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Oscillator strength and cross section study of the valence-shell
excitations of NO, by fast electron scattering
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Department of Modern Physics, University of Science and Technology of China, Hefei 230026, China
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Oscillator strengths and cross sections of the valence-shell excitations in NO; are of great significance in testing the
theoretical calculations and monitoring the state of the ozone layer in the earth’s atmosphere. In the present work, the
generalized oscillator strengths of the valence-shell excitations in NO;, were obtained based on the fast electron scatter-
ing technique at an incident electron energy of 1.5 keV and an energy resolution of about 70 meV. By extrapolating the
generalized oscillator strengths to the limit of a zero squared momentum transfer, the optical oscillator strengths for the
dipole-allowed transitions have been obtained, which provide an independent cross check to the previous experimental re-
sults. Based on the BE-scaling method, the corresponding integral cross sections have also been derived systematically from
the excitation threshold to 5000 eV. The present dynamic parameters can provide the fundamental spectroscopic data of
NO, and have important applications in the studies of atmospheric science. The datasets presented in this paper, including
the GOSs, OOSs and ICSs, are openly available at https://doi.org/10.57760/sciencedb.j00113.00156.

Keywords: nitrogen dioxide, oscillator strength, integral cross section, electron scattering

PACS: 34.80.Gs, 25.30.Dh, 95.30.Ky

1. Introduction

Nitrogen dioxide (NO;) is one of the most important pol-
lutants in the atmosphere, !l which is difficult to remove chem-
ically. Meanwhile, NO; has a non-negligible indirect impact
on the greenhouse effect,!>3! although it is not a greenhouse
gas itself. More seriously, NO» is an important intermediate
product involved in the cyclic catalytic decomposition of at-
mosphere ozone, thus posing a threat to the ozone shield.!*"]
In addition, NO; has attracted the attention of many theorists
for its open shell structure.[®! Therefore, accurate knowledge
of the oscillator strength and cross section data of NO; is vital
for the fundamental research and understanding of its evolu-
tion in the earth’s atmosphere.

NO; is a paramagnetic and bent molecule belonging to
C,, point group, and the ground state can be represented as

[core](3a;)?(2by)? (4a;1)*(3ba2)?(1b;)?(5a;)*(1az)?
(4b2)%(6a1)' (2b1)°(7a1)°(5b2) : 2A. (D)

The electronic structure of NO, has been extensively
studied, although it is very difficult to handle its dimer N,O4
experimentally. Hall and Blacet!”) measured the photoabsorp-
tion spectra of NO,—N;O4 mixtures in the energy range of
2.5-5.2 eV at three different pressures, and separated the con-
tribution of NO, and N,O4 using the equilibrium constant
expression.!8] Nakayama et al.!) obtained the photoabsorp-
tion curves of NO, in the range of 4.6—11.5 eV and corrected
the effects of underlying N,O4 by extrapolating to zero pres-
sure. Johnston and Graham!!? obtained the photoabsorption

fCorresponding author. E-mail: 1fzhu@ustc.edu.cn
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spectrum of NO; between 3.0 eV and 6.7 eV at low pres-
sures (0.4—4 Pa), where the contribution of N>Oy4 could be
negligible. Similarly, the photoabsorption spectra of NO;
and N;O4 were measured in the energy range of 3.0-6.7 eV,
and the effect of temperature on the NO, photoabsorption
was reported.!!!! Similar to the processing method of Hall
and Blacet, Schneider ef al.['?! obtained the photoabsorption
cross-sections of NO» in the energy range of 1.8-6.2 eV using
the equilibrium constant and compared their results with the
previously published data. The photoabsorption cross sections
of NO; in the 2.5-6.2 eV region were successively measured

13-161 4t Jow pressures with a higher resolu-

by Merienne et al.!
tion, at ambient and low temperatures. Bogumil ez al.l!”! mea-
sured the photoabsorption spectrum of NO; in the 1.4-5.4 eV
region, and the influence of N,O4 was corrected from the mea-
surements at three different partial pressures of NO,/N,O4.
In addition to the photoabsorption method, the optical oscil-
lator strengths densities (OOSDs), which are equivalent to the
photoabsorption cross sections, were determined by the dipole
(e, e) method at an incident electron energy of 3 ke V.8 More-
over, the electronic structures and spectrum of NO, were stud-
ied theoretically based on the semiempirical method!'”! and
the equilibrium geometry,?°! respectively.

Although the electronic structures and photoabsorption
cross sections of NO, have been comprehensively studied,
there remain significant differences amongst the published
data, particularly between 5.2 eV and 6.3 eV. Meanwhile, the
momentum transfer dependence behaviors of the valence-shell

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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excitations of NOg, i.e., the generalized oscillator strengths
(GOSs), have not been studied so far. Moreover, there are no
reported differential or integral cross sections (DCSs or ICSs)
of the valence-shell excitations of NO, as well.

In this work, the GOSs, DCSs and ICSs of the electronic
transitions of NO; have been comprehensively studied by the
high-resolution electron energy loss (EEL) spectroscopy. With
the aid of the relative flow and crossed-beam techniques, the
absolute GOSs can be obtained as a function related to the mo-
mentum transfer. Using the Lassettre formula,?"??! we can
obtain the analytical expressions of the measured GOSs by fit-
ting the experimental data and the optical oscillator strengths
(OO0Ss) correspond to the analytical GOSs at zero momentum
transfer, which can cross-check the previous experimental re-
sults. The fitted curves can be further used to obtain the Born
ICSs by the integration over momentum transfers. It should be
noted that the Born ICSs are more reliable when the Born ap-
proximation is satisfied at high incident electron energies.>]
In contrast, the Born ICSs are usually overestimated at low
incident energies, so the BE-scaling method is introduced to
obtain accurate ICS data for the dipole-allowed transitions.

2. Experiment and data analysis

The high-resolution fast electron energy loss spectrom-
eter used in this work has been introduced in detail in our
previous works,!?*2%1 5o only a brief overview is given here.
The spectrometer was operated at an incident electron en-
ergy of 1.5 keV and an energy resolution of about 70 meV.
In order to simplify the normalization processes and improve
the accuracy of the experimental results, the premixed gas
with a ratio of 1:2 of NO; and He was used in this experi-
ment with an estimated error of less than 2%, to implement
the relative flow technique.>’-3% During the experiment, the
premixed gas flowed into the interaction chamber simultane-
ously and continuously, crossing with the incident electron
beam at an angle of 90°. The background pressure before
the measurements was about 5 x 107> Pa and the real-time
pressure during the experiment was about 10~ Pa. The gas
pressure at the collision point was estimated to be around a
few Pa, where the contribution of N,O4 could be negligible
according to the calculations based on the equilibrium con-
stant expression.!8! The rotatable hemispherical energy ana-
lyzer collected the scattered electrons at a range of scattering
angles from 1.5° to 8°. Then the energy-analyzed electrons
were counted by the position-sensitive detectors based on the
microchannel plates. The real 0° scattering angle was cali-
brated by checking the symmetry distribution of the inelastic
scattering signals of 1s> 'Sq — 1s2p 'P; transition in helium
around the geometric 0° angle. The pressure effect was safely

neglected, since the absolute GOSs measured at different flow

rates were found in coincidence within the experimental un-

certainties at several selected angles.3%3!]

On the basis of the first Born approximation (FBA), the

GOS can be derived from the experimental DCS as!?3-3?]
N 2
f(K,E,) = =+ <‘P,, Y elKmi %>
=
= ——K . 2
2 ot 4o @

Here, f(K,E,) is
while K and E, are the momentum transfer and excitation

the momentum transfer dependent GOS,

energy, respectively. ¥ and ¥, are the N-electron wave func-
tions for the initial and final states. 7; is the position vector
of the j-th electron. pg and p, are the incident and scattered
electron momenta, respectively. do,/dQ represents the DCS
of the corresponding transition.

To obtain the intensities for specific transitions, the mea-
sured EEL spectra were unfolded using a least-squares fit-
ting. The absolute GOSs of the valence-shell excitations of
NO; were determined by normalizing them to the GOS of the
1s2 1Sy — 1s2p P, transition of helium,?3-33-35] which has
been determined with a high accuracy both experimentally and
theoretically. The experimental errors of the GOSs measured
in this work mainly come from the limited angular resolution,
the angle determination, the statistical counts, the normaliza-
tion procedure and the least-squares fitting. The total uncer-
tainties are estimated to be about 8%—12% and are shown in
Table Al.

Within the Bethe-Born theory, 332361 the OOSs can be
obtained from the extrapolated GOSs at the zero limit of K>

based on the Lassettre formulal2!-22]

7L SnX" 3

FKEn) (14+x)m

Here, x = K?/&? is the scaled momentum transfer square with
a fitted scale factor a®>. The coefficients f, are the parame-
ters to be determined in the least-squares fitting, in which fj is
equivalent to the OOS for a dipole-allowed transition.

Based on the accurate and reliable fitted results, the Born
cross sections at an incident electron energy of Ey can be de-
termined by

x (K f(K,E,)

2
OBorn (EO) EoE, mm K2 dK=, 4)
where K2, and K2, stand for the minimum and maximum

squared momentum transfers, respectively. As mentioned
above, the Born ICSs show clear gap between high-energy

and low-energy electron scattering. Therefore, the BE-scaling

q137,381

metho was proposed to obtain accurate ICSs:

oBg(Eo) = OBom (Eo), 5)

Ey
Ey+B+E,
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where B represents the binding energy. It should be mentioned
that the scaling method is applicable for the dipole-allowed
transitions and has been used to provide reliable ICSs for many

atoms and molecules. 2239411

3. Results and discussion

A typical EEL spectrum of NO, at 2.5° is shown in
Fig. 1(a) and a 2D GOS density (GOSD) map vs. the energy
loss and the squared momentum transfer is shown in Fig. 1(b).
In the least-squares fitting, the first broad band was fitted by
a Pearson IV function, corresponding to the 6a;<4b, and
2b; <64, transitions, while the transitions between 4.8 eV and
9.4 eV were simulated by several Gauss functions, and the ex-
citation energies were fixed to the experimental data reported
by Ref. [18]. Here, an extra peak at 9.22 eV was introduced
to reproduce the experimental data well since a shoulder can
be clearly observed. The line widths for these transitions were
set as free parameters in the initial fitting, and fixed at the aver-
age values of 1.5°-3° in the final fitting, so as to determine the
transition intensities. The spectrum above 9.4 eV is character-
ized by the overlapping vibronic transitions of many Rydberg
series, so several Gaussian peaks were used to reproduce the
spectrum and the line widths were shared in each spectral fit-
ting, and the sum GOS was given in this region.

1000 | ()
Electron scattering
" Ey=1500 eV
+ _ °
S 500} 0=25
o
© e Ta—dbs
R 2b;1lay 4
0 0.35
1 0.30
—~ 0.25
=) 0.20
2 0.15
Q 0.10
84
0.1 0.05

Energy loss (eV)

Fig. 1. (a) A typical EEL spectrum of the valence-shell excitations of
NO; at an incident electron energy of 1.5 keV and a scattering angle of
2.5°. The solid lines are the fitted curves. (b) A 2D map of the GOSDs
of NO; vs. the energy loss and squared momentum transfer.

The first broad band can be attributed to the 6a;<4b, and
2b;<6a; transitions based on the calculations of McEwen!!°]
and Gangi.?") The next band can be attributed to the 7a; <4b,
and 2b; < 1a; transitions based on the energy-level diagram of
Mulliken and Robert.[*?l Note that the limited energy reso-
lution of 70 meV is not sufficient to separate the transitions
of 5by<—6a; and 3sco+6a;, so their sum GOS is given in
Fig. 2(c), to avoid the error in random allocation of intensi-
ties during the fitting process. It is clear that all the GOSs in
Figs. 2(a)-2(d) exhibit the typical behavior of a dipole-allowed

transition, i.e., the GOS decreases with the increase of K* and
has a maximum at K> = 0. The unknown nature of the unas-
signed salient feature at 9.22 eV shown in Fig. 2(e) requires
further detailed investigation, and the current GOS profile im-
plies that the underlying transition is more likely to be dipole-
allowed. The GOS of the feature at 9.38—10.38 eV is shown in
Fig. 2(f), which also exhibits the typical momentum transfer

dependence behavior of a dipole-allowed transition.

—2
10 (6a1+4by)+(2by—6al) (7a1<—4b;2)+(2b14—1a2)
5X10-3F : B
4103
(a) (b) 3
(5b2e6la1)+(350;6a1) (I3p<77 3p7r)<;6a1- 101

0
©
@] 4102
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Fig. 2. Present GOSs for the excited states of (a) (6a;<—4by) + (2b;<+6a;),
(b) (7a;+-4by) + (2bj<+1laz), (c) (5bp<—6a;) + (3so«6a;), (d) (3po,
3pm)<6a;, (e) added peak (9.22 eV) and (f) 9.38-10.38 eV. The dots are
the experimental data while the solid lines are their fitted curves.
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Fig. 3. Optical oscillator strength densities of the valence-shell excitations of
NO,, along with the previous dipole (e, e) and photoabsorption results.

The OOSD of NO, at the scattering angle of 0° was re-
constructed using the extrapolated OOSs with the excitation
energies and the peak profiles determined in our fitting pro-
cesses, which is shown in Fig. 3, along with the previous data.
It is clear that the present results in the 2-4.8 eV region are
in good agreement with the results of Refs. [10,12,13,17], but
evidently lower than the results of Refs. [7,18] for some un-
known reason. At the same time, the present cross sections
in the 4.8-6.5 eV region are generally in line with the data
of Refs. [9-12,15], but significantly lower than the results of
Ref. [18], especially in the energy region of 5.6-6.5 eV. This
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phenomenon can be attributed to the effect of NO,’s dimer
N,Oy, since the photoabsorption cross sections of N,Oy4 are
tens or hundreds of times higher than that of NO, in this

IL16] resulting in that even very trace amounts of N,Oy

region, |
can lead to significant increase in the photoabsorption cross
sections of the impure NO;. The conjecture is reasonable in
view of the fact that the experiment of Au er al.!'8! was done
in a gas chamber, where the gas pressure at the collision point
may not be low enough to ignore the effect of N,O4. For the
spectrum above 6.5 eV, the present result is consistent with the
results of Refs. [9,18] considering the large difference in en-
ergy resolution, indicating that the effect of N,O4 may become
weak in this region.

The extrapolated OOSs for the valence-shell excitations
of NO, are compared with the previous experimental data
quantitatively in Table 1, along with the operating pressures
at which the experiments were carried out. Consistent with
the OOSD results mentioned above, the present extrapolated
OOS for the (6a;<4b;) + (2b;<6a;) state is in good agree-

ment with the result of Bogumil et al.,l'"! but lower than the
dipole (e, e) result by about 24%!'8! for unknown reason. Al-
though the present OOS for the (7a;<4b,) + (2bj+—1a;) state
is slightly lower than the results in Refs. [10,11,13,15], they
are still within the mutual experimental uncertainties, which
demonstrates that the results obtained at low pressures are con-
sistent with each other. Meanwhile, the data of Nakayama et
al.®! and Schneider et al.!'?! are larger than the present OOS
by approximately 42% and 27% for this state, indicating that
the extrapolation process to correct the contributions of NoOy4
based on the equilibrium constant will lead to higher values.
The particularly large deviation of the OOS for this state be-
tween the dipole (e, ¢) measurement!'®! and the other experi-
mental results can be attributed to the effect of its dimer N, Oy,
as mentioned above. For the bands including (5by<«—6a;) +
(3so<6a;), (3po, 3pm)«6aj, the added peak (9.22 eV) and
9.38-10.38 eV, the present extrapolated OOSs are in good
agreement with the dipole (e, e) and the photoabsorption mea-
surements within the mutual experimental uncertainties.

Table 1. Present OOSs of the valence-shell excitations of NO,, along with the previous experimental results. The data are multiplied by a

factor of 100.

. 00S
Assignments Present Ref. [18] Ref. [9] Ref. [10]  Ref.[11] _ Ref.[12] __ Refs.[13.15] Ref. [17]
(6a)+4by) + (2bj<6a;) 0.72(0.08) 0.95 0.74°
(7a144by) + (2b; +1ay) 0.33(0.04) 0.68 0.47 0.39° 0.36" 0.43> 0.38"
(5by6a;) + (3sG+6aj) 17(2) 17.89 18.31
(3po, 3pm)«6a; 9.7(1) 9.72 9.0
Added peak (9.22 eV) 3.3(0.4) 2.6% 2.4b
9.38-10.38 eV 15(2) 16.61 19.75
Pressure (Pa) <10 unknown 133 0.4-4 <13 9-186 1.34 200-400

aDerived by integrating the digitized dipole (e, e) spectrum. (18]
Derived by integrating the digitized photoabsorption spectra,[®~13.15.17]

— (6a;—4by)+(2b1«—6a,)
20+ (7a1<—4bs)+(2bj—1as)

— (5bae—6a;)+(3sc—6ay)
—(3po, 3pm)—6al

- —Added peak (9.22 eV)

;? 1.5+ 9.38—10.38 eV

n

Q

- L10r

9

[}

Q

P

H 05

M

0

10 100 71000
Incident electron energy (eV)

Fig. 4. Integral cross sections for electron impact excitations into (6a; <—4b;)
+ (2by<6ay), (7a;<4by) + (2bj<—1ay), (Sby<—6a;) + (3so+6a;), (3po,
3pm)«—6a;, added peak (9.22 eV) and 9.38-10.38 eV.

Given the fact that our extrapolations are compatible with
the photoabsorption and the dipole (e, e) results, the present
experimental data are reliable and the fitted curves are suitable
to deduce the Born or BE-scaled ICSs using Egs. (4) and (5).
Thus, the BE-scaled ICSs for the valence-shell excitations of
NO; from the excitation thresholds to 5000 eV are determined

and shown in Fig. 4. Unfortunately, to the best of our knowl-
edge, there are no other theoretical calculations or experimen-
tal measurements reported, so we strongly recommend further
investigations for the ICSs of the valence-shell excitations of
NO..

To facilitate users, the measured GOSs and the corre-
sponding extrapolated OOSs are tabulated in Table A1l. Mean-
while, the BE-scaled ICSs are given in Table A2. All the
datasets presented in this paper, including the GOSs, OOSs
and ICSs, are compiled in the supplementary materials in PDF
format.

4. Summary

In this work, the low-lying electronic excitations of NO;
have been studied at an incident electron energy of 1.5 keV
and an energy resolution of about 70 meV. By means of the
crossed-beam and relative flow techniques, absolute GOSs as a
function of K? for the excitations of (6a;<4b,) + (2b; +6a;),
(7a;+4by) + (2b1<—1a2), (5b2<—6a1) + (3so<+6a)), (3p0',
3pm)+6a;, added peak (9.22 eV) and 9.38-10.38 eV have
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been determined. The GOS profiles imply that the EEL spec-
tra are dominated by dipole-allowed transitions. Thanks to
the low target’s gas pressure of the cross-beam technique, the
present measurement is not affected by the dimer N,O4. The
origin of an unassigned state at around 9.22 eV remains un-
known and requires further analyses. By extrapolating the
measured GOSs with the Lassettre formula, the corresponding
0OSs can be determined at K> = 0 and the derived OOSs are
consistent with most previous experimental results. Further-
more, the BE-scaled ICSs of the corresponding excitations of

NO; have been systematically derived based on the BE-scaling

method. The present oscillator strengths and ICSs can not only
supplement the fundamental database for NO; but also have
important applications in the fundamental research.

Appendix A: Data tables

The GOSs for the valence-shell excitations of NO, are
tabulated in Table A1, along with the corresponding extrapo-
lated OOSs, which are amplified by a factor of 103. In the first
row of the table, the related scattering angles are also listed.
The BE-scaled ICSs listed in Table A2 are magnified by a fac-
tor of 102

Table A1. Generalized and optical oscillator strengths of the valence-shell excitations of NO,.

Angle K? (a.u.) FI? F2° F3¢ F4d F5¢ F6'
0 (00S) 7.2(0.8) 3.3(0.4) 165(20) 97(10) 33(4) 150(20)
1.5° 0.076 6.7(0.8) 3.0(0.4) 140(17) 80(10) 30(4) 120(14)
2° 0.13 6.5(0.8) 3.0(0.4) 132(16) 68(8) 29(3) 108(13)
2.5° 0.21 5.7(0.7) 2.2(0.3) 105(13) 49(6) 23(3) 79(9)
3° 0.30 5.0(0.6) 2.0(0.2) 86(10) 38(5) 20(2) 61(7)
3.5° 0.41 4.3(0.5) 1.4(0.2) 67(8) 28(3) 17(2) 44(5)
4° 0.54 4.5(0.5) 1.4(0.2) 58(7) 24(3) 16(2) 37(4)
4.5° 0.68 4.0(0.5) 1.1(0.1) 44(5) 19(2) 12(1) 25(3)
5° 0.84 2.8(0.3) 0.7(0.08) 31(4) 14(2) 9.0(1.1) 17(2)
5.5° 1.01 2.8(0.3) 0.8(0.1) 24(3) 11(1) 7.4(0.9) 14(2)
6° 121 2.6(0.3) 0.8(0.09) 192) 9.5(1) 6.0(0.7) 11(1)
7° 1.64 2.3(0.3) 0.9(0.1) 14(2) 7.6(0.9) 3.9(0.5) 9.1(1.1)
8° 2.14 2.9(0.3) 1.1(0.1) 14(2) 6.6(0.8) 3.8(0.5) 9.1(1.1)

AF] = (6a;44by) + (2b1<6ay), PF2 = (7a;¢4by) + (2b; < 1ay), °F3 = (5by<+—6a;) + (3s6¢6a,),
dF4 = (3po, 3pm)«6a;, °F5 = added peak (9.22 eV), fF6 = 9.38-10.38 eV.

Table A2. BE-scaled ICSs for the electron impact excitations to the
features F1-F6, which have been identified detailedly in Table A1. The
unit of the ICSs is a.u.

Ey (eV) F1 F2 F3 F4 F5 F6

3 10.3

4 35.6

5 49.2

6 56.1 1.52

7 60.1 3.97 3.35

8 62.7 5.23 49.5 0.30

9 64.4 6.12 98.2 14.5 0.70

10 65.6 6.81 125 30.0 11.3 13.6
20 64.9 8.82 211 74.5 323 719
30 58.1 8.39 216 81.4 35.6 91.4
40 514 7.70 205 80.5 35.1 93.4
50 459 7.05 192 774 334 91.6
60 413 6.49 180 73.7 31.4 88.5
70 37.6 6.00 169 70.0 29.5 84.9
80 345 5.59 158 66.5 27.8 81.3
90 31.9 522 149 63.2 26.2 71.8
100 29.7 491 141 60.3 24.8 74.6
200 17.8 3.10 92.5 41.1 16.2 523
300 12.9 2.30 69.8 31.6 12.2 40.6
400 10.2 1.84 56.6 259 9.89 334
500 8.42 1.55 47.8 22.0 8.34 28.6
600 7.22 1.33 415 19.2 7.24 25.0
700 6.33 1.18 36.8 17.1 6.42 22.3

800 5.64 1.06 33.1 15.5 5.77 20.2
900 5.09 0.96 30.2 14.1 5.25 18.5
1000 4.65 0.88 27.7 13.0 4.82 17.0
2000 253 0.49 15.7 7.47 2.72 9.85
3000 1.76 0.34 11.2 5.35 1.93 7.08
4000 1.36 0.27 8.73 4.20 1.51 5.58
5000 0.52 0.12 3.95 1.83 0.68 4.63
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