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Abstract—Ab initio calculations of the adiabatic potential curves and matrix elements of radial nonadiabatic
coupling of the N, molecule for the states related to dissociation limits [-V were performed. The most
important spectral characteristics of the adiabatic states agreed well with the available experimental and the-
oretical data. The diabatic states were constructed. The diabatic quantum defects and radial matrix elements
of the configuration interaction of the dissociative and Rydberg configurations whose states converge to the

ground state X 22; and the first electronically excited state AZH,, of the N; ion were calculated. The possi-

bility of using the results for calculating the cross sections and rate constants of dissociative recombination
and associative ionization within the framework of the multichannel quantum defect theory was discussed.
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1. INTRODUCTION

The dissociative recombination N; +e — N + N
is one of the most important reactions that take place
in the ionospheres of the Earth, Mars, and other plan-
ets of the solar system. The mechanism of this reaction
involves the formation of nitrogen molecules in the
metastable excited state due to the electron capture
followed by their decay. The reaction rate and product
yield depend on several factors, the most important of
which are the lifetime (width) of the metastable state
of N, and the characteristics of the dissociative elec-
tronic states, i.e., the states whose repulsive branches
lie in the region between the classic turning points of

the lowest states of the N ion [1].
A correct description of the dissociative recombi-
nation of the N; ion requires the knowledge of the

characteristics of dissociative states, which can be
obtained from the spectral data or ab initio calcula-

tions of the highly excited electronic states of the N,
molecule. The first method can be used only for eval-
uating the partial cross sections of dissociative recom-
bination because only the states of "3}:; and "3Hu sym-
metry were studied in detail for N, molecule [2]. A

brief review of experimental studies covering the
period of time from publication of the monograph [3]
to the present time is found in [2]. Ab initio calcula-
tions of the excited states of the N, molecule were also
performed and reviewed in detail in [2]. However, not
all electronic states of interest were included in the ab
initio calculations. The results of calculations were in
satisfactory agreement [2].

Thus, restricting ourselves only to the dissociative

recombination of the N3 ion in the X X, ground state
(v = 0-3), we state that the goal of this study is ab initio
calculation of the potential curves and matrix elements
of nonadiabatic coupling for the states that correlate
with dissociation limits -V, including the lower Ryd-
berg states with the moments / < 3 from the series that

converge to the X 22; ground state and the nearest

A’T1, excited state of the N ion.

2. CALCULATION PROCEDURE

The calculations of the potential curves and matrix
elements of the nonadiabatic interaction of the lowest

states of the N, molecule and N ion were performed
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by the configuration interaction method with a set of
initial configurations (CMRCI) [4]. For the nitrogen
atom, the [ 7s6p4d3f] basis of atomic orbitals (AOs) was
taken, which was constructed by complementing the
[3s2p1d1f] basis of natural atomic orbitals [5] with dif-
fuse functions of s—ftypes ({;=0.33, 0.1, 0.03, 0.01; Cp
= 0.5, 0.15 , 0.045, 0.0125, {, = 0.33, 0.11, 0.033, {, =
0.66, 0.24). As molecular orbitals (MOs), we used the
natural orbitals of the multiconfiguration self-consis-
tent field (SCF) method with averaging over the

ground states of N, and N3 and with the active space
including the 2, 3¢ and 1t MOs that correlate with the
2s2p AQ in the dissociative limit. To form a set of ini-
tial configurations in the CMRCI method, a selection
scheme was used, which was tested earlier in calcula-
tions of the NO molecule [6]. The configuration func-
tions of the state with weights >0.005 constructed on
MOs from a complete active space including the 2,
30, . and Im, , correlating with the 2s2p AO and

46,40, Rydberg MOs were chosen in the CMRCI
model space. To calculate the matrix elements of the
radial nonadiabatic coupling, we used the finite differ-
ence method; the differentiation step was set at 0.002 a. u.

3. RESULTS AND DISCUSSION

The key element of the ab initio analysis of the
results is the construction of a system of criteria that
allows to compare the results of independent studies
and makes it possible to evaluate the accuracy of cal-
culations. In recent theoretical investigations devoted
to the excited states of molecular nitrogen, the accu-
racy was evaluated by comparing the equilibrium
internuclear distances R, and the binding energies E,
of the adiabatic states with the available experimental
data [1, 2, 7]. As an additional criterion of accuracy,
the values of the quantum defect function taken at an
equilibrium internuclear distance were used. This sys-
tem of criteria, however, has a significant disadvan-
tage: if the ab initio calculations do not use the full
configuration interaction approximation, a systematic
error in the binding energy appears because of the
unbalanced description of the states of the neutral
molecule and its ion.

3.1. Valence and Rydberg States of the N, Molecule
The adiabatic potential curves were calculated for
42 singlet and triplet states of “’X; ., “IT ., A

g,u> g.u’ g.,u>

1,3 1,3
®,,, and T, , symmetry, whose E, and R, values
are presented in Table 1. The energy was measured

from the X 22; ground state of the N ion. A compar-
ison of the data of Table 1 shows that the results are in
good agreement both with the experimental [3, 8—11]
and theoretical data [1, 2, 7, 12] only in the case when
the absolute value of the binding energy exceeds 2.5
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eV. However, the energy difference between the
ground state of the nitrogen molecule and its ion
proved 0.16 eV lower than the experimental value 15.59
eV. In this case, our R, values differ from the experi-
mental values by no more than 0.005 A. In the energy
range |E,| < 2.5 eV, the spectrum becomes more com-
plex because along with the valence states, a large
number of Rydberg states appear whose identification
(assignment) is a nontrivial problem.

Figure 1 shows the differences between the experi-

mental E, and calculated (E.),,. binding energies.
The calculation performed in the present study and
corrected for the systematic error agrees better with the
experimental data than other calculations. The maxi-

mum deviation of our values AE, = E, — (E, )eare> @S0
[7], does not exceed 0.5 eV. In other studies, it ranges
from 0.7 [2] to 1.1 eV [1].

3.2. Diabatic Potential Curves of the N, Molecule

For processes involving diatomic molecules such as
dissociative recombination (DR) or associative ion-
ization (Al), it is often necessary to use the diabatic
states, i.e., to consider isolated electronic configura-
tions. For this purpose, it is convenient to use the dia-
batization method [6]. It is based on solving the varia-
tional problem of minimizing the matrix norm of the
derivatives of wave functions of Rydberg and valence
configurations. The method allows to efficiently cal-
culate the main molecular characteristics (terms,
quantum defects, nonadiabatic couplings) used in the
multichannel quantum defect (MQD) theory for cal-
culating the cross sections of DR and Al.

As a result, the dependences of the diabatic poten-
tial curves of the Rydberg and valence states of the N,
molecule on the interatomic distance R were obtained.
The results of calculation for the even and odd singlet
and triplet diabatic states of the nitrogen molecule are
shown in Fig. 2. As in Table 1, the energy is measured
relative to the ground state of the ion N, (X 2Z:@;). In the
right part of Figs. 2a—2d, the dissociative limits—the
energies of dissociated atoms—are indicated.

3.3. Quantum Defects

The dependences of the adiabatic quantum defects
on the internuclear distance W,;(R) were obtained
from the data on the potential curves of the depen-
dences U,,,(R) of the ionic term X 22; and Rydberg
terms U, (R) belonging to different Rydberg (n/L)
series. The W, (R) dependence was calculated by the
equation

W (R) = 1= 2Uon(R) = U, s ROT, (1)
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Table 1. Binding energies E, (V) and equilibrium internuclear distances R, (A) of the valence and Rydberg states of the N,
molecule

This work Experimental data Results of other calculations
States
E, R, E, R, Ref. E, R, Ref.
Xzzg 0.000 1.125 0.000 1.116 [3] 0.000 1.125 [2]
32;(3dng) —0.239 1.178 — — — —0.237 1.183 [2]
3
A, (3dmy) —0.269 1.178 — - — —0.296 1.197 [2]
332; —0.662 1.455 — — — —0.456 1.518 [2]
—1.195 1.692 [1]
3 _ — _ _
47A, 0.980 1.844 —1.277 1.736 [2]
2'1‘[8 —0.992 1.952 - — — —0.893 1.886 [2]
33Ag —0.994 1.848 — — — — — —
CélZZ(5PGu) —1.060 1.124 —1.217 - [9] —1.241 1.136 [2]
3Au 4£3,) —1.089 1.123 — — — —0.861 1.125 [2]
2’A, —1.103 2.762 - - - - - -
2’s; —1.123 1.829 - - — - - -
43Hu —1.155 1.492 — - — — — —
x '2;(31;7-;”) —1.304 1.174 —1.526 1.173 [3] —1.539 1.179 [2]
3w—
z, (3pm,) —1.310 1.174 — — — —1.349 1.181 [2]
_ —1.438 1.729 [2]
3 _ _ _ _
2%, 1.322 1.943 —1.375 1.821 [7]
yll'[g(3pcu) —1.328 1.175 —1.418 1.177 [3] —1.253 1.175 [2]
kIHg(3dng) —1.330 1.128 —1.480 1.109 [3] —1.465 1.128 [2]
3
I1,(3dm,) —1.342 1.120 — — — —1.494 1.124 [2]
zlAg(3p1'[;u) —1.342 1.174 —1.278 1.169 [3] —1.331 1.155 [2]
I'A, -1.352 1.744 - - - —1.504 1.732 [2]
3Ag(3pnu) —1.364 1.176 — — — —1.486 1.196 [2]
331‘[u —1.369 1.359 - - — - - —
2! (3pm,) —1.402 1.176 — - - —1.482 1.189 2]
2122 —1.450 2.328 — - — —0.959 1.700 [2]
d31):§(3dcg) —1.466 1.121 —1.699 - [10] —1.633 1.125 [2]
-
T, (4s0,) —1.488 1.125 — — — —1.680 1.129 [2]

RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY B Vol. 12 No.4 2018



Table 1. (Contd.)

AB INITIO CALCULATION OF THE LOWEST SINGLET

623

This work Experimental data Results of other calculations
States
E, R, E, R, Ref. E, R, Ref.
—2.794 1.499 [1]
Vgt _ _
b 1.988 1.737 2.634 1.444 [3] 5780 1.463 2]
Ongu(3SGg) —2.123 1.151 —2.464 1.178 [3] —2.182 1.170 [2]
—2.534 1.506 [1]
H3q)u —2.123 1.485 —2.483 1.488 [3] —2.358 1.512 [2]
—2.210 1.499 [7]
F3]_[u(3s($g) —2.184 1.183 —2.555 1.176 [11] —2.254 1.168 [2]
231_[14 —2.335 2.834 — — — — — —
CSIHu(3pnu) —2.427 1.120 -2.637 1.116 [3] —2.488 1.140 [2]
G31‘[u (3pm,) —2.431 1.124 —2.696 1.113 [11] —2.660 1.127 [2]
¢ 12:(3%5.4) —2.460 1.125 —2.635 — [9] —2.628 1.127 [2]
032:(313(5“) —2.515 1.124 —2.603 1.108 [3] —2.724 1.124 [2]
—2.765 1.636 [2]
1'T —2.571 1.727 - - — —2.821 1.609 [7]
8
—3.100 1.600 [12]
—3.158 1.381 [1]
1 _ _
b'Tl, 2.769 1.330 2.984 1.284 [3] 3200 1,340 2]
g+
a" %,(3sG,), —3.165 1.128 [2]
g g -3.109 1.122 —3.190 1.122 [3]
inner —3.698 1.114 [7]
—3.698 1.535 [1]
031'[“ —3.187 1.522 —3.396 1.514 [3] —3.755 1.534 [2]
—3.286 1.527 [7]
_ —3.659 1.631 [2]
3 _ — _ _
1'%, 3.240 1.704 _3.467 1.619 7]
—3.575 1.127 [2]
3t _ _
E’%,(350,) 3.303 1.123 3.705 1.117 [3] ~3.700 L127 7]
1322 —3.450 2.818 — — — — — —
232: —3.524 2.883 - - — - - —
—4.570 1.574 [1]
a" ‘z;, outer —4.056 1.549 - — — —4.553 1.572 [2]
—4.367 1.557 [7]
—4.583 1.160 [1]
c, —4.173 1.159 j“s‘gg | 1_49 {2} —4.703 1.162 [2]
) ) —4.401 1.154 [7]
—4.608 1.618 [1]
GSAg —4.419 1.670 —4.692 1.611 [3] —4.876 1.637 [2]
—4.466 1.618 [7]
RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY B Vol.12 No.4 2018
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This work Experimental data Results of other calculations
States
E, R, E, R, Ref. E, R, Ref.
—7.763 1.280 [1]
WA —6.468 1.266 —6.651 1.268 [3] —6.786 1.282 [2]
“ —6.470 1.295 [7]
—7.043 1.226 [1]
AT —6.817 1.228 —7.000 1.220 [3] —7.088 1.235 2]
& —6.915 1.223 [7]
—7.274 1.292 2]
g — _
a's; 6.915 1.273 7.140 1.276 (3] 031 178 ]
—7.667 1.292 2]
1 3¢— — _

Bs; 7.192 1.282 7.373 1.278 [3] 7349 1283 ]
—8.147 1.285 [1]
W3A —8.000 1.282 —8.175 1.300 [3] —8.499 1.293 2]
! —8.243 1.283 (7]
—8.242 1.218 [1]
B —8.001 1.222 —8.198 1.213 [3] —8.494 1.227 2]
& ~8.106 1.220 [7]
—9.460 1.291 [1]
st —9.222 1.291 —9.336 1.287 [3] —9.946 1.310 [2]
! —9.392 1.292 [7]
—15.997 1.107 [2]

X'z} —15.432 1.104 —15.590 1.098 (3]
—15.590 1.104 (71

where # is the principal quantum number, / and A are
the orbital moment of the Rydberg electron and its
projection on the axis of the molecule. Table 2 lists the

values of the adiabatic quantum defects ,, at an
equilibrium position R, for the series of states that con-

verge to the ground state X 22; and first electronically

excited state Azl'lu of the N ion. Table 2 also gives the
data of [2, 13].

It is worthwhile to note the unusual behavior of
quantum defects for the ° 2.(3pm,), xIZ;(3p1tu), and
3Z;(3ahtg) states belonging to the Rydberg series that

converge to the A2Hu state of the ion. In contrast to
our assumptions, the quantum defects slightly

increase for the 3Z;(3pnu) and xIZ;(?apnu) states and

abruptly decrease for the 3E;(Ba’ng) state.

The calculations of the cross sections and rate con-
stants of DR [14—16] and Al [6, 17] in the framework
of the integral variant of the MQD theory use the

dependences of the diabatic quantum defects uff,x(R)

RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY B

included in the expression for the reaction ¢ matrix.
The calculations generally use the linear interpolation:

d
W (R) = nip (R + Lan(B)

—_ R 2
TR (R-R), (2

R
where R: is the equilibrium position of the ion nuclei.
Table 3 lists the calculated values of the diabatic quantum

defects and their derivatives taken at an equilibrium posi-
tion for different series of the Rydberg states of the N,

molecule, which converge to the ground X 22; and first

electronically excited Azl'lu states of the N ion.

3.4. Configuration Interaction

In terms of the MQD theory, the complete Hamil-
tonian of the system is generally represented in the

atomic system of units (A =m, = e =1) as [1§]

H=H,+V, (3)
1 1
HO :_EA"_;—FH‘I’ (4)

Vol. 12 No.4 2018
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Fig. 1. Comparison of the experimental Eg and calculated (Ee)calc binding energies AE, = Eg - (Ee)calc: the data of (1) [2],

(2) our calculation, (3) [7], and (4) [1].

where —(1/2)A, is the kinetic energy operator of a
weakly bound electron; r is its coordinate relative to

the center of mass of the positively charged N; molec-
ular ion; and H,, is the Hamiltonian of the molecular
ion, which depends on the set of coordinates of inner
electrons {x}. The index ¢ = {v, N} specifies the set of
vibrational (v) and rotational (N) quantum numbers of
the ion. The zero Hamiltonian H,, is chosen such that
all interactions be included in the dissociative config-

urations N + N*, while in the e + Nj scattering
channel, only the Coulomb part of interaction

ye = —l/r should be included. Then in complete

Hamiltonian (3), the operator V = V" +V“
includes the non-Coulomb part of electron interac-

tion with the ion core V" and the configuration inter-
action V' that binds ¢~ + N3 and N + N * configura-
tions denoted by the indices ¢ and 3. The correspond-
ing wave functions have the form

) = V1o, ()9, ()%, (R), (5)

|B) = Vs (1), ()x(R), (6)

RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY B  Vol. 12

where @,(r) and @g(r) are the single-electron wave
functions of these configurations, @, (x) and @, (x) are
the electron functions of ion residues, {x} is the set of
coordinates of inner electrons, Y, (R) is the vibrational
wave function of the N ion, and Xp(R) is the nuclear
wave function of the dissociative configuration. The

electronic functions | @, (r)¢,(x)) are simple two-con-
figuration wave functions of the ground state of the ion
complemented with the corresponding Rydberg

orbital. The wave functions |g) and |B) were normal-
ized on the energy scale as

(aB)|a(EY) = (BE)|B(EY) = nd(E ~ E).  (7)

At the distances r between the electron and the ion

core of the order of atomic distances (r ~ a,, where a,
is the radius of the first Bohr orbit) they describe the
fast electron and the slow nuclear subsystem; i.e., they
are adiabatic. The matrix elements of the configura-

tion bond (g|V"“'|B) describe the configuration inter-
action of the e” + N3 and N + N * states.
Figure 3 presents the matrix elements of interaction

I/‘I%I(R) of the dissociative and Rydberg configurations,

No.4 2018
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Fig. 2. Diabatic potential curves of the Rydberg and valence states of the N, molecule: (a) even singlet states, (b) odd singlet states,

(¢) even triplet states, and (d) odd triplet states.
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Table 2. Values of the adiabatic quantum defects ,, (R,) for series of Rydberg states of the N, molecule

ADAMSON et al.

i States, Rydberg series W (R)*
Ionic states A
(ni}) A B C
E3z;(3scg) 1.000 1.049 1.070
a"'¥i(3s0,) 0.992 0.927 0.940
D’s(3po,) 0.826 0.765 0.740
¢, "= (3po,) 0.675 0.725 0.680
G’11,(3pm,) 0.673 0.739 0.700
X’z 'L, (3pm,) 0.642 0.668 0.670

dy'S} (3do,) 0.146 0.114 0.150
3¢+

! (450,) 0.993 1.155 0.930
3 . _ —

1, (3dn,) 0.020 0.018 0.070
klng(3dng) —0.151 —0.047 —0.080
&' (4po,) 0.636 0.694 0.580
FI1,(350,) 0.978 1.022 1.020
051, (350) 0.976 0.972 0.980
’¥(3pm,) 0.688 0.768 0.670
3

A,(3pm,) 0.624 0.760 0.710
Z'A,(3pm,) 0.611 0.704 0.700
AT,

y'M,(3po,) 0.631 0.652 0.600
3 —

¥, (3pm,) 0.637 0.697 0.760
x'%,(3pm,) 0.677 0.696 0.740
’A,(3dmy) —0.016 0.009 —0.080
32;(3dng) —0.441 —0.061 —0.060

* A — the results of the present study, B — [11], and C — [13].

of 12; and ll'[u symmetry and the triplet ones of 3Hu
symmetry.

whose states converge to the ground state X ZZ; of the

N ion. The solid lines denote the configuration inter-
actions of the singlet states; the dashed lines denote
the same for the triplet ones. It follows from Fig. 3 that
the best interacting configurations are the singlet ones

Figure 4 presents similar results for the matrix ele-

ments of interaction I/[I[C;(R) of the dissociative and
Rydberg configurations whose states converge to the

RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY B Vol. 12 No.4 2018
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Table 3. Diabatic quantum defects and their derivatives for different series of Rydberg states of the N, molecule
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Ionic states States, Rydberg series (n/)) nd (R % .
E’E}(350,) 0.970 0.023
a"'53(350,) 0.905 0.050
D’s (3po,) 0.730 —0.203
¢'Z,(3po,) 0.725 0.100
G’I1,(3pm,) 0.639 0.428
Xz} ;' T1,(3pm,) 0.632 0.563
'S} (3do,) 0.061 —0.039
’X1 (450,) 1.008 ~0.073
I, (3dn,) 0.159 0.507
kIHg(3dng) 0.184 —0.135
;'3 (4pc,) 0.552 0.205
FI1,(3s0,) 0.979 0.029
0511, (3s0,) 1.009 —0.023
T Gpm,) 0.685 0.124
A, (Gpm,) 0.721 —0.184
zlAg(3pTcu) 0.609 —0.094
AT,
y',(3pc,) 0.622 ~0.080
’x, (3pm,) 0.653 0.120
x'%,(3pm,) 0.599 —0.090
*A,(3dm,) 0.130 0.205
°%, (3dm,) —0.062 0.000
RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY B Vol.12 No.4 2018
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Fig. 3. Matrix elements of interaction Vq%l (R) of the dissociative and Rydberg configurations whose states converge to the ground
state X’Zy of the N3 ion: (1) V(@ = '®,), (2 V' (pm, —3'TL,), (3) Vi (so, —a"'T), (9) V' (pm, —2'T1,),
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first electronically excited A2Hu state of the N ion.
Here we can state that the best interacting configura-
tions are the singlet ones of IZ;, 11'[,4, and lAg symme-

try and the triplet ones of 31’Iu and *A ¢ Symmetry.

4. CONCLUSIONS

The adiabatic potential curves were calculated by
the CMRCI method for 20 valence and 22 Rydberg
singlet and triplet configurations of the nitrogen mol-
ecule. The detailed comparison of the obtained data
with experiment and other calculations convincingly
showed high accuracy of the present results.

As aresult of the use of the diabatization method, a
picture of diabatic terms was constructed, and the dia-
batic quantum defects and radial matrix elements of
the configuration interaction of dissociative and Ryd-
berg configurations whose states converge to the

ground state X 22; and the first electronically excited

ion state AZHM were calculated. These data will be used
to calculate the partial and total cross sections and rate
constants of DR and Al within the framework of the
integral variant of the MQD theory. In this case, it suf-
fices to include only the singlet configurations related

to 12;, 1Hu, and lAg symmetry and the triplet ones

related to 3Hu and 3Ag symmetry. The contribution of
the remaining states will be negligibly small.

Recently, theoretical studies have been actively
conducted to investigate the optical quantum proper-
ties of the D and E layers of the Earth’s ionosphere,
which arise during the periods of strong geomagnetic
disturbances of the ionosphere due to high solar activ-
ity [19]. The positioning errors of the global navigation
satellite systems (GNSSs) generally increase in these
periods. At stronger geomagnetic disturbances, the
signal on the GNSS receiver can completely disappear
and does not appear for a long time [20]. The uncon-
trolled sporadic violations of satellite signals are due to
phase and group delays during the propagation of elec-
tromagnetic radiation [21].

It was found that during the periods of high solar
activity, the Rydberg molecular complexes responsible
for the distortion of the satellite signals are populated
in the D and E layers of the ionosphere [22]. The radi-
ative transitions between the orbitally degenerate
states of these complexes form incoherent additional
background radiation in the decimeter (microwave)
and terahertz (IR) bands. Therefore, today construc-
tion of the potential energy surfaces of the Rydberg
states of the nitrogen and oxygen molecules perturbed
by the neutral molecules of the gaseous medium is a
challenge.
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