
Two electron loss mechanisms are identified: TDC and ADC
processes. The branching ratio of the ADC channel is about
97.6% — this is the dominant process — while the TDC chan-
nel contributes only 2.4%. This discrepancy can be interpreted
by the recapture of loosely bound electrons into highly excited
states of the target. According to the measured KER asso-
ciated with the potential energy curves (PECs) of NO>* cal-
culated by Edvardsson and colleagues (see Fig. 3), the main
peak of the KER distribution can be attributed to the contribu-
tion of B 2L*, C 22+, 2 4TI, 1 *£*, 1 “A and 1 £, where

the B 2L* state pre-dissociates into N*(3P) + O*(4S), the
C 2%* state occurs as a tunneling state and dissociates into
N*(3P) + 0" (°D) ion pairs, and the crossing of the repulsive
state 1 2A and 2 *I1 drives the N* (°P) + O" (*P) dissociation
channel, resulting in an energy release of 9.3 eV. The calcu-
lated KER for transitions to the repulsive states 1 42, 1 %A
and 1 “X falls within the range of 810 eV, which explains
why the main peak observed in the experiment appears as a

broad and continuous distribution. 28!
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Fig. 2. KER spectra of the N* + O™ dissociation channel for different
capture-associated processes.
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Fig. 3. Potential energy curves for NO?>* ions.[?®!

3.2. Fragmentation of NO>*

For the NO** trication, two dissociation channels, i.e.,
N2+ + 0" and N* 4 O, are observed in the present experi-
ment. Figure 4 shows the KER spectra for the fragmentation
of NO3* trications. It is seen that the relative branching ratio

053401-3
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of the N>* + O™ channel is about twice that of the N* + 0>+
channel in Table 1. This discrepancy can be interpreted by the
difference in ionization potentials of the participating atoms,
where the ionization potential of nitrogen is lower than that of
oxygen. The energy required to dissociate into the final states
for the two channels is 64.2 eV and 69.7 eV,!*°! respectively,
resulting in the relative branching ratio of N>+ 4+ O being
larger than that of N* 4 O+,

Figure 5 shows the KER spectra for different electron loss
processes in the N>+ 4- O™ dissociation channel, which is dis-
tinguished by the scattered ions O** and O>*. The dominant
process is triple-electron capture followed by single autoion-
ization (C3A1l), with a relative branching ratio of approxi-
mately 82.5%, and the most probable KER is 18.5 eV. Another
electron loss process involves triple-electron capture followed
by double autoionization (C3A2), with a relative branching ra-
tio of 17.5% and a most probable KER of 17.9 eV. The shoul-
ders at higher KER values in both processes mainly originate
from the fragmentation of highly excited electronic states. Fig-
ure 5(b) presents the KER spectra for the N* + 0> dissoci-
ation channel, where C3A1 is also the dominant process, ac-
counting for 81.3%, while C3A2 contributes 18.7%. The most
probable KERs for the two processes are 23.6 eV and 22 eV,
respectively. In the present experiment, as the capture stability
increases from C3A2 to C3A1 the most probable KER shifts
to higher values.

PECs are employed to further explain the fragmentation
of NO**. The PECs for the fragmentation of the NO3* tri-
cation were also calculated in previous studies.*®! For the
N2* 4+ 0" channel, the primary contribution to the KER peak
comes from the 1 'S* and 3 '=+ states. The 1 ' state cou-
ples with the 1 3IT state and then dissociates into N2+ (?P) +
0" (*S), producing a KER of 17.76 eV. The 3 'Z+ state can ei-
ther directly dissociate into N>* (?P) 4+-O%* (?P) with a KER of
20.22 eV or couple with the 2 'TT or 3 3IT states and dissociate
into N> (?P) + O* (D), producing a KER of 21.89 eV. How-
ever, for the NT + 0%t channel, the lack of calculated PECs
prevents a further explanation of its KER distribution.
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Fig. 4. KER spectrum for NO?* dissociation.
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Fig. 5. (a) KER spectra of N>* 4+ O channels for different capture pro-
cesses. (b) KER spectra of N* 4+ O?* channels for different capture pro-
cesses.

4. Conclusions

In this work, we investigated two-body fragmentation of
the NO molecule using the cold target recoil ion momen-
tum spectrometer (COLTRIMS). Different dissociation chan-
nels are identified and the KER distributions of corresponding
channels are obtained. The TOF correlation spectrum directly
reveals the dissociation channels for NO?>* and NO3*. For the
fragmentation of NO?* dications, the ADC process is prefer-
able to the TDC process. The main peak of the KER distribu-
tion mainly originates from the B 2X ", C 2X " and 2 “IT states.
In the case of the NO3* trication, three charges are asymmet-
rically shared between the two fragments, with a distinct pref-
erence for the channel where the nitrogen ion carries a higher
charge (¢ = 2). Additionally, for dissociation channels origi-
nating from the same parent molecular ion it is observed that
the most probable KER is higher for the channel where the
oxygen ion fragment carries a higher charge. The most prob-
able KER shifts to higher values as capture stabilization in-
creases.
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