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Decay pathways of superexcited states of nitrous oxide"
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The ionization and ionic dissociation of the superexcited state of NoO are studied by using electron energy loss
spectroscopy and positive ion time-of-flight mass spectroscopy at different momentum transfers; that is, O and 0.23 a.u.
(atomic unit) . The transitions at 13.8 eV and 14.0 eV are reassigned as 3p7(000) and 3pc(000) converging to AZLT,
respectively. The competition between the main decay pathways of superexcited states at different momentum transfers is
revealed. It is found that 3do converging to C2X* mainly decays into N,O1 while 4do can decay into both N,Ot and

NO™.
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1. Introduction

As intermediates in atmospheric chemistry, N,O and
N,O™ are well known and have received increasing attention
in recent years, which is one reason for the existence of a
substantial literature on N O photochemistry. Nitrous oxide,
which was documented in the Kyoto protocol,!'?! is one of six
greenhouse gases, and its photolytic product NO can destroy
stratospheric O3. Therefore, the research of dissociation and
ionization processes of nitrous oxide by photoabsorption or
electron impact is crucial to atmospheric physics and circum-
stance science. In addition, as a simple polyatomic molecule,
triatomic and linear N, O has attracted the interest of quantum
chemistry theorists because of the difficulty and accessibility
of theoretical calculations.3! Therefore, from a purely scien-
tific viewpoint, N>O is a good candidate to test the quantum
chemical method.

Nitrous oxide has 22 electrons, and its ground-
state  electronic  configuration can be written as
(16)%(20)*(30)%(40)2(50)(60)*(17)*(70)? (2m)*.
sive experimental works have been conducted to study the

Exten-

superexcited states of N;O, most of which were carried
out by: photoabsorption,*°! photoionization,!”-'° photo-
electron energy spectroscopy,!!!'=!*l photoionization mass

7,15,16] 9,17-19]

spectroscopy, ! photon-induced fluorescence, !

and photoelectron-photoion coincidence spectroscopy.29-2?1
Among these, the cross sections of the structured ionization
region and their decay pathways have been investigated by
Refs. [5], [7]-[9], and [17], and the competition between
autoionization and predissociation of Rydberg states were

clearly revealed.!”! Furthermore, the Rydberg states converg-
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ing to different ionic states are assigned and the mechanism of
photoionization was studied.[”!

By now, most of the experimental works investigating the
superexcited states of N, O have been performed by using opti-
cal methods, in which the squared momentum transfer is close
to zero. In recent years, the electron impact method has also
been used to investigate the cross sections of the structured
ionization region and the superexcited states of N,0,[23-231.
however, most of these works were carried out by Brion’s
group using the dipole (e, e+ion) method, in which momentum
transfer dependence behaviors of different superexcited states
cannot be observed because the momentum transfer is also
close to zero. There have been few investigations!?0-28! of the
momentum transfer dependence behaviors of the structured
ionization region of N»>O, and these works recorded the elec-
tron energy loss spectra (EELSs) or double differential cross
sections at different scattering angles with different incident
electron energies, some different features of dipole-forbidden
superexcited states stand out. However, the momentum trans-
fer dependence behaviours of decay pathways of the superex-
cited states or ionization continuum of N,O have not been in-
vestigated by any experiment.

In another respect, some theoretical works have been
carried out to investigate the photoabsorption and pho-

51297321 Among

toionization cross sections of Rydberg state
them, references [30] and [31] calculated the photoabsorp-
tion and photoionization cross sections for the ionization con-
tinuum using the molecular-adapted quantum defect orbital
method (MQDO). Reference [32] reported the optical oscilla-

tor strength of Rydberg series of N>O in a similar way, and
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when compared with previous theoretical work their calcu-
lated results are more consistent with the experimental obser-
vations. However, these works are still in the stage of qual-
itative or half quantitative description. There is no theoreti-
cal work of the decay processes of the superexcited states or
ionization continuum and the momentum transfer dependence
behavior of N,O.

In this paper, we have investigated the ionization and
ionic dissociation in the decay of the structured ionization re-
gion by the method of electron-ion coincidence from the ion-
ization threshold to 30 eV. The generalized oscillator strength
density (GOSD) and the partial GOSD of fragment ions were
measured at the scattering angles of 0° and 2°. In our spectra,
the decay pathways of the superexcited states converging to
A?X* and C?X* at different momentum transfers were mea-
sured.

2. Experimental method

In the present work, the electron-energy-loss spectrome-
ter was used, which has been described in detail in our previ-
ous works.[33331 Briefly, we obtained the EELS by measuring
the scattering electron counts at special energy loss. We ac-
quire the decay information of definite superexcited states or
the ionization continuum by measuring ions and the scattered
electrons coincidently. The EELS is absolutized according to
the double differential cross section obtained in the same en-
ergy region previously.[! It is then transferred into the gen-
eralized oscillator strength density spectra. It is well known
that the relative ionization efficiency of a molecule generally
approaches a constant and it can be normalized to a unit when
the energy loss is above 20 eV.137! Therefore, the relative par-
tial GOSDs of the fragments can be absolutized by the same
factor.

In the present experiment, the incident electron energy
was set at 2.5 keV with an energy resolution of about 80 meV.
The mass resolution of time of flight mass spectrometer
(TOFMS) in this work was about 53 a.m.u. All the spectra
were recorded at a pressure of 1x 1073 Pa with the background
pressure in the vacuum chamber being 5 x 107> Pa. The elec-
tron energy loss spectra and ion yield spectra of NoO were
recorded at 0° and 2°, and the energy loss regions of the spec-
tra were set at 10.04-30.52 eV. The true zero angle was de-
termined by the symmetry of the angular distribution of inten-
sity of the transition of the 1'S—2!P transition of helium at
21.218 eV. The energy scales of the measured spectra are also
calibrated by referencing to this transition.

The total experimental error of GOSD or partial GOSD
was about 20%—-40%, which mainly came from the statistical
counts, the ionization efficiency, as well as the normalization
procedure of double differential cross section.

3. Results and discussion

Figure 1 shows the GOSD of the structured ionization
region 12.0-22.0 eV of N,O at 0° (K2 =0 au) and 2°
(K?> = 0.23 a.u.). The superexcited states in Fig. 1 are as-
signed according to Refs. [7] and [8] and the present work,
herein X°T1, A2+, B2I1, and C2X* represent the ionization
thresholds of N> O, which correspond to the ionic states where
an electron is knocked out from the orbits of 27, 70, 171, and
60, respectively.

The peaks at 13.8 eV and 14.0 eV are shown as the
up-arrows in Fig. 1. These two transitions are assigned as
3pc(000) and 3p7t(000) converging to AL+ by Ref. [7], re-
spectively. From Fig. 1, it can be observed that the peak at
13.8 eV is obvious at small momentum transfer, but its inten-
sity decreases as the momentum transfer grows larger, the peak
becomes hardly observable at a scattering angle of 2°. This
is a typical behavior of the dipole-allowed transition. How-
ever, the peak at 14.0 eV is very small at 0° and stands out
at 2°, which means that the intensity of this peak becomes
larger with larger momentum transfer. This is a typical be-
havior of the dipole-forbidden transition. The aforementioned
momentum transfer dependence behaviors of dipole-allowed
transition and dipole-forbidden transition have been observed
in atoms®***! and molecules.3%*>43 Considering that the
dipole-forbidden transitions in the united atom model may be-
come dipole-allowed in the separated atom model, they can
be observed in the photoabsorption spectrum,!”8! such as the
transition of X!X* — B'EZ* of CO.1*?! The intensity of this
kind of transition (e.g., the peak at 14.0 eV of N,O and the
transition of X! X — B!X* of CO) is weak in photoabsorption
spectrum. In the electron collision experiments it increases
with the increase of momentum transfer in the small momen-
tum transfer region, just like the peak at 14.0 eV that is shown
in Fig. 1. Because the transitions at 13.8 eV and 14.0 eV are
both excitations from 70 electron, we believe that the transi-
tion at 13.8 eV corresponds to 3p7t(000) while the transition at
14.0 eV corresponds to 3pc(000) which is different from the
assignments of these two transitions in Ref. [7].
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Fig. 1. The GOSD in 12.0-22.0 eV of N,O at 0° and 2°.
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Our assignment of these two transitions is based on
their momentum transfer dependence behaviors, as men-
tioned above. In addition, for N>O, the 70 electron cor-
responds to 2po, the transition of 2po — 3po is dipole-
forbidden from the viewpoint of united atom model while it
is dipole-allowed from the viewpoint of the separated atom
model. Consequently, its intensity is very weak in the pho-
toabsorption spectrum and increases as momentum transfer
increases in the small momentum transfer region, which ac-
cords to the situation of the peak at 14.0 eV that is shown
in Fig. 1. The transition of 70 — 3p7 is a typical elec-
tric dipole-allowed transition, its momentum transfer depen-
dence behavior is consistent with the condition of the peak
at 13.8 eV. Furthermore, the ground state of N;O is Xyt
and the spin-allowed transitions from the ground state consists
of (70)~'3pc!Z* and (70)~!'3pm 'TI. From the viewpoint
of the molecular point group, the transition of !X+ —! IT is
electric dipole- and quadrupole-allowed, while the transition
of 12+ =1 £+ is electric monopole-, dipole- and quadrupole-
allowed. Compared with (7¢)~!3p7t'TI, which includes elec-
tric dipole and quadrupole compositions, (70)~!3po!EZ* in-
cludes monopole, dipole, and quadrupole compositions. The
momentum transfer dependence behavior of the transition of
atoms reveals that the intensity of monopole transition is of-
ten larger than the intensity of quadrupole transition with the
same configuration.**~*!l Therefore, 3po should be more ob-
vious at large momentum transfer. In addition, the calculation
shows that the lowest unoccupied orbital of N,O is 37 fol-
lowed by 80,!*4! while 37t and 8¢ correspond to 3p7t and 3po,
respectively. Consequently, the energy level of 3po is likely
to be higher than the energy level of 3p7t, which is consistent
with our assignment. Therefore, we assign the peak at 13.8 eV
as 3p7t(000) while the peak at 14.0 eV as 3po(000).
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Fig. 2. The partial GOSD of N,O™ in 12.0-22.0 eV of N;O at 0° and
2°.
Figures 2 and 3 show the partial GOSDs of N,O™' and

NO™ at 0° and 2°. It can be seen that the Rydberg series
converging to AL+ dominantly decays into NoOT. For the

Rydberg series converging to C2L*, 3po, 3pm, and 3do are
invisible in the spectrum of NO™ while they are obvious in the
spectrum of N,OT, which indicates that they mainly decay
into N,O™. However, 4do is obvious in the spectrum of NO™,
which is different from the behavior of 3do. 3d7m decays both
into NoO™ and NO™. Because of the limited energy resolution
and the poor statistical counts, the decay information of other
superexcited states converging to C2X " cannot be obtained.
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Fig. 3. The partial GOSD of NO™ in 12.0-23.0 eV of NO at 0° and

Figures 4, 5, and 6 show the partial GOSDs of N2+ , NT,
and O™ at 0° and 2°. We notice that the partial GOSDs of
NJ, N*, and O* change a little at different momentum trans-
fers, while the ones of NoO* and NO™ have obvious varia-
tion. However, we cannot give an explanation about this phe-
nomenon. In Fig. 6, the broad ridge in 15.29-18.70 eV is as-
signed as the ionic dissociation of NyOt — OF +N,.!"] Refer-
ence [20] indicates that the dissociation channel is OF (*S,) +
Nz(XlEg) and the dissociation limit is 15.29 eV. However, the
lower electronic states of NyO1 are X2IT and A2Xt, cannot
dissociate into O™ (*S,) + Na(X'Z) because they are spin-
forbidden. Reference [45] indicates that the ionic dissociation
process is through the bent ionic state 1*A” of NoOT which is
from the high vibrational state X>T1.
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Fig. 4. The partial GOSD of N;r in 12.0-23.0 eV of N,O at 0° and 2°.
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Fig. 5. The partial GOSD of N in 12.0-23.0 eV of N;O at 0° and 2°.
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Fig. 6. The partial GOSD of OT in 12.0-23.0 eV of NO at 0° and 2°.

4. Summary

The electron energy loss spectra and the partial GOSDs

of ionic fragments at the scattering angles of 0° and 2° of

N,O
2500

have been measured at an electron impact energy of
eV with an energy resolution of 80 meV. The Rydberg

states 3po(000) and 3p7r(000) are reassigned based on their

momentum transfer dependence behaviors. According to the

partial GOSD of ionic fragments, the behavior of the decay

pathways of superexcited states of nitrous oxide at different

momentum transfers are revealed. It is found that 3do con-

verging to C>X* mainly decays into NyO* while 4do can de-
cay into NoO™ and NO™.
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