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Using the novel threshold photoelectron–photoion coincidence (TPEPICO) velocity imaging tech-
nique, the dissociative photoionization of N2O molecule via the C2�+ ionic state has been investi-
gated. Four fragment ions, NO+, N2

+, O+, and N+, are observed, respectively, and the NO+ and N+

ions are always dominant in the whole excitation energy range of the C2�+ ionic state. Subsequently,
the TPEPICO three-dimensional time-sliced velocity images of NO+ dissociated from the vibrational
state-selected N2O+(C2�+) ions have been recorded. Thus the kinetic and internal energy distribu-
tions of the NO+ fragments have been obtained directly as the bimodal distributions, suggesting that
the NO+ fragments are formed via both NO+(X1�+) + N(2P) and NO+(X1�+) + N(2D) dissocia-
tion channels. Almost the same vibrational population reversions are identified for both dissociation
pathways. Interestingly, the obtained branching ratios of the two channels exhibit some dependence
on the excited vibrational mode for N2O+(C2�+), in which the excited asymmetrical stretching po-
tentially promotes dissociation possibility along the NO+(X1�+) + N(2D) pathway. In addition, the
measured anisotropic parameters of NO+ are close to 0.5, indicating that the C2�+ state of N2O+ is
fully predissociative, indeed, with a tendency of parallel dissociation, and therefore, the correspond-
ing predissociation mechanisms for the N2O+(C2�+) ions are depicted. © 2011 American Institute
of Physics. [doi:10.1063/1.3549130]

I. INTRODUCTION

As one of the most important chemical processes in the
upper ionosphere, the ion–molecule reaction, O+ + N2 →
NO+ + N, has been explored extensively.1–5 In this reaction,
the N2O+ molecular ion plays an essential role as a significant
intermediate in its reaction mechanism. Therefore, numerous
theoretical1, 3, 6, 7 and experimental studies6–35 have been per-
formed on its structure and dynamics.

N2O is a typical asymmetrical molecule with the va-
lence electronic configuration of (1σ )2(2σ )2(3σ )2(4σ )2(5σ )2

(6σ )2(1π )4(7σ )2(2π )4. Ejection of an electron from the
outer orbitals leads to the formation of X2�, A2�+,
B2�, and C2�+ states of N2O+, respectively.6, 8 Many ex-
perimental techniques, such as He I photoelectron spec-
troscopy (PES),8–12 threshold photoelectron spectroscopy
(TPES),13–16 and pulsed field ionization photoelectron spec-
troscopy (PFI-PES),17–19 together with some theoretical
investigations1, 3, 6, 20, 21 have provided the detailed informa-
tion of the vibronic structures of N2O+. Consequently,
the dissociation of N2O+ at the lower electronic states
has been explored by various experimental methods in-
cluding electron ionization,22–24 photofragment excitation

a)Author to whom correspondence should be addressed. Electronic mail:
xzhou@ustc.edu.cn.

spectroscopy,25–28 photoionization mass spectroscopy,29, 30

fast-ion beam laser spectroscopy,31, 32 photoelectron-photoion
coincidence (PEPICO),33, 34 and threshold photoelectron–
photoion coincidence (TPEPICO) spectroscopy.13–16

The previous studies have clarified that the X2� ground
state of N2O+ is bound with a linear geometry. Many com-
plex spectroscopic features, e.g., spin–orbit coupling, Fermi
resonance, and Renner–Teller interaction associated with the
v2

+ bending excitation in the X2� state, have been revealed.19

The first electronically excited state, A2�+, can decay via flu-
orescence and/or predissoication.13, 15, 33, 34 Briefly, N2O+ ions
at the vibrational levels of A2�+ state can predissociate to
form NO+ and N fragments, except for the ground vibrational
state. Recently, a systematic spectroscopic and dissociation
dynamic studies have been done for the N2O+(A2�+) ions
at the various vibrational levels.25–28 The strong Fermi reso-
nance couplings have been found between the v1

+ (symmet-
rical stretch), v2

+ (bending), and v3
+ (asymmetrical stretch)

vibrational modes in the A2�+ state.25, 26 More interestingly,
a channel switching effect has been observed in a special ex-
citation energy region between two energetically accessible
dissociation limits, NO+(X1�+) + N(4S) and NO+(X1�+)
+ N(2D).26, 27 Based on the measured kinetic energy released
distribution (KERD) of NO+ fragment by velocity map imag-
ing (VMI), three dissociation pathways for the N2O+(A2�+)
ions have been proposed, which are as follows:28
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N2O+(A2�+)

⎧⎪⎨
⎪⎩

spin-orbit
——−→ N2O+(14�, bent) →

{
N2O+(14�−) → NO+(X1�+) + N(4S)

N2O+(2�−/2�) → NO+(X1�+) + N(2D)
vibronic

——−→ N2O+(X2�, linear) → NO+(X1�+) + N(2D)

. (1)

Compared with the X2� and A2�+ states, the higher
electronically excited states of N2O+, B2�, and C2�+ have
not been investigated sufficiently, although both the B2� and
C2�+ states are well-known to be predissociative. The PES
and PFI-PES for the N2O+(B2�) state display a complex
spectral structure with a long series of broad peaks superim-
posed over a continuous background, and no simple vibra-
tional progressions can be assigned.19, 21 For the B2� state, al-
though the NO+, N2

+, and O+ fragments are energetically al-
lowed, the previous TPEPICO and PEPICO experiments13, 34

show that NO+ is the dominant fragment, and N2
+ can also

be formed with a smaller abundance, while the intensity of
O+ is nearly negligible. Moreover, the kinetic energy distri-
bution of NO+ shows strongly bimodal, corresponding to the
NO+(X1�+) + N(2D) and NO+(X1�+) + N(2P) channels,
respectively.34 Earlier theoretical calculations on potential en-
ergy curves of the lower electronic states of N2O+ surmise
that interactions between the B2� and 14� (or D2�) states
in the near energy region cause predissociation of the B2�

state.22, 23 The later complete active space self-consistent field
calculation3 further reveals that the B2� state correlates adi-
abatically with the NO+(X1�+) + N(2P) dissociation limit,
and it can readily dissociate via the conical intersection of the
2A′′ component of B2� with the 2�− or 2� states.

Within the energy range of 19.9–21.0 eV, the vibrational
structure of the C2�+ state has been measured by various ex-
perimental methods, e.g., He I PES,8–11 TPES,13, 16 and PFI-
PES.19 Similar to that of the A2�+ state, the dominate res-
onance structures are observed as the (0,0,0), (1,0,0), and
(0,0,1) vibronic bands for the C2�+ state, with a very weak
band (0,1,0) as excitation of bending. Here, the numbers in
parentheses correspond to vibrational quanta for the v1

+, v2
+,

and v3
+ modes, respectively. Therefore, the N2O+(C2�+) ion

has a quasilinear geometry as the A2�+ state. Since many
dissociation limits can be achieved within the excitation en-
ergy range of the C2�+ state,6, 13 as shown in Table I, the
NO+, N2

+, O+, and N+ fragments can be formed from the
dissociation of the N2O+(C2�+) ion. The branching ratios
of fragment ions have been measured by Kinmond et al.
with PEPICO approach.34 Using the higher energy-resolution
TPEPICO technique, Nenner et al.13 and Chiang and Ma16

have individually remeasured the branching ratios and aver-
age kinetic energy released from the major fragment ions in
dissociation of the N2O+(C2�+) ion. It should be empha-
sized that the average kinetic energy distribution of fragment
ions in these studies have been determined from widths of the
corresponding time-of-flight (TOF) profiles, which are, in-
deed, too rough to discuss dissociation dynamics in detail.
Recently, the dissociative photoionization (DPI) of N2O via
the C2�+ state has been studied by the vector correlation

method.35 Its most attention has been paid on molecular
frame photoelectron angular distributions in the photoioniza-
tion process, and the lifetime of C2�+ prior to dissociation
has been estimated to be about 2 ps. However, the dissociation
information is not very clear due to its poor energy resolution,
especially for the dissociation mechanism and branching ra-
tios of different dissociation channels.

Although extensive experimental studies have been per-
formed previously for the N2O+(C2�+) ion, the dissociation
mechanism, the kinetic energy and internal state distributions
of fragments, and angular distributions of fragment ions are
still not clarified. Especially, the kinetic energy released from
the fragment measured by simulating the TOF profile in pre-
vious studies is a low resolution method, indeed, for obtain-
ing the state distribution of fragment, as mentioned above,
and thereby, the detailed information of dissociation dynam-
ics may be buried. Moreover, a special attention should be
paid to comparing the NO+ formation pathways in dissocia-
tion of N2O+ ions at the A2�+ with C2�+ states, since both
the electronic states have the same symmetry and very similar
linear geometries, even the vibrational frequencies of both the
states are close in a certain degree.

In this work, a reinvestigation on the DPI of the N2O
molecule via the C2�+ ionic state has been performed using
a recently developed TPEPICO velocity imaging technique.36

By using the ion velocity imaging of high energy resolu-
tion, the velocity distribution of NO+ fragments is measured.
Based on the velocity distributions, the NO+ formation path-
ways are obtained, and the corresponding vibrational state
distributions of NO+ are identified for every dissociation
channels. Furthermore, the branching ratios of possible dis-
sociation channels are observed, depending on the excitation
vibrational modes of C2�+ from the recorded images of NO+

dissociating from the vibrational state-selected N2O+(C2�+)
ions. Therefore, the potential predissociation mechanism of
the N2O+(C2�+) ion will be finally proposed to interpret our
observations, although the detailed potential energy surfaces
of C2�+ are not clear.

II. EXPERIMENTAL

The present TPEPICO velocity imaging apparatus com-
bines the TPEPICO (Refs. 37 and 38) and VMI (Ref. 39)
techniques to detect both threshold photoelectrons and pho-
toions in experiments. All experiments have been performed
at the U14-A beam line of the National Synchrotron Radiation
Laboratory (Hefei, China). The apparatus and the beam line
have been described in detail previously,36, 40 and thus only a
brief introduction is given here.

The monochromatic undulator synchrotron radiation
(SR) is used to photoionize a molecule. With 80 μm widths of

Author complimentary copy. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



054312-3 Dissociation of N2O+ ions at the C state J. Chem. Phys. 134, 054312 (2011)

TABLE I. Potential dissociation limits of N2O+ ion in the excitation energy range of 19.9–20.7 eV.

Energy (eV) Fragments Corresponding states of N2O+

14.19 NO+(X1�+) + N(4S) 4�−

16.57 NO+(X1�+) + N(2D) 2�−, 2�, 2�

17.77 NO+(X1�+) + N(2P) 2�+, 2�

20.66 NO+(a3�+) + N(4S) 2, 4, 6�−

17.25 N2
+(X2�g

+) + O(3P) 2, 4�−, 2, 4�

18.39 N2
+(A2�u) + O(3P) 2, 4�, 2, 4�, 2, 4�+, 2, 4�−

19.22 N2
+(X2�g

+) + O(1D) 2�+, 2�, 2�

20.35 N2
+(A2�u) + O(1D) 2�−, 2�+, 2(2�), 2�, 2�

20.48 N2
+(B2�u

+) + O(3P) 2�−, 2�

15.29 O+(4S) + N2(X1�g
+) 4�−

18.61 O+(2D) + N2(X1�g
+) 2�−, 2�, 2�

20.31 O+(2P) + N2(X1�g
+) 2�+, 2�

19.46 N+(3P) + NO(X2�) 2, 4�+, 2, 4�−, 2, 4�, 2, 4�

the entrance and exit slits of monochromator, the energy res-
olution of SR is about 2000 of E/�E. In present experiments,
the absolute photon energy has been calibrated with the well-
known ionization energies of inert gases, and the higher order
harmonic radiation of the undulator has been eliminated by
a gas filter filled with neon prior to enter the photoionization
chamber.

N2O sample (99.9%) is used without any further purifica-
tion in experiments. A continuous supersonic molecular beam
(MB) of pure N2O gas is introduced into photoionization re-
gion through a homemade 30 μm diameter nozzle with a stag-
nation pressure of 1.1 atm, collimated by a 0.5 mm diameter
skimmer, and then intersected by SR at 10 cm downstream
from the nozzle. The source and ionization chambers of the
apparatus are pumped, respectively, by 1800 and 1600 l/s tur-
bomolecular pumps, and thus the typical backing pressures
are 2 × 10−3 and 4 × 10−5 Pa with the molecular beam on.

Photoelectrons and photoions are collected through
a special ion lens to map their velocity images
simultaneously.36 A 1 mm diameter aperture is placed
in front of the electron detector to block most energetic
electrons. Using the detected threshold photoelectrons as
the start signals for measuring TOFs of ions, the coincident
photoions are mapped through the VMI electric field and
projected onto a dual microchannel plate (MCP) backed by a
phosphor screen (Burle Industries, P20). A TE-cooling CCD
detector (Andor, DU934N-BV) is used to record images on
the screen. By applying a pulsed high voltage on MCP as
the mass gate, the three-dimensional (3D) time-sliced image
of ions can be obtained directly.41 Moreover, the signal
intensities of detected electrons and ions can be normalized
using the photon flux from a silicon photodiode (International
Radiation Detectors Inc., SXUV-100).

III. RESULTS AND DISCUSSION

A. TPES for N2O+(C2�+)

The present energy resolution of threshold photoelec-
tron is about 9 meV [full width at half maximum (FWHM)]

when the extraction electric field in the interaction region is
14 V/cm,36 and thereby the vibronic structures of ion can
be easily discerned. Figure 1 shows the measured TPES of
N2O+(C2�+) in the excitation energy range of 19.9–20.7 eV
with an increment of 0.005 eV. The most spectral assign-
ments are given as transitions from the ground X1�+ state
of N2O molecule, according to Chen et al.’s data,19 e.g.,
the (1,0,0) band corresponds to the ionization transition of
N2O+(C2�+,1,0,0) ← N2O(X1�+,0,0,0).

As shown in Table II, the energy positions and relative in-
tensities of every resonance peaks in the present TPES agree
very well with previous experiments.16, 19 Three most dom-
inate resonance bands in the TPES are (0,0,0), (1,0,0), and
(0,0,1), while the (0,1,0) bending band is very weak, indicat-
ing that the C2�+ state of N2O+ has a quasilinear geometry.
Moreover, the relative intensities of the observed vibrational
bands in the TPES of the C2�+ state are very similar to those
of the A2�+ state, implying that the C2�+ and A2�+ states
of N2O+ have almost the same geometry. The vibrational
frequencies of these two electronic states are also close, e.g.,

FIG. 1. Threshold photoelectron spectrum for N2O in the excitation energy
range of 19.9–20.7 eV with an increment of 0.005 eV. The vibrational pro-
gressions of the C2�+ state are assigned, according to Ref. 19.
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TABLE II. Spectral assignments, ionization energies, and relative intensities of threshold photoelectron spectra
of N2O in the excitation energy range of 19.9–20.7 eV.

Ionization energy (eV) Relative intensity

Assignment Present Ref. 13 Ref. 16 Ref. 19 Present Ref. 11 Ref. 19

b(0,0,0) 20.045 20.05 20.0443 17.3 1.8
C(0,0,0) 20.100 20.11 20.10 20.1047 100 100 100
C(1,0,0) 20.260 20.27 20.26 20.2598 12.2 13.5 7.3
C(0,0,1) 20.390 20.40 20.39 20.3899 13.9 18.7 8.5

v1
+ = 1346 cm−1, v2

+ = 611 cm−1, and v3
+ = 2450 cm−1 for

the A2�+ state, while v1
+ = 1251 cm−1, v2

+ = 482 cm−1,
and v3

+ = 2300 cm−1 for the C2�+ state.19 Therefore, the
shapes of potential energy curves for these two ionic states
should be very similar, especially in the region of the lower
vibrational states.

In addition to the three dominate bands, a shoulder band
at 20.045 eV has been observed and tentatively identified
as b(0,0,0) level in Chiang and Ma’s assignment16 and reas-
signed as the 10

123
0 band of C2�+ in Chen et al.’s study.19

Although almost all resonance structures in present TPES can
be assigned definitely as Chen et al.’s assignment due to its
much higher energy resolution, even for those concomitant
weak bands in Fig. 1, we prefer to use Chiang and Ma’s as-
signment for this shoulder band. As discussed in Chiang and
Ma’s work,16 this shoulder band cannot be assigned as a spec-
tral component of the C2�+ state, based on the fact that it
does not belong to the Rydberg series converging to the C2�+

state in photoionization efficiency curves. Additionally, only
NO+ and N2

+ fragments have been observed with visible in-
tensity in the TPEPICO TOF mass spectrum for this sub-band,
which is essentially different with the measured time-of-flight
mass spectra (TOF-MS) for other vibrational bands of the
C2�+ state.16 However, the velocity imaging has not been
applied for this shoulder band in the present study due to its
lower intensity.

B. TPEPICO TOF-MS of N2O+ (C2�+)

As shown in Table I, many dissociation limits for the
C2�+ state can be reached in the present excitation energy
range, and the corresponding ionic fragments are NO+, N+,
O+, and N2

+. When the excitation energies are fixed, respec-
tively, at the b(0,0,0), C(0,0,0), C(1,0,0), and C(0,0,1) bands,
the measured TPEPICO TOF-MS are presented in Fig. 2,
where the four ionic fragments can be clearly discerned, and
the relative intensities are observed very similar to previous
results.16, 34 With the 14 V/cm extraction field in the photoion-
ization region, the width of TOF profile for parent ion is about
17 ns (FWHM) in this spectrometer,36 while those of the frag-
ment ions are broaden due to the released kinetic energy in
dissociation and thereby the mass resolution is decreased. As
only fragment ions have been observed, the C2�+ state of
N2O+ is, indeed, fully predissociative.

In Fig. 2, the TOF peaks centered at 5.88 and 6.29 μs
are symmetrically broaden and assigned to the N+ and O+

fragment ions, respectively. Another broadened TOF profile at
around 8.6 μs is obviously unsymmetrical, which seems com-
ing from overlapping of two TOF peaks. Using two Gaussian
functions to fit the TOF profile, two TOF peaks are identi-
fied to be centered at 8.33 and 8.63 μs and correspond to the
N2

+ and NO+ ions, respectively. By integrating areas of the
Gaussian profiles, the branching ratios of fragment ions can
be obtained and presented in Table III, as well with the pre-
vious results.16, 34 Although there are some extent differences
of intensity ratios among the present and previous results, the
tendencies of all the branching ratios are very similar. The
NO+ and N+ ions are always dominant in dissociation pro-
cesses of the C(0,0,0), C(1,0,0), and C(0,0,1) bands, while the
N2

+ + NO and O+ + N2 dissociation channels are minor. For
the b(0,0,0) state, only NO+ fragment has been observed with
visible intensity in the TPEPICO TOF-MS, which is consis-
tent with the previous conclusions.16 Since the major aim of
present study is focused to vibrational state-selected dissocia-
tion of the C2�+ state, the corresponding data of the b(0,0,0)
state are not involved in Table III.

C. Kinetic energy distribution of NO+ fragments

Through simulating the measured TOF profiles, the re-
leased average kinetic energies of fragment ions can be
estimated.13, 16, 42–44 However, the energy resolution of the
simulated results is so poor that the detailed kinetic and
internal energy information in dissociation cannot be dis-
cerned. Moreover, the angular distribution of fragment ions
cannot be obtained directly from the simple simulation of
the TOF profiles. Similarly, the previous vector correla-
tion measurement35 also has a disadvantage of poor energy
resolution in the investigation of the DPI process of the
N2O+(C2�+) ions. Therefore, some dedicated dissociation
information could be buried in the previous experiments.

Actually, the present TPEPICO velocity imaging mea-
surements can provide relative high energy resolutions for
both photoelectrons and photoions,36 and thereby the kinetic
energy distribution of fragment ions can be accurately ob-
tained from their images [the kinetic energy resolution of ion
images can be better than 3% (Ref. 36)]. In addition, the an-
gular distribution of fragment ions will be obtained simul-
taneously from the images. Therefore, the present imaging
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FIG. 2. Vibrational state-selected TPEPICO TOF mass spectra for the DPI process of N2O. (a) b(0,0,0) state at 20.045 eV; (b) C(0,0,0) state at 20.100 eV; (c)
C(1,0,0) state at 20.260 eV; (d) C(0,0,1) state at 20.390 eV.

experiments will provide much more detailed information in
the DPI process.

Based on the TOF-MS of N2O+(C2�+) in Fig. 2, the cor-
responding TPEPICO velocity images of NO+ fragment ions
have been recorded with a 80 ns duration mass gate, when
threshold photoelectrons are used as the start to record TOF
of ions. Since the false coincidence ions (mainly N2O+) con-
stitute the background in TPEPICO TOF-MS as the nonzero
baseline, their contributions are also partially recorded in
the raw TPEPICO images of the NO+ fragment, which are
mostly corresponding to a bright spot close to the center.
Through subtracting image of the false coincident ions, the
real TPEPICO velocity image can be acquired and most influ-
ences of false coincidence events are eliminated. In addition,

due to the center-of-mass speed of MB, all the ion images are
recorded slightly eccentric from the center of CCD along the
beam direction.36 Moreover, according to the perpendicular
configuration between the MB and the ion flight directions,
the velocity spread of MB will inevitably contaminate images
along the MB direction. Therefore, the real ion images need
to be handled prior to extracting the speed and angular distri-
bution, through a multistep data disposure scheme including
quadrant symmetrization and deconvolution, and the detailed
description is introduced in the supplementary material.45

As a result, the 3D time-sliced velocity images of NO+

dissociated from various vibrational states, e.g., (0,0,0),
(1,0,0), and (0,0,1) of N2O+(C2�+), are presented in
Fig. 3.

TABLE III. Branching ratios of fragment ions dissociated from the N2O+(C2�+) ion.

Branching ratios (%)

(000) (100) (001)
Dissociation channel Present Ref. 16 Ref. 34 Present Ref. 16 Ref. 34 Present Ref. 16 Ref. 34

NO+ + N 81 67 ± 1 74 ± 1 80 70 ± 1 70 ± 1 73 63 ± 1 69 ± 1
N2

+ + O 4 8 ± 1 10 ± 2 8 11 ± 1 16 ± 3 4 6 ± 1 9 ± 4
O+ + N2 4 5 ± 1 4 ± 2 2 4 ± 1 3 ± 4 3 2 ± 1 3 ± 5
N+ + NO 11 20 ± 1 12 ± 2 10 15 ± 1 9 ± 4 20 29 ± 1 18 ± 4
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FIG. 3. 3D time-sliced coincidence images of NO+ and total kinetic energy released distributions at different vibronic levels of N2O+(C2�+) state. The electric
vector E of synchrotron radiation is noted as the vertical direction of the image plane, where (a)–(c) are recorded at 20.100, 20.260, and 20.390 eV, respectively,
and corresponding to the C(0,0,0), C(1,0,0), and C(0,0,1) vibronic levels. Least-squares fitting of the total KERD curves with two Gaussian profiles are plotted
with the solid line.

Frankly, due to nonuniformity of measurements of co-
incidence and false coincidence ions, a few residual contri-
butions of the false coincidence ions still exist in all images
of Fig. 3, most of which are close to center of images and
contribute intensities of ET < 0.8 eV in the KERD curves of
Fig. 3. Since they can cause some uncertainties in the lower
KERD, we will not discuss these distributions. Besides the
centric parts in all the images, two main rings are observed
clearly with different intensity ratios. By accumulating the in-
tensities of NO+ at different velocities in images, the speed or
kinetic energy distributions of NO+ ions in the DPI process
are acquired directly. As the total linear momentum and en-
ergy of fragments are conserved in the center-of-mass frame,
the total KERD in dissociation process can be obtained sub-
sequently and shown at the right side of Fig. 3. Obviously,
two major vibrational distribution peaks are observed in all
the total KERD curves, which are seriously different from the

previous conclusions of the vector correlation35 and PEPICO
(Ref. 34) measurements where only one type distributions
were obtained. Due to the poor energy resolution of the vector
correlation and simulating TOF profiles in the PEPICO mea-
surements, the present results should be more reliable. More-
over, the inner ring is kept with the higher intensity than the
outer one, whatever the v1

+ or v3
+ vibrational mode of the

C2�+ state is excited.
The assignments of NO+ fragment kinetic energy dis-

tribution in terms of internal states are based on the con-
servations of energy and momentum in the dissociation
process. From the point of energy conversation, the internal
energy of NO+ fragment, Eint, and the total released kinetic
energy for both NO+ and N fragments, ET, have the follow-
ing relation,

hv − D0 = Eint + ET, (2)
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where hv is the excitation photon energy, and D0 is the dis-
sociation limit for a specific channel. The ET can be obtained
from momentum conservation,

MNO+ VNO+ = MNVN, (3)

and

ET = 1
2 MNO+ V 2

NO+ + 1
2 MNV 2

N, (4)

where MNO+ , MN, VNO+ , and VN represent the masses and
velocities of the NO+ and N fragments, respectively. Taking
the dissociation limit D0 = 16.57 eV for the NO+(X1�+) +
N(2D) channel and D0 = 17.77 eV for the NO+(X1�+) +
N(2P) channel in Table I, as well as the vibrational frequency
v+ = 2376.42 cm−1 (Ref. 46) and anharmonicity parameter
ωe Xe = 16.262 cm−1 (Ref. 47) of NO+, the possible vibra-
tional state population of NO+ fragment dissociated from the
vibrational state-selected N2O+(C2�+) ions can be assigned
and shown at the right side of Fig. 3 as well. According to the
large energy difference between the two dissociation limits, it
is straightforward to assign the lower kinetic energy distribu-
tion in the total KERD curves as the NO+(X1�+) + N(2P)
dissociation channel, while the higher kinetic energy distri-
bution is assigned as the NO+(X1�+) + N(2D) dissociation
channel. Seen from Fig. 3 [especially Fig. 3(c)], the two dis-
tributions show very similar quasi-Gaussian profiles.

It should be noted that no NO+ ion corresponding to ET

of higher than 3.8 eV has been observed in all images of
Fig. 3, and the corresponding TOF profiles of NO+ in Fig. 2
are not dramatically spread too. Therefore, the branching ra-
tio of the lowest dissociation channel to produce NO+(X1�+)
and N(4S) fragments is insignificant in the present excita-
tion energy range. Thus, the unique formation pathway for
the NO+(X1�+) corresponding to ET of more than 2.5 eV
is along the NO+(X1�+) + N(2D) dissociation channel. Al-
though individual vibrational state of NO+ fragment can-
not be identified clearly, the corresponding state distributions
show an occurrence of vibrational population reversion. As
assignments shown in Fig. 3, the maximum population possi-
bilities of the NO+(X1�+,v+) fragment are centering at v+ =
3 for the N2O+(C2�+,0,0,0) state. With the vibrational exci-
tation of the C2�+ state, the most dominant populated vibra-
tional states of the NO+(X1�+) fragment are slightly changed
to v+ = 4 for the N2O+(C2�+,1,0,0) and N2O+(C2�+,0,0,1)
states. On the other hand, along the other dissociation chan-
nel of NO+(X1�+) + N(2P), the N2O+(C2�+) ions can
also produce NO+(X1�+,v+) fragment, and the most dom-
inant populated vibrational states of NO+(X1�+) are very
similar to those of the NO+(X1�+) + N(2D) dissociation
channel, e.g., the vibrational states of NO+(X1�+) fragment
are mostly populated at v+ = 3 for the N2O+(C2�+,0,0,0)
state, while they are gradually increased to v+ = 4 for the
N2O+(C2�+,1,0,0) and N2O+(C2�+,0,0,1) states.

D. Angular distribution of NO+ fragments

From the images in Fig. 3, the angular distributions of
NO+ fragment ions dissociated from N2O+(C2�+) vibra-
tional states can be derived by integrating the images over
a proper range of speed at each angle. Consequently, the

anisotropy parameter β from different dissociation pathways
can be calculated directly by simulating the angular distribu-
tion, I(θ ), with the following formula,48

I (θ ) = (4π )−1[1 + β P2(cos θ )], (5)

where θ is the angle between the recoil velocity of fragment
and the electric field vector E of excitation light, and P2(cos θ )
is the second-order Legendre polynomial. As a representa-
tive, both the experimental and fitted angular distributions
of NO+ fragment dissociated from N2O+(C2�+,0,0,0) ions
are presented in the inserted panel of Fig. 4, where the in-
tegrating range is chosen as NO+(X1�+, v+ = 3) produced
through the NO+(X1�+) + N(2P) dissociation channel. Seen
from the simulated distributions with two Gaussian profiles
in Fig. 3, the other dissociation channel of NO+(X1�+) +
N(2D) has a negligible contribution to distribution intensity
of NO+(X1�+,v+ = 3) mentioned above, thereby the fitted β

value represents the angular distribution of the NO+(X1�+)
+ N(2P) dissociation channel. Therefore, the obtained β

for NO+ fragments from different dissociation channels
and various vibrational bands of C2�+ are summarized in
Fig. 4. Obviously, all the anisotropic parameters are near 0.5,
indicating that dissociation of the N2O+(C2�+) ion has a
tendency of parallel dissociation. These angular distributions
of NO+ fragments confirm that the C2�+ state of N2O+ is
rapidly predissociative. As the previous spatial analysis of the
(VNO+ , Ve, P) vector correlation showed,35 the β of NO+ frag-
ment was measured as 0.5 at 20.9 eV and a dominant parallel
character of the transition was suggested, which is consistent
with our conclusion. Moreover, a molecular frame forward–
backward asymmetry of fragment angular distribution ob-
served in experiment35 indicated that electrons were emitted
along the molecular axis in the direction of the N fragment,
and hence, the N2O(X1�+) to N2O+(C2�+) photoionization
transition is dominantly contributed by a dσ wave function
for the parallel transition.

FIG. 4. Anisotropic parameters of dissociation from the vibrational state-
selected N2O+(C2�+) ions, where the symbol lines with triangles and
squares are corresponding to the NO+(X1�+) + N(2D) and NO+(X1�+)
+ N(2P) dissociation channels, respectively. The experimental and fitted an-
gular distributions of NO+(X1�+,v+ = 3) fragments dissociated through the
NO+(X1�+) + N(2P) dissociation channel from N2O+(C2�+,0,0,0) ions
are presented in the inserted figure, where the open circles represent experi-
mental data and the solid line is the fitted result.
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FIG. 5. Schematic diagram of adiabatic correlation for the low-lying electronic states of N2O+. The curve with the arrow represents a predissociation mech-
anism of the C2�+ state to produce NO+(X1�+) and N(2P) fragments, while the cycle notes the crossing from the B2� state to 2�− (or 2�) state, and the
bottom curve with the arrow shows the indirect predissociation process via B2� to form NO+(X1�+) and N(2D).

In addition, the magnitudes of anisotropic parameters
do not change with the vibrational modes and dissociation
channels for the C2�+ state, as shown in Fig. 4. This
independent relationship indicates that the rate-determining
steps of dissociation processes are probably the same for
both dissociation pathways, and the very similar internal
state distributions of NO+ for both dissociation channels also
imply this conclusion.

E. Predissociation mechanism of N2O+(C2�+)

According to the potential energy curves of low-
lying electronic states of N2O+ ion, the dissociation limit
NO+(X1�+) + N(2P) correlates adiabatically with the pre-
dissociative A2�+ and B2� states, while another dissoci-
ation limit NO+(X1�+) + N(2D) links adiabatically with
the repulsive 2�− and 2� states3 and the C2�+ state links
adiabatically with the NO(X2�) + N+(1D) dissociation
limit.6 Besides these electronic states, the D2� state poten-
tially crosses the C2�+ state, and it is repulsive along the
N–NO distance to form NO(X2�) and N+(3P) fragments.3

The schematic diagram of adiabatic correlation for the low-
lying electronic states of N2O+ is represented in Fig. 5. In
addition, according to spectral structures of TPES and vi-
brational frequencies, the potential energy surface profile of
C2�+ is suggested to be very similar to that of the A2�+

state, especially for the lower vibronic levels. Therefore, pre-
dissociation of N2O+(C2�+) is expected to occur by interac-
tion with the C2�+ and these nearby electronic states, e.g.,
A2�+, B2�, D2�, 2�−, and 2� states.

First, the interaction between the C2�+ and repulsive
D2� states can make the N2O+(C2�+) ion readily dissociate;
however, the corresponding adiabatic ionic fragment should
be N+(3P).3 Therefore, the present observed NO+ fragments

are impossible to be produced via the coupling between the
C2�+ and D2� states. Second, since the A2�+ and C2�+

states have the same symmetry and very similar geometry,
the predissociation mechanisms of these two electronic states
can be compared with each other. In the view of the kinetic
energy distribution of the NO+ fragment, the dominant dis-
sociation mechanisms for the lower vibrational bands of the
A2�+ and C2�+ states are entirely different. Most of the
N2O+ (A2�+) ions at the low vibronic levels dissociate to
produce NO+(X1�+) and N(4S) through spin–orbit coupling
with the 14� bent state and subsequent crossing to 14�− state
prior to dissociation.28 According to the fact that the 14�

and 14�− states also probably cross with the C2�+ state,
the similar predissociative pathway should be possible for the
C2�+ state. However, the coupling between the C2�+ and
14� states seems too weak to support this dissociation mech-
anism, since no NO+ corresponding to the N(4S) fragment has
been observed in the present experiment. Another possible
dissociation pathway to produce NO+ and N(2P) fragments
from N2O+(C2�+) is via interaction with the A2�+ state.
However, as mentioned above, the N(4S) fragment should also
be formed as the most dominant dissociative products of the
A2�+ state, if N2O+(C2�+) is crossed to the A2�+ state at
the primary stage. This conclusion is obviously inconsistent
with the experimental results.

Therefore, the interaction between the B2� and C2�+

states is the unique mechanism to cause the predissoci-
ation of N2O+(C2�+) to form N(2P) and NO+(X1�+)
fragments. Specifically, the most possible way to form
N(2P) and NO+(X1�+) fragments from the N2O+ (C2�+)
ions is a direct predissociation via the B2� state, i.e.,
N2O+(C2�+) → N2O+(B2�) → NO+(X1�+) + N(2P).
Consequently, the N(2D) formation is caused by an indi-
rect predissociation, i.e., N2O+(C2�+) → N2O+(B2�) →
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N2O+(2�− or 2�) → NO+(X1�+) + N(2D). In sum-
mary, the observed NO+ formation pathways in dissoci-

ation of N2O+(C2�+) ions can be summarized as the
following:

N2O+(C2�+) → N2O+(B2�)

{ → NO+(X1�+, v+) + N(2P)

→2 �−or2� → NO+(X1�+, v+) + N(2D)
. (6)

The lifetime of 3×10−14 s was obtained for the B2�

state in a recent ion–electron velocity vector correlation
measurement,49 and the previous calculation3 suggested that
the B2� state can readily dissociate via the conical intersec-
tion of its 2A′′ component with the 2�− or 2� states. Thus the
interaction between the C2�+ and B2� states is just the rate-
controlling step for the two dissociation pathways in Eq. (6),
and the subsequent dissociation from the B2� state is really
rapider indeed, which is consistent with our conclusions in
Sec. III D. In addition, since the bending of the N2O+(B2�)
ion was suggested to occur prior to dissociation,49 the high J
rotational excitation is expected, and hence, individual vibra-
tional state of the NO+ fragment is difficult to be identified
clearly in our images due to overlapping of rotational contour.

Interestingly, different from the previous conclusion,34

the internal state distributions along the NO+(X1�+)
+ N(2D) and NO+(X1�+) + N(2P) dissociation channels
exhibit some dependence with the excited vibrational mode
for N2O+(C2�+), as shown in Fig. 3. Since two distributions
have very similar profiles, the branching ratio along two chan-
nels can be estimated roughly using the intensities of their dis-
tribution peaks. For the (0,0,0) and (1,0,0) vibrational bands
of C2�+ state, more than 73% NO+ fragment is produced
through the NO+(X1�+) + N(2P) dissociation channel, while
this ratio is obviously decreased to about 60% when the v3

+

mode of the C2�+ state is excited. Therefore, the excited v3
+

vibration seems beneficial to enhance the coupling between
the B2� and 2�− (or 2�) states, according to the indirect
predissociation mechanism. Previous theoretical calculation3

shows that the N–N bond length of the B2� geometry is much
longer than that of the linear C2�+ state, and the 2�− and 2�

states are repulsive along the N–NO distance. Consequently,
the excitation of v3

+ mode can potentially enhance the inter-
action between the B2� state and the repulsive states 2�−

(or 2�), since the v3
+ vibration of N2O+ is dominantly con-

tributed by the N–N bond stretching. Unfortunately, in the
case of lack of potential energy surfaces and related calcu-
lations of coupling, it is still a qualitative conclusion.

In the previous study,34 the NO+(X1�+,v+) ions were
observed in the DPI process via B2� state with vibrational
excitation, mainly to v+ = 3. More interestingly, as the pho-
ton energy increases much along the B state, the KERD of
NO+ almost remains fixed, and the vibrational distribution of
NO+(X1�+,v+) extends from v+ = 0 to 6, with a maximum
intensity at v+ = 4.49 Obviously, the vibrational populations
of NO+ observed in present experiments agree very well with

the previous conclusion, which further supports the indirect
predissociation mechanism via B2�. As mentioned above, the
rate-controlling steps for both dissociation channels are of the
same crossing from C2�+ to B2�. Therefore, the final vibra-
tional populations of NO+ fragments should be mainly deter-
mined by the dissociative behavior of the intermediate B2�

state. Because of the quasicontinuum dissociation of B2�, the
most dominant vibronic distribution of NO+ should correlate
to the maximum overlap of the wave functions of B2� and
different v+ dissociation channels. However, it is really a dif-
ficult work because the bending motion should be involved as
Lebech et al. suggested.35

IV. CONCLUSION

Using synchrotron radiation as light source and the novel
TPEPICO velocity imaging technique, the DPI process of
the N2O molecule in the excitation energy range of 19.9–
21.0 eV has been detailedly investigated. Four fragment ions,
NO+, N2

+, O+, and N+, are observed in the TPEPICO TOF-
MS of the N2O+(C2�+) state, respectively. Consequently,
the branching ratios of different ions are estimated, and the
NO+ and N+ are always dominant in the whole energy
range.

The TPEPICO 3D time-sliced velocity images have been
recorded for NO+ fragment ions dissociated from various
vibrational state-selected N2O+(C2�+) ions, e.g., (0,0,0),
(1,0,0), and (0,0,1). The kinetic and internal energy distri-
butions of NO+ fragments have been obtained directly from
these images as the typical bimodal distributions, suggesting
that the NO+ fragments are formed via both NO+(X1�+) +
N(2P) and NO+(X1�+) + N(2D) dissociation channels. On
the contrary, the lowest dissociation channel, NO+(X1�+) +
N(4S), is negligible in dissociation of the C2�+ state, which
is totally different from the predissociation of the A2�+ state,
although both the electronic states have the same symme-
try and very similar geometries. With the aid of theoreti-
cal potential energy surfaces of the lower lying electronic
states of N2O+, the interaction between the B2� and C2�+

states is the unique mechanism to cause the predissocia-
tion of N2O+(C2�+) to form N(2P) and NO+(X1�+) frag-
ments. Consequently, the N(2D) formation is caused by an
indirect predissociation of N2O+(C2�+) → N2O+(B2�) →
N2O+(2�− or 2�) → NO+(X1�+) + N(2D).

Based on the obtained KERD of NO+ fragment, the very
similar vibrational population reversions are identified for
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both dissociation pathways. Interestingly, the obtained dis-
tributions of NO+ fragments for both dissociation channels
exhibit some dependence on the excited vibrational mode of
N2O+(C2�+), in which the excited v3

+ asymmetrical stretch-
ing vibration can effectively promote dissociation possibil-
ity along the NO+(X1�+) + N(2D) pathway. In addition,
all the anisotropic parameters of NO+ dissociated from the
N2O+(C2�+) ions have also been obtained to be close to 0.5.
Therefore, the C2�+ state of N2O+ is fully predissociative
indeed with a tendency of parallel dissociation, which is con-
sistent with previous conclusions.35
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