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Cross sections and thermal rate coefficients are computed for electron-impact dissociative recombination and vi-
brational excitation/de-excitation of the N; molecular ion in its lowest six vibrational levels, for collision ener-

gies/temperatures up to 2.3 eV/5000 K.

I. INTRODUCTION

The nitrogen molecule N> is one of the most widely stud-
ied species so far in plasma physics. Being very stable at
low temperature, it is very abundant in the Earth atmosphere,
and is notably present in other planetary atmospheres - Ti-
tan 98.4 %!, Triton? Pluto®, Venus 3.5 % and Mars 1.9 %!
. For other trans-Neptunian objects than Pluto, this molecule
is also one of the main component of the ices - spectroscopi-
cally observed at their surfaces - and may produce a very thin
atmosphere when the temperature increases under solar irra-
diation*. Under the influence of an electric field, the high alti-
tude planetary atmosphere can be crossed by few milliseconds
giant discharges called sprites, whose spectroscopic signature
is mainly due to spontaneous emission from N excited elec-
tronic states>.

Consequently, the N2+ cation is also of huge interest. Due
to the solar irradiation, the production of N; on excited vi-
brational states plays a significant role in the characteristics
of the Earth’s thermosphere®. It is also the main molecular
cation in the atmosphere of Titan’ and Triton®. On the other
hand, during the atmospheric entry of a spacecraft in Earth’s
and Titan’s atmospheres, the hypersonic compression of the
gases leads to the formation of a plasma departing from lo-
cal thermodynamic equilibrium”. The ionic composition, in-
cluding N3, plays a key role in the radiation emitted by the
plasma in the near UV spectral region!?. In many plasma-
assisted industrial processes elaborated so far, the plasma re-
activity is greatly enhanced by the presence of N2+. This is, for
instance, the case in the ammonia synthesis in plasmas/liquid
processes'!. Nj is also very effective in the antibacterial treat-
ment of polyurethane surfaces!2. Moreover, NJ -asN;-isa
key ingredient in the steel nitriding, resulting in the improv-
ing of its frictional wear resistance, surface hardness and cor-
rosion resistance!>. Furthermore, N; also plays a major role
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in the dermatological treatments based on the nitrogen radio-
frequency discharges'#.

The characteristics of the nitrogen-containing plasmas can-
not be fully understood without a deep knowledge of the re-
activity of N2+ , in particular by collisions with electrons.

Dissociative Recombination (DR) is the major molecular
cation destruction reaction, that takes place when an elec-
tron collides with the NZ+ molecular cation, leading to neutral
atomic fragments:

Ny (v)+e (e) — N+N. ()

Here ¢ is kinetic energy of the incident electron and v;" the
initial vibrational quantum number of the target.
In the same time other competitive processes might occur:

NS (v) +e(e) — Ny (v}) +e (gp), )

i.e. elastic (EC) (v}r =v"), inelastic (IC) (v]f >v") and super-
elastic (SEC) collisions (vjf < vf) v? standing for the final
vibrational quantum number of the target ion. These processes
are also known as Elastic Scattering (ES), Vibrational Excita-
tion (VE) and Vibrational deExcitation (VdE) respectively.

The elementary non-thermal electron driven processes,
in particular dissociative recombination, was experimentally
studied using plasmas with laser induced photo-fluorescence
techniques'®, shock tubes!®, discharge afterglow experi-
ments' 1% and microwave techniques'®. The most detailed
collisional data can be obtained in merged beam 2° and/or stor-
age ring experiments>!.

Two different sets of theoretical calculations have been per-
formed??~2° on the DR of Nj. They involved different quan-
tum chemistry and similar nuclear dynamics calculations, and
both studies were focusing on the ground and the lowest three
vibrational levels of the target.

Our aim with this paper is to extend as far as possible the
calculations started in 2%, This extension refers to:

1) the kinetic energy of the incoming electron: up to 2.3 eV
vs 1 eV previously.



Low-energy electron-impact dissociative recombination and vibrational transitions of N;r 2

ii) the elementary processes explored: besides the DR stud-
ied in the past, the EC, VE and VdE cross sections and rate
coefficients are computed.

iii) the vibrational levels considered in the vibrational tran-
sitions: up to the fifth excited level of the target vs the third
previously, and the lowest ten vibrational levels as final ones.
The rotational effects have been neglected, since they are im-
portant only at very low collision energies.

All these extensions make our results relevant for the atmo-
spheric and cold plasma environments, electron temperatures
where the rotational effects can be neglected.

The paper is organized as follows: After a brief description
of the theoretical approach (section II), we present in more
details the molecular data used in the calculations (section III)
followed by the presentation of the results (section IV). The
paper is ended by conclusions.

Il. THEORETICAL APPROACH

The efficiency of our method of modeling the elec-
tron/diatomic cation collisions, based on the Multichannel
Quantum Defect Theory (MQDT) has been proved in many
previous studies on different species, including H; and its
isopologues®28, ArH™?°, CH30, SH3!, etc. The general
ideas of our approach were already presented in detail in our
previous study of the N> * dissociative recombination 2% and,
therefore, here we restrict ourselves to its major steps.

The reactive processes (1) and (2) involve ionization chan-
nels - describing the scattering of an electron on the target
cation - and dissociation channels - accounting for atom-atom
scattering. The mixing of these channels results in quantum
interference of the direct mechanism - in which the capture
takes place into a doubly excited dissociative state of the neu-
tral system - and the indirect one - in which the capture oc-
curs via a Rydberg bound state of the molecule belonging to
a closed channel, this state being predissociated by the disso-
ciative one. In both mechanisms the autoionization - based on
the existence of open ionization channels - is in competition
with the predissociation, and can lead to the excitation or to
the de-excitation of the cation.

One starts with the building of the interaction inferaction
matrix ¥ that drives the collision, whose elements quan-
tify the couplings between the different channels - ionization
and/or dissociation ones.

More specifically, each of the ionization channels, built on
the NEL ion in one of its three lowest electronic states - X 22;,
A 21, or B 22;, see Fig. 1 - and on its vibrational level,
interacts with all the dissociation exit channels (Rydberg-
valence interaction), but also with the other ionization chan-
nels (Rydberg-Rydberg interactions) - Fig. 2. Depending on
the total energy of the system these ionization channels can be
open - the entrance channels, describing the incident electron
colliding the ion in its ground electronic state, or exit chan-
nels, describing the auto-ionization, i.e. elastic scattering, vi-
brational excitation and de-excitation - or closed - describing
the resonant temporary captures into Rydberg states.

-108.3
-108.4 —
o
g 4
E -108.5 . E
>\ 4
on
5 -108.6 —
5 : 4’1
\/—:, 2 2
_/2‘A D) + NCD) NCD) + NCD)
-108.7 -+ . .
N(*'S) + NCP)
[ T H \
_ | 1 | | | [
108'% 52 3 4 5 6 72 3 4 5 6 7

Internuclear distance (ao)

FIG. 1. Potential energy curves (PEC) relevant for the DR of N2+ 2,
Target cation N;r: ground electronic state (XZZZ;) black, first ex-
cited state (A2I1,) red, second excited state Bzz; green. Neutral
system Ny: Left panel, singlet states of different symmetries - blue
for 11, magenta for lAg, cyan for a”lZ;r and orange for lgp,. Right
panel, triplet states of different symmetries - blue for IT,,, magenta
for H3Ag and orange for 3,. The lowest five vibrational levels of
each electronic state of the ion and the dissociative asymptotic limits
for all states are shown. The green dashed line gives the upper limit
of the total energy of the system, above which our results are still
reasonably correct (see text).

Once the ¥ -matrix is elaborated, we build the short-range
reaction matrix %~ of the collision, as a second order pertur-
bative solution of the Lippmann-Schwinger equation. The di-
agonalized version of the J# -matrix (in the eigenchannel rep-
resentation) whose eigenvalues are expressed in term of long
range phase-shifts of the eigenfunctions, together with the vi-
bronic couplings between the ionization channels, serve for
the building of the frame transformation matrices.

Applying a Cayley transformation on these latter matri-
ces we can set up the generalized scattering matrix X. The
Seaton’s method of “eliminating’ the closed channels 32 is
then employed, resulting in the physical scattering matrix .&:

1

S=Xp—X
20 T X oo —exp(—i2mv)

XCO ’ (3)

relying on the block-matrices involving open (X,,), open and
closed (X, and X.,) and closed (X ) channels. The diagonal
matrix v in the denominator of equation (3) contains the ef-
fective quantum numbers corresponding to the the vibrational
thresholds of the closed ionisation channels at given total en-
ergy of the system.

Finally, the cross section for the dissociative recombination
and for the vibrational transitions - vibrational excitation/ de-
excitation and elastic scattering write respectively as:

2

T A
O, +=—p" ‘S +
diss<v; 4¢e P ;} djlv;



Low-energy electron-impact dissociative recombination and vibrational transitions of N;r 3

Energy (Hartree)

g
/?5
2 S L 1T [ ] R -R,
S I T I ] 2
& L ‘T [ i
g E - N R
E_ /\ 1 [ 'z
Pl T I Y
RS [ | | | |
—_Q == = =
o ofET T T —
o [ T B b — k&
g 04 - - TYE = R;
= N T N d)u B
‘E = =+  ——— =
s S S —— T T S O N N S NPT NPU B
& 192 22 24 2 22 24 2 22 24 2 22 2425

Internuclear distance (a )

FIG. 2. Molecular data sets for the modeling of reactive collisions
between electrons and Nzr 22 1% row: PECs of the relevant states
of the ion and of the neutral for all relevant symmetries. 2" row:
Rydberg-valence electronic couplings. 3" row: Rydberg-Rydberg
electronic couplings. 4" row: Quantum defects characterizing the
Rydberg series of states.

and

2
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where d; stands for a given dissociative state and p™" the ratio
between the state-multiplicities of the neutral and the target
ion.

Ill.  MOLECULAR DATA

The nuclear dynamics in low-energy electron/molecular
cation collisions crucially depends on the molecular structure
of the target and of the formed neutral - often superexcited
- complex. The relevant molecular data sets consist in the
potential energy curves (PECs) of the target cation - for the
ground and for the excited electronic states - the PECs of
the doubly excited bound or dissociative molecular states of
the neutral, the quantum defect-functions characterizing the
bound mono-excited Rydbers series of the neutral, and the
coupling functions between the several - ionization and dis-
sociation - continua.

One of the few quantum chemistry methods capable to pro-
duce the highly excited molecular states at the required accu-
racy is based on the R-Matrix Theory>?. The bound and reso-
nant adiabatic potential energy curves of the valence and Ry-
dberg states of N having singlet and triplet symmetries have
been published in Refs.>*3>. The diabatic curves, couplings
and quantum defects relevant for the dissociative recombina-
tion of Nj were presented in*2. The electronic states of the
target were calculated using the standard quantum chemistry
program suite Molpro®. Figure 1 shows the PECs of the dis-
sociative molecular states of N, as well as those of the rele-

TABLE I. The energies of the vibrational levels of the N; molecular
cation - relative to the ground one - involved either as initial or as
final levels in the present calculations.

vt 0 1 2 3 4 5 6 7 8 9
E,+ (eV)|0.0 0.266 0.528 0.786 1.040 1.290 1.536 1.777 2.014 2.248

vant states of N7, involved in our previous22 and present cal-
culations.

The same PECs are dispatched by symmetries in the first
row of Figure 2, figure which contains the whole ensemble
of molecular data relevant for the modeling of the internu-
clear dynamics. Whereas its first row illustrates how favorable
are the crossings between the PECs of the dissociative states
with those of the target ones - i.e. the Franck-Condon effect -
the driving interactions of the dynamics - the Rydberg-valence
couplings - are shown in the second row. The third row gives
the Rydberg-Rydberg couplings: In the present calculation,
only the couplings among the series correlating to the ground
(X) and first excited (A) state of the ion have been considered.
And finally the last row of the figure displays the quantum de-
fects characterizing the Rydberg series built, each of them, on
one of the three cores X, A and B.

IV. RESULTS AND DISCUSSIONS

Based on the molecular data already presented in fig. 2, we
have performed the nuclear dynamics calculations using the
MQDT approach presented in Section II. The DR, EC, VE
and VdE cross sections have been calculated considering the
N2+ target in one of its lowest six vibrational states, and focus-
ing on the vibrational transitions to the lowest ten vibrational
levels, when energetically accessible. Table I shows the ener-
gies of these latter levels relative to vi+ = 0 of the target.

The calculations have been performed by taking into ac-
count both the direct and the indirect mechanisms, the reac-
tion matrix being evaluated in the second order, and all their
vibrational levels - 81, 66 and 50 respectively, associated to
open or closed ionization channels, according to the total en-
ergy of the system - have been fully accounted.

The cross sections have been calculated for all the relevant
symmetries listed in figs. 1 and 2, for collision energies of
the incident electron ranging between 107> and 2.3 eV, with
an energy step of 0.01 meV. These cross sections have been
summed up to obtain the global cross sections.

The global DR, EC, VE and VdE cross sections for target
cations having initial vibrational levels v;" = 0,1 and 5 are
shown in figure 3 (a), (b) and (c) panels respectively. The
vertical dark-green dashed lines in the mid and upper panels
of figure 3 mark the energy below which the calculations are
the most accurate. Above these thresholds the calculations
neglect the role of the higher lying dissociative states of the
neutral.

Nevertheless, the data displayed continue to be reason-
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FIG. 3. Global DR, EC, VE and VdE cross sections of the N;r v;r =0 (a), v;r =1 (b) and viJr =5 (c) as a function of the collision energy.
For vibrational transitions (VE and VdE) we label the processes as transitions from the initial to the final vibrational leveles of the target. The
vertical dashed dark-green line gives the precision limit of the calculations (for details see text).

ably correct above these thresholds because these dissocia-
tive states penetrate into the ionization continuum well above
these thresholds, forming favourable/non-vanishing Franck-
Condon overlaps with the target electronic states at even
higher collision energies. This Franck-Condon overlap is pro-
portional with the first order term of the direct cross section.
In addition the couplings of these dissociative states with the
Rydberg series are generally weaker, leading to less important
cross sections in second order.

The direct mechanism is responsible for the background
1/E behaviour of the cross sections, while the indirect one
through the temporary capture into the Rydberg states pro-
duces all the resonance structures dominating the cross sec-
tions.

Among all the processes studied here the elastic collision
(red curves in fig. 3) predominates, their cross sections be-
ing at least one order of magnitude higher than those obtained
for the dissociative recombination (black curves). The global
DR cross section increases as we change the initial vibrational
state of the target by unity and starts to decreases as we arrive
atv;” = 5. While the vibrational de-excitation (cyan curves for
initial vibrational levels higher than 0) are in competition with
the DR cross section, at higher collision energies their over-
all cross section values are at least with a factor of 5 smaller
than those of the DR. The vibrational excitations (green, blue,
violet, maroon, etc. curves) show threshold effects at the col-
lision energies where they become open. Moreover, one can
see that for a given initial vibrational level v;" the |AvT| =1

vibrational transitions are the most probable ones, decreas-
ing monotonically with |Av™ | for the transitions between more
distant levels.

Figure 4 shows the thermal rate coefficients of all processes
for the six lowest initial vibrational levels of N2+. The green
dashed line gives the precision limits of our calculation ex-
pressed now in electron temperatures.

The EC (dashed violet line in figure 4), DR (solid black
line) and VdE (symbols and thick coloured lines) rate coeffi-
cients decrease monotonically with the temperature, while the
VE (thin coloured lines) ones increase, partly because of the
threshold behaviour of their corresponding cross sections. The
largest rate coefficients we obtained are those for the resonant
EC process, which is followed by the DR. With the exception
of the vl.Jr = 1 case the VdE rate coefficients are smaller than
those for the DR. At vi+ = 1, the DR is in competition with
VdE but, for v;“ > 1 DR exceeds VdE with a factor of 2 — 5.
We can see from figure 4 that the VE process is relatively im-
portant at high electron temperatures only. Moreover, higher
we go with the initial vibrational quantum number of the tar-
get cation, more probable VE becomes.

And finally, in order to allow the versatile implementa-
tion of the rate coefficients in kinetics modelling codes, we
have fitted them with Arrhenius-type formulas. The calcu-
lated rate coefficients for the dissociative recombination and
for the elastic collisions of electrons with N2+ on each of its
lowest 6 vibrational levels (vi+ =0,1,...,5) have been interpo-
lated under the mathematical form:
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FIG. 4. Maxwell rate coefficients for all the relevant electron-induced processes on Nzr initially on vf = 0 — 5 vibrational levels : Dissociative
recombination (black line), elastic collisions (indigo dashed line), vibrational excitation (thin coloured lines) and vibrational de-excitation
(symbols and thick coloured lines). For the vibrational excitations all the transitions are shown up to v}' = 9 with the lowest transition being
labeled on each figure. The excitation and the de-excitation up to the final vibrational quantum numbers are given. The green dashed line gives
the precision limit of our calculation given in temperatures (for details see text).

TABLE II. List of the fitting parameters used in formula (5), temper-
ature regions and root mean squares for the EC and DR rate coeffi-

cients of NJ (v =0-5).

vf’ Temperature range A 07 B RMS
K (em3s1K=%) (K)

EC 0 100<T<5000 3.37355x 10> -0.498093 -1.97069 0.0095
1 100<T<5000 3.35449x 107> -0.487562 -2.85638 0.0086

2 100<T<5000  4.29406x 107> -0.516353 1.01360 0.0050

3 100<T<5000  4.32596x 1073 -0.512870 3.42679 0.0023

4 100<T<5000  4.53781x107> -0.519476 1.46782 0.0029

5 100<T<5000 4.32166x 107> -0.511299 2.01044 0.0022

DR 0 100<T<700  1.56020x 107> -0.679449 53.0333 0.0051
700<T<5000 2.27099x 1077 -0.129049 -388.399 0.0040

1 100<T<900  1.11178x1077 -0.120373 -41.6843 0.0049
900<T<5000 2.60704x10~% 0.086645 -85.4307 0.0055

2 100<T<1000  1.54430x 107 -0.345836 -28.1712 0.0053
1000<T<5000 7.09592x107° -0.544674 145.630 0.0030

3 100<T<5000  1.53033x107% -0.438705 -19.1368 0.0088

4 100<T<460  5.25573x107% 0.042384 -76.5345 0.0032
460<T<5000  3.42600x107° -0.539469 208.028 0.0031

5 100<T<5000  7.20627x 1077 -0.394354 -7.90548 0.0106

Kt _ o B

(T)=AT" exp -7 )

over the electron temperature range 100 K < 7, < 5 000 K

and/or for rate coefficients larger then 10~'* cm

3

s~ L as dis-

played in fig. 4. The A, o and B fitting parameters used in
equation (5) together with the temperature ragions are listed

in table II for EC and DR, and in table III for VE and VdE
processes. The efficiency of the fitting are characterised with
the Root Mean Squares, and we were able to reproduce the
MQDT rate coefficients with a precision higher than 97%.

V. CONCLUSIONS

The present work extends considerably our previous study
of the dissociative recombination of N; with electrons?.
Making use of the molecular data set calculated in Refs.?>3433
and of our step-wise MQDT method, we have performed cal-
culations for the lowest 6 vibrational levels of the target cation
in collision with electrons having kinetic energy up 2.3 eV
and, in the case of thermal equilibrium, electronic temperature
up to 5000 K. We have provided cross sections and rate coeffi-
cients for resonant elastic scattering, dissociative recombina-
tion, vibrational excitation and de-excitation of NJ molecular
cation, important for the detailed kinetic modelling of cold
astrophysical, atmospheric and laboratory plasmas.
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TABLE III. List of the fitting parameters used in formula (5), temperature regions and root mean squares for the VE and VdE rate coefficients

of NJ (v

=0—-5and v}r =9). The lines having bold v}' values belong to VdE.

vi v}r Temperature range A o B RMS v v}r Temperature range A o B RMS
(K) (em®s™'K~%) (K) (K) (em®s™1K~9%) (K)

0 1 270<T<5000 3.35476x107° -0.584062 4525.43 0.0073 3 0 100<T<700 3.69265% 1077 -0.399263 -29.4462 0.0087
2 400<T<1000 9.13678x10~7 -0.553899 6100.88 0.0021 700<T<5000 1.88955x107% -0.594995 205.425 0.0045
1000<T<5000 3.04596x10~7 -0.420925 5907.02 0.0028 4 100<T<560 3.67969% 1077 -0.546948 2807.96 0.0290

3 600<T<1500 9.67070x10~7 -0.509170 3228.55 0.0062 560<T<5000 1.29198x1077 -0.410534 2682.71 0.0112
1500<T<5000 4.98432x107% -0.699380 9626.89 0.0040 5 440<T<1300  4.82997x107 -0.335457 5887.42 0.0106

4 850<T<2000 9.30628x10~% -0.292379 11989.3 0.0054 1300<T<5000 8.49983x107° -0.137448 5427.34 0.0084
2000<T<5000 8.81469x10~7 -0.546342 12651.0 0.0033 6 650<T<1700 1.54145%10~7 -0.532191 9039.15 0.0032

5 1000<T<5000 8.92493x10~7 -0.596125 14871.8 0.0066 1300<T<5000 9.06525x10'° 0.052019 7617.98 0.0111

6 1200<T<2500 1.44702x107° -0.667566 17980.5 0.0022 7 850<T<2000  2.49601x10~% -0.300658 11333.8 0.0091
2500<T<5000 5.49126x107° -0.815886 18422.2 0.0009 2000<T<5000 4.15424x107° -0.093853 10888.7 0.0003

7 1500<T<5000 1.65552x107% -0.696318 21345.0 0.0190 8  1100<T<5000 2.27558x10~% -0.079760 13723.8 0.0189

8  1800<T<5000 9.86709x10~8 -0.470871 23504.3 0.0071 9 1300<T<5000 3.06856x10~7 -0.645208 17278.8 0.0034

9 2000<T<5000 1.34002x107% -0.780327 26309.7 0.0025 4 3 100<T<400 6.37863x 108 -0.145968 -28.4720 0.0082

1 0 100<T<5000 1.45341x107° -0.478820 19.3876 0.0195 400<T<5000  6.36181x107° -0.825697 192.216 0.0072
2 190<T<900  3.82842x107% -0.706740 3146.96 0.0154 2 100<T<900 6.55402x 1078 -0.262797 23.6274 0.0227
900<T<5000 1.45126x10~% -0.015912 2326.31 0.0076 900<T<5000 1.05821x 1077 -0.378427 -214.371 0.0140

3 420<T<900 1.79064x 1077 -0.420497 6137.15 0.0011 1 100<T<440 2.32972x10°% -0.116666 -8.97262 0.0057
900<T<5000 1.14329x10~% -0.080877 5736.89 0.0040 440<T<5000 2270971077 -0.444141 124.096 0.0044

4 600<T<1500 5.53686x1078 -0.277018 8726.55 0.0040 0 100<T<400 2.12911x107° 0.389295 -22.4417 0.0183
1500<T<5000 4.12085x10~7 -0.506359 9262.99 0.0065 400<T<5000  2.10016x107° -0.645580 264.431 0.0066

5 850<T<5000 1.38279x10~7 -0.426255 12008.4 0.0031 5 190<T<900 7.69858x 1077 -0.525187 2964.92 0.0217

6 1100<T<2500 9.87396x10~7 -0.707100 14813.1 0.0035 900<T<5000  2.43298x10° -0.666480 3146.71 0.0028
2500<T<5000 3.02402x10~8 -0.318434 13684.3 0.0017 6  400<T<I1200 4.49741x107° -0.896475 5955.41 0.0017

7 1300<T<5000 3.25083x10~% -0.336661 16732.0 0.0157 1200<T<5000 8.84487x10~7 -0.708372 5563.92 0.0076

8  1500<T<5000 1.39545x10~7 -0.467278 20348.3 0.0062 7 580<T<1500 1.17991x 107> -0.974002 8780.06 0.0036

9 1800<T<5000 3.50537x10~% -0.362041 22692.0 0.0027 1500<T<5000 7.34677x10~7 -0.655786 8053.50 0.0084

2 1 100<T<1500 1.04603x10~7 -0.287973 -9.07849 0.0073 8 800<T<2000  4.10791x107% -0.886512 11434.1 0.0015
1500<T<5000 4.35037x10~° 0.116715 -377.074 0.0027 2000<T<5000 3.73224x1077 -0.615368 10737.3 0.0026

0 100<T<5000 6.63440x10~7 -0.498417 38.4238 0.0193 9 1000<T<2500 1.13754x10~7 -0.519202 13677.4 0.0126

3 200<T<700 1.79199x 1077 -0.415799 2977.42 0.0005 2500<T<5000 1.25100x10~% -0.269595 13039.9 0.0002
700<T<5000 7.47837x10~8 -0.306566 2843.67 0.0089 5 4 100<T<5000  4.50970x10~7 -0.474388 -11.0566 0.0125

4 400<T<1300 4.27598x107° -0.800392 6144.90 0.0036 3 100<T<500 5.83098x 1078 -0.304037 -19.8859 0.0073
1300<T<5000 4.37539x10~% -0.268995 5056.36 0.0148 500<T<5000 1.31781x1077 -0.447966 -55.6242 0.0132

5 600<T<1500 7.02948x10~% -0.367691 8687.59 0.0076 2 100<T<5000  6.21686x10~8 -0.340696 -27.4858 0.0101
1500<T<5000 8.34212x1077 -0.117668 8217.86 0.0022 1 100<T<900 8.49509%10~% -0.310555 -17.4355 0.0022

6 850<T<5000 9.67864x10~% -0.401678 11429.0 0.0164 900<T<5000 1.08934x107° -0.653000 198.309 0.0031

7 1000<T<2500 9.38561x10~7 -0.733592 14527.8 0.0013 0 100<T<5000  3.73256x10~7 -0.501538 2.80363 0.0122
2500<T<5000 1.75259%10~7 -0.547538 13960.8 0.0012 6 190<T<5000 1.47602x 1077 -0.367489 2789.39 0.0150

8  1300<T<5000 1.13024x107% -0.737221 17518.6 0.0117 7 400<T<1200  3.15877x10~% -0.292229 5543.78 0.0036

9 1500<T<5000 1.46292x10~7 -0.513870 19732.3 0.0137 1200<T<5000 1.10525x107° -0.712115 6289.63 0.0090

3 2 100<T<5000 3.60161x10~7 -0.490909 23.3038 0.0108 8 600<T<5000  4.10724x10~7 -0.585006 8593.14 0.0153
1 100<T<700  2.52673x107° 0.215750 -58.7472 0.0174 9 850<T<2000 7.61666x10~7 -0.744946 11307.6 0.0038
700<T<5000 7.86265x1078 -0.292543 41.8077 0.0060 2000<T<5000 7.87895x10~% -0.489941 10618.0 0.0036
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