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Data have been compiled on the cross sections for collisions of electrons and photons 
with nitrogen molecules (N2 ). For electron collisions, the processes considered are: total 
scattering, elastic scattering, momentum transfer, excitations of rotational, vibrational 
and electronic states, dissociation, and ionization. Ionization and dissociation processes 
are discussed for photon impact. Cross section data selected are presented graphically. 
Spectroscopic and other properties of the nitrogen molecule are summarized. The litera
ture ,was surveyed through the end of 1984, but some more recent data are included when 
useful. 

Key words: cross section data; electron collision; molecular properties; nitrogen molecule; photodis
sociation; photoionization. 
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Coll1sions of electrons and photons with nitrogen mole
cules are of significance in many areas, since nitrogen is one 
of the most fundamental molecules. They play an essential 
role. for instance, in ionm:pherir. ~nd ~uroral phenomena in 
the Earth's upper atmosphere and in a variety of gaseous 
discharge processes. Almost 20 years ago, Takayanagi and 
Takahashi ll7 made a compilation of data on electron colli
sions with nitrogen molecules. They gave a comprehensive 
set of cross sections based on the data then available and 
some theoretical estimates of their own. Since that time re
m~rkable progress has been made in atomic collision physics 
and a large volume of new pertinent data have become avail
able. The present paper is the complete update of the pn.· 
vious compilation with an addition of the data on photon 
collisions. 

The literature has been surveyed through the end of 
1984, but some more recent data are taken considered as far 
as available to the present authors. After a critical review of 
the original papers, a selection of data was made on the basis 
of the reliability of the method used to obtain those data. 
Often experimental data are preferred, but theoretical values 
are selected when nO reliable measurements are available. 
The resulting cross sections are shown graphically. In a few 
cases, where a large number of data are reported, the best 
values have been determined Ilnd shown to be recommended 
for use. In cases where it is difficult to decide which data are 
better, multiple, not unique, sets of data are shown. The dis
agreement indicates their reliability. When only one set of 
data has been reported, the set is presented here with cau
tion. In all the cases, absolute values of the cross sections in 
the units of cm2 are plotted against the electron energy in e V 
or the photon wavelength in A. 

For electron collisions, an attempt has often been made 
to deduce a comprehensive set of cross sections from an anal
ysis of swarm experiment (e.g., Ref. 38). Though providing 
valuable information, such a method has a difficulty in de
riving a unique set of the cross sections, especially at higher 
electron energies. In the present paper, no use is made of the 
data based on the swann allaly~i:s, t:.M.;ept fur mumentum
transfer and vibrational cross sections at the energies less 
than 1.8 eV. 

To keep the total number of pages reasonable. some 
restrictions have been applied to the present data compila
tion. Cross sections are considered only for the collisions 
with a nitrogen molecule in its electronic ground state. Colli
sions with the molecular ions are excluded, though some 
spectroscopic data are given for N2+ ,Nt + , and N 2- in Sec. 
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2. No data are presented on the angular dependence of the 
cross section, i.e .• the differential cross section with respect 
to angular variables. The energy of electrons and photons is 
limited, in general, to less than 1 keY. Finally, the list of 
references includes only the literature cited in the text, fig
ures, and tables. 

Because of the nature of this paper as a data compila
tion, no detailed discussions of the physics of the collision 
processes are given. For the detailed discussion, see the origi
nal papers cited or review articles and books (for recent re
views, see Refs. 68, 73, and 124; for recent books, see Refs. 
32,76,80, and 106). 

In the next section (Sec. 2) properties ofthe nitrogen 
molecule are summarized to help the understanding of the 
collision processes. In Sec. 3, photon collision data are given. 
In Sec~_ 4-Q, the dllt~ on electron collisions are presented. 
Finally in Sec. 10, a summary is given and future problems 
are discussed. 

2. Properties of the Nitrogen Molecule 
2.1. Energy Levels 

a. Electronic Energy Levels of N2, Ni, Ni + , and N2-

Molecular constants and energy levels were critically 
reviewed by Lofthus and Krupenie.74 Their paper shows de
tailed potential energy curves for N2 and N2+ . Spectroscopic 
constants are summarized also by Suchard and Melzerll

.5 

and by Huber and Herzberg.62 Micheissl calculated many 
highly excited states not reported in those reviews. Here we 
give lists of electronic states with some important character
istic information selected from the above references. Table 
2.1 shows the major states of N 2 • Table 2.2 lists the addi
tional states whose existence is predicted by the theoretical 
calculation.sl The states of N 2+ are tabulated in Table 2.3. 

Energy levels of Nt + are known fragmentarily (see 
Ref. 121 for a recent calculation). From photofragment 
spectroscopy, Cosby et al.37 concluded that the ground state 
(X Il:t ,v = 0) of Nt + lies 4.8 ± 0.2 eV above the lowest 
dissociation limit, N+ ep) + N+ ep). This suggests that 
the ground state of N2+ + is located at 43.6 eV above 
N 2X Il:g+ (u = 0). This is a little higher than the ionization 
energies measured for the production ofN,+ + (for instance, 
42.7 ± 0~5 eV by Agee et al.3

). 

The system, e + N 2' has many resonance states (corre
sponding to temporary negative ion states ofN2 ). Those are 
shown in Fig. 2.1. Details of the resonances are reviewed, for 
instance, by Schulz. 101 
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Table 2.1. Major electronic states of N2 (All values are taken 

from tbe review by Lofthus and Krupenlc (1917,a 
unless otherwISe stated In the footnotes.) 

==:= ........ = == == '" ~.tIl ••• lI:':: ......... :0:: t: :1:::= &:: II = _ ... _,.. ••• '1:::1:;:1:1 •••••••••• _:11:: .. ... 

State Olss. DO d ~EVlb(O-l1e s/ re9 Foot-
o note 

producl.s c teV) (eV) (lO-4eV ) (A) 

041nu 15.145 0.2262 2.150 

0,(3nul 15.011 Q.239D 

t;s'ltu+ 114.3591 u D.2755 1.668 h.t 

c411" 14.328 0.27U5 2.38a 1.116 h.J 

~1J.& U.904 2Do .. 2 p O I 4111:1. _O~"II 2.114 

.'ug 14.143 0.2271 2.146 

k'-n
g 

14.100 0.2706 2.410 

,Itg 14.036 0.2317 2.157 

ct·(lz;;or 1.ou) 13.004 

.Jin" 13.107 0.2424 2.144 

.3.
u 

(13.0'" 2po.200 (1.5081 u 0.1115 1.336 

c4•
l t u+ 12.935 0.2671 2.405 

c3"u 12.912 0.2682 2.371 

b,lt
u

' 12.854 ~OO.2pO 2.952 0.0932 1.427 

olE: (12.841)" 2.431 

blnu 12.500 20°.20° 2.021 O.0787h 1.794 

&1I1Ig+ 12.255 2.372 

C·lll
u 

12.101 4S0.200 (0.041)" 0.0898h 1.301 

£3t : (11.875)" 0.268 0.2709 2.390 

C"Sr... 111.6'· 0.56 0.0553 1.40 

c3nc 11.{)32 1.111 0.2476 2.251 

.>A. 110.81" 11.339'" 0.0920 1.141 

A,Sl:S+ (9.66)u 45 °.,.'5° lO.IOI)u -0.061 

vlAu 8.8895 20°.20° 5.637 0.1904 1.844 

.1ng 8.5489 5.978 0.2066 1.994 

•• lI. 8.3987 6.128 0.18681.825 

a·lI
u

- 8.1647 4SO.2pO 5.170 0.1851 1.816 

.rAu 7.3622 4S0.200 4.781 0.1833 

s\ 7.3532 4.790 0.2114 2.019 

A3t.'" 6.1688 ·SO.4S0 3.590 0.1777 ].792 

zlt/ 9.759 0.28887 2.4668 

a Energy untts are chang-eel with the conversion factor 

I c.-I. 1.23985 x 10-4 eV. 

b Energy or the lowest vlbrationaJ slate relative to 

N" xl~9' + (IJ_O). 

I. t69 

1.177 

1.109 

1.173 

1.178 

1.488 

1.104 

1.112 0 

1.439 

1.108(rO) 

1.279 

1.122 

1.515I ro) q 

1.116 

1.45 

1.149 
1.611 

11.55 ). 

1.269 

1.220 

1.275 

1.278 

1.28 

1.2126 

1.2866 

1.0977 

e Electronic states of the dIssociation product". N -+ N. 

d OISSOClatlOIl energy. 

e Energy difference between the vibrational !tates with VIIO 

and 1. 

f Rotational constant for the lowest vibrational .state (v-OJ. 

9 Equilibrium Internuclear distance. In ",olle cases. the mean 

value for the lowe$t vibrational .stat~ (denoted by ro. Is 

Indicated. 

b Fro. Huber and Herzberg (1979). 

I Suchard and Melzer (1976) JdentUy this state as e ol Iu +. 

J Suchard and Melz.er (1976) Identify thIs state as e l n y . 

k Huber and Herz.berg (197gJ 91ve To- fit 14.212 eV. 

1 Suchard and Melzer (J976) 91ve TO-. 14.155 eV. 

m.Suchard and Melzer (.1976) and Huber and Herz.ber, (1976) give 

To • 13.103 .v. 
n Hober and Herz:ber, (1979) give TO. 12.949 eV. 

a Huber and Her~erg (J979) 91ve To. 12.9.3 eV. 

P Suchard and Melzer ~ 1976) gtve TO. 12.278 eV. 

q Huber and Herzberg 119791 gIve TO. 12.096 eV. 

r Huber and Herzberg (1979] give TO. 11.45 eV. The values 

of D°. Ev1b" 80 and re are from MlcheJs (1981,. 

S This Is Identif1ed as 5I:- by Suehard and Melzer 11976" 

t Suchard and Melzer (1976) 91ve TO' 7.5080 eV. 

U l ) means uncertain. 

Table 2.2. Electronic states of N2 not Indicated In Table 2.1 

but theoretically predicted by Mlcbels (1981). a 

State Diss. 

productsC 

DO d ~EVlb(O-I)e Bof 

(eVI (eV) (J0-4ev ) 

x,lt + 
g 

(Alp.u) 

It 

" 
3r -g 
(Alp",,) 

lUg 

(A4poul 

lAg 

lAg 

(Alp",,) 

It' 
8 

lt
g
+ 

(Alp",,) 

G~nu 
()OPJlu) 

Flnu 

(Alsog) 

lr 
8 

3t -
g 

St + 
8 

It' 
8 

14.07 2po.200 1.65 
14.17ITe ) 

l.1L1? fT e l 

13.89 200,20° 0.64 
13.99lTe ) 

IS.80ITe) 

13.56 20°.200 D.96 
13.66ITe ) 

13.62ITe ) 

13.53 200.200 0.99 
13.65IT,,) 

IS.S11T.' 

12.4D 20°.20 0 2.13 
12.49IT.' 

11.94 4S0.2pO 1.39 
12.041Te l 

11.87 ·so.20 0 0.27 
11.981Tei 

lD.02 20°.20° 4.51 
10.09(Te ) 

'-9 The salle as a-9 In Table 2.1. 

0.0779 

0.0867 

0.0948 

0.0519 

0.1038 

0.0964 

0.0853 

0.1438 

h Te IS the .Inillull of the potential curve. 

I Read from the 9raph In Michels <l9811. 

0.95 

1.36 

L.1S 

1.0 

1.16 

1.15 

0.66 

1.21 

r 9 Foot-
e note 
lA' 

1.19 

I. 75 

1.20 

L20 

1.47 

1.2D 

1.19 

1.6D 

1.18 

1. 7D 

1.20 

1.23 

1.31 

1.60 

1.61 

2.13 

1.57 

j Taken froll Table III of Michels «981), "Is graph shows a 

little dIfferent value. (T.-13.74 eV. r e-t.55 Al. 
k Taken fro," Table 111 of MI chel. (1981), "Is 9raph shows a 

Ilttle different value of T" 1-12.2 eV). 

I Taken froll Table III of Michel. (19811. "Is graph shows Te 

of a Ilttle lower value than 12.0 eV. 

II Taken froll Tabl. 111of Michels 1I981l. Ills graph shows Te 

of a little lower value than 10.0 eV. 
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Table. 2.3. ElectroniC states of N/ (All values are taken from 

the rev I ew by Lofthus and Krupen I c (19771 a unless 

otherwise slated In the foolnoteS.1 

State Olss. DO d toEvlb(O-I)e Bof r 9 Foot-
e note 

productsC leVI (eV) t lO-4eV ) (A) 

G
2l:/ (39.622)k4S0.3pO repulsive 

C2 l: u' 23.583 400.3p 3.094 0.2544 1.872 l. 263 1 

D2n91 22.049 4So.3p 2.245 0.1099 1.368 1.471 

(a41:u') (18.750.k (0.294.k (2.559)k 

8
2
l: u • 18.751 4S0.3P 5.543 0.2943 2.558 1.078 

A2nUI 16.699 7.595 0.2323 2.155 1.174 

)(2;S:9 • 16.liS! 0.110 0.2636 2.363 I.J16 

a Energy units are chaMed loll th the conversion factor 

I cm- I = 1.23985 x 10-4 _V. 

b Energy of the lowest vibrational state relative to 

N2 XI 1:/ (v=o). 

C Electronic states Of the dissociation products. N • N+. 

d Dj.;:to.t\ot,;ldl.1UfI tmer9),. 

h 

h 

e Energy difference between the vibrational state. with v-o and 

vel. 

f Rotational constant for the lowest vibrational state (V-D). 

9 E'IUlllbrllJl" Internuclear distance. 

h FrOID Huber and Herzberg (1979). 

I Mean value (ro) for the lowesl vibrational slate. 

j The lowest state of N2"'t. 

k ( ) means uncertain .. 

b. Vibrational-Rotational Levels of the Electronic States 

Vibrational-rotational energies are given by 

EVJ =Ev +BJ(J + 1) - DvJ2(J + 1)2, (2.1) 

where v and J are the vibrational and rotational quantum 
numbers, respectively. The numerical values of E v ,BI) ,n I) are 
listed in Table 2.4 for the electronic ground state (X I Lt ) of 

Shape Feshbach 
Resonance Resonance 

I 'n. I-x 'I:: 
J ___ . _____ ... (decay channel; 

1 N,· 

------N,+ A 'II. 
'-------Nt + X t L / 

.... a IIIn 
__ t!o 'I:.---,.' 'I:
--8 'II .. \II '<l. U 

--A 'I:: 

FIG. 2.1. Temporary negative ion states ofN2 • Their locations are indicated 
with respect to the levels ofN2 and N2 +. The grandparents of the 
Feshbach resonances are separately denoted by solid (N2 + A 2n. ) 
and dashed (N2+ X 2:It) lines. (See Refs. 86 and 101.) 
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Table 2.4. Vibrational-rotational energy of the 

ground electronic state (Xl~g+) of N2 
(Lofthus and Krupenie. 1977) 

v 

0 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

t 4 

15 

16 

17 

18 

19 

20 

21 

EVJ = Ev + BvJIJ+I) - DvJ2 (J+I)2 

0.0 

U.2111!11 

0.5742 

0.8559 

1.1342 

1.4088 

1.6801 

1.9475 

2.2115 

2.4718 

2.7284 

2.9815 

3.2310 

3.4769 

3.7191 

3.9576 

4.1923 

4.4242 

4.6510 

4.8748 

5.0949 

5.3114 

2.4668 

2.4452 

2.3805 

2.3584 

2.3365 

2.2480 

2.2263 

2.2033 

2.1809 

2_1581 

2.1354 

7.1 

-1.132 

N2• Vibrational-rotational energies for other states can be 
roughly estimated from AEvib (0--1) andBo given in Tables 
2.1-2.3. 

2.2. Molecular Properties 

Nitrogen has isotopes of mass 14 and 15. Since the natu
ral abundance of the isotope 14N is 99.64%, almost all nitro
gen moJecules are 14N2, the mass of which is 

M = 4.650 60X 10-23 g. (2.2) 

This gives the ratio 

me lM = 1.9588X 10-5
, (2.3) 

where me is the electron mass. 
The nitrogen molecule has an electric quadrupole mo

ment defined by 

Q = ~ J p(r)(3.i2 - ,-2)dr. (2.4) 

Here p is the charge distribution (including nuclear charge) 
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Table 2.5. Matrix elements of quadrupole mOltent between vibrational 2.5,~----r------'----"'----~"""'I 

states, < vi Qlv" . (Cartwright and Dunning, 1974) 

v = 0 

v' = 0 -1.669(-26)a 5.564(-28) -3.568(-29) 4.347(-30) 

-1.657(-26) 7.888(-28) -6.429(-29) 

-1.644(-26) 9.680(-28) 

-1.031 (-ZO) 

a In units of esu em2 (1 esu em2 = 3.336 x 10-14 C m2); 

_LMQ(_'~) ~ _1.I\M Y 10-26 . 

of the molecule and the z axis is taken along the molecular 
axis. In 1966, Stogryn and Stogryn 114 surveyed the experi
mental, as well as theoretical, data on Q and recommended 
the value 

Q= 1.52x 10-26 esu cm2 
• (2.5) 

Since then a few measurements were done to obtain Q.14,21,23 

All of their results are consistent with the above vallie. Rim
baum and Cohen 14 give also the hexadecapole moment, 

<I> = + f p(r)(35z4 - 30rz2 + 3r4)dr 

(3 ± 1) X 10-42 esu cm4 
• (2.6) 

The dependence of Q on the internuclear distance R was 
calculated by Cartwright and Dunning28 and by Morrison 
and Hay.84 From their calculation, Cartwright and Dunning 
obtained the matrix elements of Q between different vibra
tional states of (nonrotating) N2 • Those for several lowest 
states are shown in Table 2.5. The quantity (v = OIQ Iv' = 0) 
corresponds to the quadrupole moment measured. The dif
ference between the theory and the above recommended val
ue is about 10%. Because Stogryn and Stogl'yn'14 gave 110 

estimate of the uncertainty in their value, it is difficult to 
determine the reliability of the calculation. 

The polarizability of N2 has two components: all and 
a l' The quantity all (a 1) denotes the polarization induced 
by a field parallel (perpendicular) to the molecular axis. 
From the distribution of dipole oscillator strengths, Zeiss et 
al. 136 determined the best value of the isotropic part of the 
polarizability as 

aO=j(ali +2a1 ) 

= 1.740 X 10- 24 cm3 • {2.7) 

The determination of the anisotropy of the polarizability is 
more difficult than that of a o. Using the depolarization at the 
Rayleigh scattering, Alms et al!,J obtained the value 

r all -a1 

= 0.66X 10-24 cm3
• (2.8) 

This is about 5% smaller than the old data by Bridge and 
Buckingham. 19 

From the experiment of vibrational Raman scattering, 
Buldakov et al!4 derived the derivatives of the polarizability 

~E 2.0 
Q 

N 

I 
o -'-../l. 
$ 

~ 
0.5 

~-----Temkin (1978) 

y - - - Morri son (1979} 

o Onda (1983) 

" experiment 

O~----~----~rr----rn----~~ 0.9 1.0 1.1 1.2 1.3 
re 

Internuclear distance (A) 

FIG. 2.2. Dependence of the polarizability (isotropic part, a o and anisotrop
ic part, r) on the internuclear distance. Theoretical values are: 
solid line, Temkin (Ref. 122); dashed line, Morrison and Hay 
(Ref. 84); circles, Onda and Temkin (Ref. 91). For comparison, 
experimental data (Eqs. (2.7) and (2.8) I areshownattheequilib
riwn internuclear distance (r.). 

with respect to the internuclear distance at its equilibrium 
value (r.): 

( dao ) =1.72xlO-16cm2, C2.9a) 
dR R=r, 

( dr ) = 1.97 X 10- 16 cm2
• C2.9b) 

dR J( =r. 

Table 2.6. Vibrational matrix elements of isotropic ( nO ) and 

anisotropic ( y ) parts of the dipole polarizability 

v = 0 

Vi = 0 1.768(0)a,b 5.029[-2) -5.597 [-3) 5.859(-4) -4.401(-5) 

6.900(-1) 5.597(-2) -1.581 (-3) 1.974(-5) 3.498(-6) 

1. 775 (0) 7.014(-2) -9.636(-3) 1.186(-3) 

7.055(-1) 7.991(-2) -2.834(-3) 4.S02( -5) 

1.783(0) 8.469(-2) -1.354(-2) 

7.214(-1) 9.878(-2) -4.146(-3) 

I. 790(0) 9.639(-2) 

7.373(-1) 1.151 (-1) 

1. 799(0) 

7.535(-1) 

~e first and second entries are, respectively, <vlcolv'> and 

<vlylv' > in units of 10-24 cm3 • (6.900(-I)=6.900xIO- I ) 

bData are from the unpublished supplement to Onda and Temkin (1983). 
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In a similar way, Asawaroengchai and Rosenblatt9 obtained 
the value of (dy/dRh=r (= 1.40xIO-16 cm2), which is 
about 30% lower than that ofBuldakov et al. 24 On the other 
hand, the calculation by Morrison and Hay84 gives 
(dyldR)R =r. = 1.73 X 1O-16 cm2, which lies in between the 
two measurements. It is uncertain at present which is the 
best. 

There are several calculations reported on the depen
dence of the polarizability on R. Three of them84.91.122 are 
shown in Fig. 2.2. All of the theoretical values are in good 
agreement. The calculations reproduce the experimental 
values well for ao, y, and daoJdR at R = reo The calculated 
result of dy/dR at R = ro , however, is somewhat different 
from the experiment (see above). Onda and Temkin91 calcu
lated the matrix elements of the polarizability between vibra
tional states. Those results are shown in Table 2.6. 

2.3. Quantities Related to Absorption and Emission 
of Radiation (Bound-Bound Processes) 

a. Wavelengths 

Bandhead wavelengths of N2 and N/ were compiled 
by Wallace.127.128 Also the reviews by Lofthus and Kru
penie74 and by Suchard and Melzer I 15 contain the lists of the 
wavelengths of the band origin for various bound-bound 
transitions in N2 and N 2+. 

b. Llfetime5 and Transition Probabilltle5 

Lifetimes of electronically excited states or transition 
probabilities for bound-bound processes have been studied 
extensively. Data compilations were made by Anderson,? 
Suchard and Melzer, liS Lofthus and Krupenie,74 and Kuz
'menko et a/.n 

Tabie 2.7. LifetilDes Un seconds) of electronic states of N2 

1. irlplet states. calculated by Werner et al. (1984) 

v· B3n .... A.3 r + c3n ..... Bla w3t .... s3rr B13I: - -+83n 
e U US"'8 u.e; 

W3.6.
u 

13.4(-6)3 3.67(-8) 31.ab 4.601-5) 

11.01-51 3.651-8) 4.521-3) 3.611-5) 

9.311-6) 3.69(-8) 1.22(-3) 3.011-5) 

8.151-6) 3.771-8) 6.07(-4) 2.59(-5) 

7.301-6) 3.94(-8) 3.801-4) 2.30(-5) 

6.651-6) 2.681-4) 2.081-5) 

6.161-61 2.031-4) 1.901-5) 

5.771-6) 1.621-4) 1.771-5) 

5.46(-6) 1.341-4) 1.65(-5) 

5.231-6) 1.15(-4) 1.561-5) 

10 5.051-6) 1.00(-4) 1.48(-5) 

11 4.921-6) 8.881-5) 1.42(-5) 

12 4.821-6) 7.981-5) 1.36(-5) 

a 13.4(-6).13.4XIO-6. 

b n""r::"JlIY!!I al~l'l to xl~9-+' t.t.fiII Uf~tilllle for which 

IS 4 Sec (Benesch. 1979). 
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Table 2.8. i~~e~~:~~!~e:e~~~~~) t~!n e!~~~~o~~~t:~ates of N2 

in Table 2.7 (selected from the compilation 
by Lofthus and Krupenie (1977» 

::=::= = = = = == =:::::::: =::::::::::= =::::=::::::::::::=::=::=::= =::=::=::=::=::=::=::=::::=::=::=::= =::::=::= = =::=::=::=::= ==::.:1:: 

State lifetime 

------------------------------------------------------------
Aa~uY (v=O) 1.9 

D3~u+ IV=O) 1.41)(10-8 

1l31:r/ 1.90)(10.
4 

a,l1:
u 

0.5 

a1ng 1.15)(10-4 

w1a (v"0-4) (1_S)xlO-4 ________________ u ___________________________________________ _ 

Here the lifetimes are summarized separately for each 
bound-bound transition. Table 2.7 gives the lifetimes of the 
triplet states of N2 obtained from a recent calculation by 
Werner et al. 130 They used highly correlated multiconfigura
tion wave functions and claimed an accuracy of about 10% 
for the resulting lifetimes. Comparisons to the experimental 
data or empirical values are made in the original paper. Ta
ble 2.8 shows the lifetimes of other states of N2 taken from 
Lofthus and Krupenie.74 The lifetimes of the states of Nt 
are presented in Table 2.9, which is based on the calculation 
by Colliu:; et aC' For the c::xpelum::utw. uat.a, :sec:: the review 
by Lofthus and Kntpenie. 74 

Tables of the Franck-Condon factors for the bound
bound transitions are given in the reviews by Lofthus and 
Krupenie74 and Suchard and Melzer. ll5 

c. Distribution of Dipole Oscillator Strengths and Its Moments 

The distribution of dipole oscillator strengths deter
mines most of the optical properties of the molecule. It is also 
of significance in understanding the interaction of fast 
charged particles with molecules.65 The oscillator strength 
rlistrihlltion can he characterized hy its moments. In particu-

Table 2.9. Lifetimes (In seconds) of electronic states of N2+. 
calculated by Collins et aJ. (1980), 

V· 

17.451 _6)a 5.521-81 6.05(-8) 4.25(-4) 2.87(-7) 

14.76(-6) 5.38/-81 5.90 (-8) 1.62(-4) 2.93(-7) 

12.90(-6) 5.301-8) 5.69(-8) 9.42(-5) 2.97(-71 

3 11.54(-6) 5.27(-8) 5.451-8) 6.651-5) 3.02(-7) 

10.501 -6) 5.271-8) 5.191-8) 5.291-5) 3.211-7) 

5 9.691-6) 5.33(-8) 5.941-8) 4.571-51 3.59(-7) 
-------------------------------------------------------------

a 17. 45( -6)= 17.45)(10-6 • 
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Table 2.10. Moments of dipole osci llator strengths 
IZeiss et al .• 1977) 

2 4.920(4)a 

2.760(2) 

1.400C I) 

-1/2 7.106 

-I 4.742 

-3/2 3.599 

-2 2.935 

-5/2 2.512 

-3 2.226 

-4 1. BB2 

-6 1. 591 

-8 1.502 

-10 1.498 

-12 1.540 

-14. 1.615 

3.414(5) 

1.126(3) 

2.511(1) 

3.091 

1.039 

]11t) 
(in eVl 

I. 404 (4) 

8.045(2) 

8.178(1) 

2.Slllll 

1.939(1) 

a 4.92014l=4.920xio4. 

lar, the fo1lowing types of moments are useful: 

S(f.t) = L (En )I'-fn + (eo (~)I' df dE, . (2.10) 
n Ry Jl, .Ry dE 

L(f.t) L (En.)J1. In(En)fn 
n Ry Ry 

+ La; (..E..)I'- 1n(lL) .!!L dE (2.11) 
I, Ry Ry dE ' 

I(f.t) = exp[L(f.t)/S(f.t) JRy. (2.12) 

Here En is the excitation energy of the nth state, In is the 
dipole oscillator strength for the excitation from the ground 
to the nth state, df I dE is the density of the oscillator strength 
per unit energy for continuum excitation, and II is the first 
ionization potential. All the energies are expressed in ryd
berg units (1 Ry = 13.61eV). 

From the thorough investigation of the experimental 
and theoretical data on photoabsorption and electron colli
sions, Zeiss et al. 136 determined semiempirically the best val
ues of the above moments. Those are listed in Table 2.10. 
(Note that the definition of the moment by Zeiss et al. 136 is 
diJferent from the one above. The values in Table 2.10 have 
been adjusted to the present definition.) Very recently, Kos
man and Wallace,l made a complete calculation of the dis
tributionof dipole osoillator strengths and analyzed thorn by 
decomposing to the contributions from various subshells 
and several wavelength ranges. 

3. Photoionizatlon and Photodissociation 
3.1. Photolonlzatlon 

A number of measurements have been reported on the 
photoionization or photoabsorption of nitrogen molecules. 

In 1979, Berkowitzll and Kirby et apo independently pub
lished their recommended data based on an extensive survey 
of the literature. In the present paper, recommended values 
of the photoionization cross section are redetermined with 
some recent results taken into account. The final values are 
very similar to the previous recommended data. 

a. Total Cross Section 

Samson etai.99 measured the absolute absorption cross 
section and the photoionization yield (the ratio of the pho
toionization to the photoabsorption cross sections) using a 
double ionization chamber and a line radiation source, over 
the wavelength range from 800 to 100 A. Thp;y clltimed an 
accuracy of 3% for their photoionization cross sections. 
Their data are in quite good (within 1 %) agreement with 
those obtained by Wight et aL 132 with the use of electron
impact technique. In the region of shorter wavelengths 
( < 550 A.), several measurements of photo absorption cross 
section were done (de Reilhac and Damany,45 for 500-100 
A; Cole and Dexter,34 for 340-50 A; Denne,44 for 82-24 A). 
In this energy range, the ionization yield haS been confirmed 

. to be unity so that the photoabsorption cross section is equi-
valent tothephotoionization crosssection~·· . ' .. ' 

"For the wavelengths of 65~50 A the five sets of data 
deScribed above coincide with each other within the com~ 

Photon energy {eV) 
200 100 50 40 30 25 20 18 16 

10- 16 

"5 
~ 
I: 

Q't~'J 0 

X .' ''::; x )C'I../ v 
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r-. 
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.~ 
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CL 

FIG. 3.1. Total (Q!:::.) and dissociative [Q!:::.(N+)] photoionizationcross 
sections. In the:region of.the wavelengthS longer than 650 A,only" 
the representative data ilre shown. More details for the region are 
presented in Figs. 3.2a and 3.2b. The peak cross section at the K
absorption shape resonance is indicated by the letter K. 
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FIG. 3.2a. Photoionization cross section at wavelengths 655-730 J.... The 
relative values measured by Dehmer et al. (Ref. 43) are normal
ized to the data by Samson et al. (Ref. 99) in the region 66~665 
J.... 

bined errors of the measurements. The best values of the 
photoionization cross section have been determined by 
smoothly connecting the midpoints of those data. The result 
is shown in Fig. 3.1. The overall accuracy of the present cross 
section is about 10%, but the longer wavelength region 
(> 300 A.) should be more accurate (probably 3%-5%). 
Below about 31 A, a strongK-absorption occurs. 13 The max
imum value of the shape-resonance part oftheK-absorption 
cross section is also shown in Fig. 3.1. Bianconi et al. 13 

further found a very sharp peak (1.74 X 10 17 cm" at 30.9 
A.) due to the K -absorption just below the shape resonance. 

Between 650 and 800 A, there are many discrete ab
sorptions followed hy antoioni7.ation. Dehmer et af. 43 detect
ed N2+ on the impact oflight in this wavelength range. They 
reported the yield of Nt in a relative scale. Here we have 
normalized their relative photoionization cross section to 
those measured by Samson et a1.99 over the wavelength re-

Photoionization (730-796A) 

-Dehmer (1984) 
normal ized to Samson 

u Samson (J911) 

soo ---' 

FIG, 3.2h. Photoionization cross section at wavelengths 73~796 A. The 
relative values measured by Dehmer et aJ. (Ref. 43) are normal
ized to the data by Samson etal. (Ref. 99) in the region 660-665 
A. 
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gion of 660-665 A. The result is shown in Figs. 3.2a and 3.2b, 
together with Samson's data. The wavelength resolution of 
the original data of Dehmer ec al. is 0.023 A in the legioll 
from 797 to 712 A and 0.069 A otherwise. In Figs. 3.2a and 
3.2b, the original values are plotted every 0.1 A. The very 
fine structure, therefore, is not reproduced there. 

Cole and Dexter34 estimated the contribution ofN2+ + 
to the ionization cross section. They concluded that the frac
tion of Nt ..,. in the total yield of ions is around 6%-7% at 
180-210 A and decreases to about 2 % at the wavelength 
longer than 260 A. This is consistent with another estimate 
by Wight et al. 132 

b. Partial Cross Sections 

Samson et aI. 99 reported also the partial photoioniza
tion cross sections for the production of N 2+ in its states 
X 2~g+ ,A 2Ilu , and B 2~: . They obtained the cross sections 
from the branching ratios measured by the photoelectron 
spectroscopy technique and normalized to their own total 
photoioniz.ation cross section. IIamnctt et aI. 56 also obtained 
the branching ratios by the (e,2e) coincidence method. Nor
malizing the data to the total cross section of Wight et aI., 132 

they reported the partial cross sections. Those two sets of 
partial cross sections are in general agreement. A smoothed 
curve drawn through the data points of the two sets is shown 
in Fig. 3.3. 
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FIG. 3.3. Partial photoionization cross sections for the production ofN,+ in 
the states X 2I.:, A 2nu , B 2I.';-. 
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c. Dissociative Ionization 

Wight et al. 132 measured the cross section for the pro
duction of N + using the electron-ion coincidence tech
nique. Their values are plotted in Fig. 3.1. Recently, Mor
ioka et al.83 measured the yield of N + with the use of the 
synchrotron radiation over the wavelengths from the thresh
old (510.2 A.) to 450 A. Their cross section near the thresh
old has a rich structure due to autoionization. Absolute mag
nitudes of the cross section are by about a factor of 2 larger 
than the resull uf Wight et ul.1>2 It is hard to clarify thc 
discrepancy because of the complete difference between the 
two methods of measurement. 

3.2. Photodissociation 

At the wavelengths shorter than 1270 A., photons can 
dissociate N2 to two nitrogen atoms. Though there are sever
al papers (e.g., Ref. 36) discussing this process, no definite 
conclusion has been obtained about the magnitude of the 
cross section. 

Above the ionization threshold, ionization yield 17 can 
give information about the contribution of the dissociation 
process. In this region, photoabsorption results in either ion
ization or dissociation. Thus we hl:l. VI:: 

(3.1 ) 
17 = Qph + Qph 

ion diss 

From this relation, the photodissociation cross section Q ~~ 
can be estimated, once 17 and the photoionization cross sec
tion Q f:o are known. Samson et al.99 concluded from their 
experiment that 17 is unity for the wavelengths shorter than 
660 A. and varies between 76% and 97% in the region 660-
740 A.. Carter and Berkowitz27 reported 17 of an average val
ue of 85% in the wRvelength region 734-796 A.. When we 
consider the possibility of predissociation, Q ~~ss would be 
very much dependent on the wavelength. The direct mea
surement of Q ~~ss with a high-wavelength resolution is desir
able. 

Below the ionization threshold, a detailed absorption 
spectrum can give information on Q ~~ss. The absorption 
cross sections obtained by Giirtler et al., 54 for example, show 
significant continuum absorption in the region 810-840 A.. 
This may be attributed to the dissociation process. Band ab
sorption, however, may contribute also to the dissociation 
through predissociation process. 

3.3. References for Further Details of 
Photoionization 

Angular distribution of photoelectrons was measured 
for each of the ionic states, X 2l:,,+ ,A 2IIu ,B 2l:: over the 
wavelength from 620 to 276 A.77 The dependence of the pho
toionization cross section on the vibrational states of the ion 
was measured several times (e.g., Gardner and Samson52 ). 

The result is approximately reproduced by the Franck-Con
don factors between the initial and the final vibrational 
~~'Ates. When a resonance occurs, however, the Franck-Con-
. factor approximation fails. B1 The vibrational depen-
" ofthe angular distribution was also studied.26•61 

4. Electron Collisions: Total-Scattering, 
ElastiC, and Transport Cross Sections 

4.1. Total-Scattering Cross Sections 

In 1981, Hayashi57 surveyed the data available and de
termined the best values of the total-scattering cross section 
QT' His data were based mostly on the results by Blaauw et 
ai.,15 Kennerly,69 and Dalba et al.40 Since then three new 
measurements have been reported.59.66.s7 Taking into ac
count those recent results. we have slightly modified Haya
shi's QT' The resulting values are shown in Figs. 4.1 and 4.2. 
On the consideration of the high accuracy of the original 
data, the uncertainty in the present QT is ± 5%. 

4.2. Elastic Scattering and Transport Cross Sections 

In his paper, Hayashi57 determined the best value also 
for the elastic cross section Qelas, the momentum-transfer 
cross section Qrn, and the viscosity cross section Qvis' The 
latter two are called the transport cross sections and defined 
by 

Qm(E) =2"11' 1" dBq(R,m(l -c()~f})i'Oin(J. (4.1) 

Qvis (E) 21T [deQ(E,e)(l cos2 e)sin e, (4.2) 

where q(E,B) is the elastic differential cross section at the 
electron energy E and the scattering angle e. Hayashi evalu
ated the cross sections using the data on q(E,O) obtained by 
beam measurements.20,29,47,108.111 

Here we have revised Hayashi's values by taking ac
count of the new results of the total scattering cross section 
(Sec. 4.1) and the vibrational cross section (Sec. 6), as de
scribed below. The resulting values of Qclas' Qm' and Qvis are 
shown in Figs. 4.1 and 4.2. 

For the electron energies larger than 4 eV, the elastic 
cross section of IIayashi57 has been modified slightly to be 
consistent with the present value of QT' In the region from 1 

101
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FIG. 4.1. Total scattering (Q T ), elastic (Qelas ). momentum-transfer (Qm ), 
and viscosity (Qv;.) cross sections. Details around the 2.3 e V 
shape resonance are shown in Fig. 4.2. 
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FIG. 4.2. Details of the total scattering (Q T ). elastic (Qcl ... ), and momen
tum-transfer (Qm ) cross sections in the region of the 2.3 e V shape 
resonance. Sum of the vibrationAl cro~" sections. 
QYib = 1:: _ I QYib (v = O--w') is also shown for comparison. 

to 4 eV, the resonance structure has been considered in the 
following manner. No excitation to the electronic excited 
states can occur in this energy region. The best values of the 
vibrational !;xcitatioll cross section arc determined in Sec. 6 
on the basis of the most recent calculation ofOnda and Tem
kin.92 Then the elastic cross section has been obtained from 
the relation 

QelOS (E) = QT(E) - L Qvib (v = O-->-v';E). (4.3) 
v'= 1 

Experimental data on Qelas are available at several energies 
in this region. 67, lOS The present Qelas agrees with them within 
about 30%. On the consideration of the difficulty of beam 
measurement in this resonance region, this agreement is 
quite satistactory. 

The transport cross sections at 1-4 eV have been calcu
lated simply by the formulas 

Qm (E) = em Qelas (E) , (4.4) 

(4.5) 

The constants em and eyjs have been taken to be an average 
of the ratios QrnlQelas and Qvi.lQclas obtained from the ex
perimental data on the differential cross sections by Shyn 

J. Phys. Chem. Ref. Oatl'l. Vftl. 16, Nft, a, 1!1a6 

and Carignan 108 in this energy range. Actually the experi
mental ratios do not change much there. 

At the electron energies less than leV, Qelas can be set 
equal to QT and use has been made of the Qm determined by 
swarm analysis.49 

Finally it should be noted that the elastic cross section 
here includes the effect of rotational transitions (see Sec. 
5.3) . In this sense, the present elastic cross section should be 
called "vibrationally elastic." 

5. Electron Collisions: Rotational 
Transitions 

5.1. Rotational Transitions from the Ground State 
(J=O) 

Because of the very narrow level spacings, it is difficult 
to measure the rotational excitation cross section by the 
beam method, although a few such measurements have been 
performed and the results of those are mentioned below. On 
the other hand, a largt: numbt:! uf thwl'!;til;;al studies havc 
been made on the rotational transitions in N2 (see, e.g., Ref. 
73). The reliability of the calculations varies and the result
ini cross sections scatter by more than a factor of 2.1 \1'> Here 
we give no detailed survey of the theoretical studies, but 
show the cross sections selected from several recent works. 

a.E<3eV 

Very recently, Onda 90 made an elaborate calculation of 
the rotational transitions taking into account target polar
i7~tion ~nd electron exchange. both of which are very impor
tant in low-energy electron molecule collisions. His calcula
tion is based on the assumption of fixed nuclei except in the 
resonance region (2-3 eV), in which the vibrational motion 
is considered correctly. 

Figure 5.1 shows Onda's results for the rotational exci
tations J = 0-->-2,4,6,8. (Because of the molecular symme
try, rotational transitions with U = odd are forbidden.) 
The details of the cross sections for ~2 and 4 in the reso
nance region are shown separately in Fig. 5.2. There are sev-

" :3 
<J .. 
'J> ., 

rotation 

~ 10-1 

6 

lO-i·"o-::Y-~~~10<=-r-'-~~""'1t!;O:ol-r-~~"'i'l*'O r-'~~'-"-fi,lO+1 

Electron energy (eV) 

FIG. 5. L Cross sections for the rotational excitationsJ = 0->2,4,6,8. All the 
cross sections but for the Born (0->2) value are calculated by 
Onda (Ref. 90). The Born cross section is evaluated with the qua
drupole and polarization interactions taken considered. 
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FIG. 5.2. Details of the rotational cross sections for J = ()"""2,4 calculated by 
Onda (Ref. 90) in the region of the shape resonance. 

eral characteristic features to be noted. First, in the reso
nance region, the transition 0-?4 occurs much more 
frequently than Q..-..2. This has already been pointed out by 
many authors (e.g., Chandra and Temkin/I Buckley and 
Durke22 ). The transitions ~J with J> >1 have a small cross 
section (about two orders of magnitude less than that for 
Q..-..2). Also a sigoificant enhancement of the cross section 
occurs around the electron energy of 0.07 eV. The physical 
meaning of this is to be studied. 

Near the threshold the Born approximation can give 
fairly reliable results for the Q..-..2 transition, when the qua
drupole and polarization interactions are properly taken 
into account. Figure 5.1 shows the Born cross section calcu
lated with the formula of Dalgamo and Moffett41 and the 
molecular parameters used in Onda's calculation. Probably 
the true cross section would go smoothly from the Born val
ue at the lower energy to the result of the more elaborate 
calculation at the higher energy. 

In this energy n:gioll, two beam-type mea.surements 
were done.67,134 To analyze the electron energy-loss spectra, 
both of them employed the high-J approximation. Their re
sult is a kind of cross section averaged over the rotational 
population of N2• This makes it difficult to compare those 
experimental data directly to the present theoretical values. 

b.E>3eV 

In Table 5.1, the results of two recent calculations93.94.98 
are shown. Also given are the preliminary results of the beam 
measurement by Tanaka et al. 118 All three sets of the cross 
sections in Table 5.1 are in good agreement. Although we 

Table 5.1. Rotational excitation croSS section (in 10-
16 

c1D2] 

at higher energies 

experimentC 

E(eV) 0 .. 2 0 ... 4 f}+{) G+2 G+4 G+6 G+2 G+4 

;.OR L~7 3.9 1.1 

10 3.86 1.35 0.007 3.84 0.99 4.4 0.8 

20 3.36 0.80 0.048 3.53 0.86 0.119 2.8 0.8 

~o 2.66 1.10 0.342 •• 77 1.39 0.309 

SO 1.63 1.36 0.278 1.64 1.41 0.241 

aOnda and Truhlar (1979,1980). 

bRumble et al. :(1983). 

cTanaka et 31. (1980) • 

need more definite experimental data, the general trend of 
the rotational cross section in this energy runge can be: di:s
cemed from the table. 

6.2. Rotational Transitions from Excited States 
(J~O) 

Under the adiabatic-rotation approximation, the cross 
section for any rotational transition I, -""f can be related to 
those for the transitions from the ground state (I = O).IOS 
That is, we have 

Qrot(Ji-J'f) L [C(JiJJf ;OOO)]2Qrot(O ,J), (S.l) 
J 

where C(/iJJdXYJ) is the Clebsch-Gordan coefficient. This 
relation can be used unless the electron energy is in the near 
vicinity of the threshold (for more details, see Shimamura's 
article in Ref, 106). 

5.S. Remarks on the Elastic Cross Section 

When a beam method is applied to experimentally ob
tain the elastic cross section for N2, it is very difficult to 
resolve the effect of the rotational transitions accompanied. 
Thus the following average cross sections are of practical 
use: 

(1) rotationally-inelastic cross section. 

Qrot(E,TN,)=If,(TN) I Qrot(J-""'), (5.2) 
J J'(".J> 

(2) rotationally-averaged elastic cross section, 

Qelas(E,TN,) = IfJCI'N,)Qrot(J-/) , (5.3) 
J 

(3) vibrationally-elastic cross section, 

= Qelas + Qrot . (5.4) 

J. Phys. Chem. Ref. Data, Vol. 15, No.3, 1986 
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Here TN. is the temperature of nitrogen gas and.f.,(T~,) is 
t he fractional population of the rotational states ofN2 at the 
temperature. 

Usually a beam measurement gives Qvib-elas as an elastic 
cross section. The elastic cross sections shown in Sec. 4.2 
sllUuld bt: rt:garded as Qvib,eias' When the probability of rota
tional transition is very low compared with that of the purely 
elastic collision, i.e., 

(5.5) 

we have 

(5.6) 

In many cases of nonpolar molecules, the relation (5.5) 
holds. When the electron energy is much higher than the gas 
temperature, the adiabatic approximation described in the 
last subsection leads to 

QVib-elas = L Qro! (~J) 
J 

(5.7) 

and the reSUlting Qvib-elas does not depend on T.~" Further-
more, if the condition ' 

(5.8) 

holds. we have 

(5.9) 

That is. when the electron energy is much higher than the gas 
temperature and the rotationally inelastic collision occurs 
much less frequently than the rotationally elastic one, the 
measured elastic cross section can be approximately regard
ed as the purely elastic cross section for the molecule in its 
rotational ground state. All the beam-type measurements of 
elastic cross section for N 2 have been carried out so far under 
such conditions. 

6. Electron Collisions: Vibrational 
Excitations 

6.1. Vibrational Excitation: v = h 1 
a.Ed.8eV 

In this region of electron energy, experimental data are 
available from the swarm analysis done by Engelhardt et 
al.4Y The data are shown in Fig. 6.1. Very recently, Allan5 

made a beam experiment using a trochoidal electron 
spectrometer. His method gives only the differential cross 
section at the scattering angles of 00 and 1800. From the val
ues he crudely estimated the integrated cross section, which 
agrees well with the swarm data. More direct measurement 
of the integral cross section is still needed. 
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FIG. 6.1. Cross sections for the vibrational excitation, U = U-+ 1. Only repre
sentative values are shown for the theoretical result of Onda and 
Temkin (Ref. 92), details of which are presented in Fig. 6.2. Ex
perimental data are from beam measurements by Tanaka et al. 
(Ref. 119) and Truhlaretal. (Refs_ 125 and 126) (renonnalized 
in Trajmar et al., Ref. 124), and from swann analysis by Engel
hardt et al. (Ref. 49). 

b. 1.8 eV <E <3 eV 

This is the region where a shape resonance has a very 
large effect on the vibrational cross section. There are several 
measurements of the cross section, but most of them give the 
differential cross section at only a few scattering angles. The 
absolute magnitude of the integrated cross section still re
mains uncertain. Also a large number of calculations have 
been done for this process, but the results differ widely de
pending on the methods used (see the review articles men
tioned in Sec. 1). 

Here we adopt the most recent calculation by Onda and 
Temkin.92 They take into account the effects of electron ex
change and target polarization, especially the dependence of 
the effects on the internuclear distance. The rotational states 
are taken to be adiabatic, but the coupling among vibrational 
states is considered correctly. Furthermore, they solve a set 
of partial-differential coupled equations to avoid inaccuracy 
arising from the conventional method of partial-wave expan
sion. 
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FIG. 6.2. Details of the vibrational excitation cross section for v = ~1 in 
the region of the shape resonance. Theoretical results of Onda and 
Temkin (Ref. 92) are compared with measurements (Refs. 67, 
102,119, and Wong, unpublished but cited in Ref. 46). Only the 
maximum and minimum values for each peak are shown for 
Schulz's data (Ref. 102). The original values ofOnda and Temkin 
(Ref. 92) have been modified and extended in the higher energy 
region (see text). 

The cross sections of Onda and Temkin92 are in fairly 
good agreement with the unpublished experimental data by 
Wong (cited in Ref. 46) and the recent measurement by 
J ung et al.67 (see Fig. 6.2). The total scattering cross section 
[QT = Qelas + Lv, = 1 Qvib (~V') ] calculated by Onda and 
Temkin agrees well with the measured value of QT' This 
implies that their calculation is more reliable than most of 
the other theoretical calculations which cannot or do not 
produce accurate results for elastic cross section. The cross 
section obtaim:u by Onda and Temkin for v = Q-.-l..l has a 
maximum value of about 6 X 10- 16 cm2

• This is by about a 
factor of 2 larger than the result of the measurement by 
Schulz. 102 Very recently Haddad55 analyzed the data on thp. 
drift velocity of electrons in a mixture of Ar and N 2 and 
concluded that the vibrational cross section of Schulz is too 

low. Thus the swarm analysis of Haddad results in the cross 
section consistent with Wong's unpublished value and hence 
supports the value of Qvib of Onda and Temkin. A measure
ment of the absolute cross section by a beam method would 
be helpful to confirm the present conclusion. 

The calculation by Onda and Temkin adjusted one pa
rameter to give a good value of the peak position of the low
est energy. The result of the calculation, therefore, becomes 
less reliable with increasing energy. Because of this they re
ported their results only up to 3 eV. To obtain a comprehen
sive set of cross sections, we need to extend the present vibra
tional cross section to higher energies. To have values 
consistent with the QT in Fig. 4.1, we modify and extend the 
original result of Onda and Temkin as shown in Fig. 6.2. In 
so doing an account has been taken of another recent calcu
lation. 135 The resulting vibrational cross sections are in less 
agreement with the experimental data than the original ones, 
but more consistent with the QT' whose accuracy is much 
higher than that for the measurement of Qvib' The modified 
cross section, together with OT' has been used to derive the 
elastic cross section shown in Fig. 4.2 (see Sec. 4.2). 

c.E>3eV 

Two sets of beam data are available.119.125.126 They are 
shown in Fig. 6.1. The mutual agreement of the two sets of 
data is good. For a comparison, two sets of calculations~~·\1~ 
are presented in Table 6.1. The absolute magnitude of the 
cross section at the 20 eV resonance'is well reproduced, but 
the peak position is different from the experiment. 

-16 2 
Table 6.1. Vibrational cross sections (in 10 cm ) calculated 

at higher energies 

v ~ 0 ... 1 

E(eV) RumbleS Burke b 

0.20 

10 0.020 

20 0.076 0.032 

2S 0.113 

30 0.11 0.076 

50 0.023 

a Rumble et al. (1983). 

b Burke et al. (1983). 

v = 0 ... 2 

Rumblea 8urkeb 

0.025 

0.00053 

0.0023 0.011 

0.015 

0.015 0.010 

0.00062 

J. Phys. Chem. Ref. Data, Vol. 15, No.3, 1986 
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FIG. 6.3. Same as Fig. 6.2, but for the vibrational excitation v = 0-2. 

6.2. Other Vibrational Excitations 

Onda and Temkin92 also calculated the vibrational 
cross sections for v = O-J.v' with Vi = 2-9. Their result for 
v = O-J.2 is shown in Fig. 6.3. As in the case of v = O-J.l, 
their values are in good agreement with Wong's unpublished 
data and much larger than the old Schulz values. As has been 
mentioned before, their summed cross section, 
:l:". = 0 Qvib (Q..-,.v'), agrees well with the measured value of 
QT' The cross section for v = O-J.2 obtained by Onda and 
Temkin is also modified, as shown in Fig. 6.3, to be extended 
to higher energies. 

Above the region of the shape resonance, no measure
ment has been done of the excitation to the higher vibration
al states. To enable an estimate, two sets of the calculated 
results for v = O-J.2 are shown in Table 6.1. Aside from the 
shift of the resonance peak around 20 e V, the two sets of data 
are in reasonable agreement. 

In the present paper, we restrict our discussion to the 
transition from the ground vibrational state (v = 0). A 
number of theoretical papers provide information on the 
transitions among excited vibrational states.12,31.46 

7. Electron Collisions: Electronic 
Excitations (Nondissociative) 

The excitation of electronic states of N2 has been most 
frequently studied by the measurement of emission cross sec
tion (Q.mis)' That is, the intensity of radiation emitted is 
measured at the impact of electrons. The absolute value of 
Q.mis is, however, very difficult to obtain, because of a num
ber of problems (e.g., lack of calibration techniques at 
shorter wavelengths, radiation trapping, effects of secondary 
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electrons, anisotropy of emitted light, etc. See the recent re
view by McConkey'S). Furthermore emission cross section 
includes the contribution of cascade excitation via higher 
excited states. Usually it is hard to separate the cascade ef
fects from the direct excitation. 

In 1977, the JPL group29,30.33 published their result of 
the excitation cross section determined by the measurement 
of electron energy-loss spectra (ELS). Those data have been 
recently renormalized because of a significant improvement 
of the elastic cross section at which the ELS has been nor
maIized. 124 We take these renormalized data as standard 
here. It should be noted that the renormaIization changes 
t.he crO!il!il !ilection little in the energy region of 15-20 eV, but 
by up to a factor of 2 in the higher or lower energy region. 
Considering the accuracy claimed by the original authors, 
the present renormaIized values have uncertainty of 20%-
25%. 

Tub!. 7.1. Li~t of tho Cr'O::l;;:l :)cction:;;. £'or the clcetron.:ir;: cxeitQtio~ 

State 

" 3Z' u 

B 3n 
I! 

W 3A u 

S' SE' 
u 

a' \ 
a Ing 

w 16 
u 

C 3n u 

E 3 • 
Eg 

all 11:; 
b In 

u 

c' IE' 
u 

F 3n 
u 

u 3nu 

h' Jr+ 
u 

c Inu 

o In 
u 

of N2 ' presented in the figures and tables. Related 

emission cross sections are also indicated. 

Fig. 7.1 

fig. 7.1 Fig. 7.2 (B'" A) 

fig. 7.1 

Fig. 7.12 

Fig. 7.12 

Fig. 7.4 Fig. 7.3 (a .. X) 

Fig. 7.12 

fig. 7.6 Fig. 7.5 (C ... B) 

Fig. 7.7 

Fig. 7.7 

Fig. 7.9 Fig.7.8 (b ... X) 

(c4 ' 
IZ:)8 Fig. 7.11 Fig. 7.10 (c' .. X) 

( _ )h 

I - ) 
h 

Table 7.2 

(e
3 

lnu)a 

(0
3 

Inu)a 

BGorresponding state in Table 2.1. 

bListcd not in Table 2.1 but in Table 2.2. 
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We can derive an excitation cross section Qexc from 
Qemis for a particular line, on the assumption that the cas
cade contribution can be neglected. (The relation between 
Qexc and Qemis is given, for instance, in the Appendix of the 
paper by Aarts and de Heer.2) In some cases [see the cases 
(1) and (2) below], it is apparent that the cascade effects 
cannot be ignored. For such cases no Qe.c is derived from 
Qemis' Furthermore the Franck-Condon factor approxima
tion is employed here for the electron-impact excitation of 
associated vibrational levels. In the following, the excitation 
cross sections thus derived are compared with those ob
tained from the ELS measurement. 

A list of excitation cross sections reported here is given 
in Table 7.1, where the related emission cross sections are 
also indicated. There are a number of theoretical calcula
tions of Qexc for N2• In a recent review, Trajmar and Cart
wright123 made a rather extensive comparison of the theo
retical and experimental cross sections. Though progress has 
been achieved recently, theory is still insufficient to produce 
reliable cross sections for electronic excitation of molecules. 
No theoretical values, therefore, will be shown in this report. 

(1) A 3l:
u
+ 

The excitation cross section obtained by Cartwright et 
al.30 is shown in Fig. 7.1. Borst16 measured the cross section 
for the production of metastable molecules with a surface 
detector. The Borst cross section contains a cascade contri
bution. In this case cascade transitions from B 3IIg and other 
higher states are expected to be very large. No effort, there
fore, has been made to derive the direct-excitation part from 
the Borst data. 

30 

10 

Excitation 

o A 'E,: 

x B 'II" 
t:, \\" '.1" 

Cartwright (1977) 
renorrna Ii 7.ed in 

Tra.jrnar (1983) 

Electron energy (e V) 

FIG. 7.J Cross sections for the electronic excitations from the ground state 
toA 3~u+' B 3118 , and W 3au , measured by Cartwright etal. (Ref. 

30) and renormalized by Trajmar et al. (Ref. 124). Curves are 
drawn only for guiding eyes. 

c o 
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FIo. 7.2. Emission cross sections for the 7626 A line in the first positive 
system (B 3ng-+A 3~u+ ) ofN" measured by (I) Shemansky and 
Broadfoot (Ref. 104), (2) Stanton and St. John (Ref. 112), and 
(3) McConkey and Simpson (Ref. 79). 

(2) B 3IIg 

The emission cross sections 79.104.112 for the 7626 A line 
in the transition B 3IIg-A 3l:u+ (first positive system) are 
shown in Fig. 7.2. The second peak around 15 e V is probably 
due to the cascade from the C 3llu state. It is difficult to 
derive a reliable excitation cross section from these Qemis' 

The excitation cross section determined from the ELS mea
surement3° is shown in Fig. 7.1. 

! 10- 1 

N,' a 'n .. -·x 'E: 1384 A (2.0 band) 

ill Aie 110 (1970) 
[2) Aarls (1971) 

/:::-'::' HolbM {!%91 

Electron energy (eV) 

FIG. 7.3. Emission cross sections for the 1384 A line in the Lyman-Birge
Hopfield system (a 1118-+X I~g+) ofN2, measured by (1) Ajello 
(Ref. 4), (2) Aarts and de Heer (Ref. 2), and (3) Holland -(Ref. 
60). 
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FIG. 7.4. Cross sections for the electronic excitation from the ground state to 
a ITI •. Circles and crosses are from the energy loss measurements 
by, respectively, Finn and Doering (Ref. 51) and Cartwright et al. 
(Ref. 30) (renormalized by Trajmar et al., Ref. 124). Solid and 
dot-dashed lines show. respectively. the values derived from the 
emission oross sections of Aart3 and de Heer (Rcf. 2) and Ajello 
(Ref. 4), both of which are presented in Fig. 7.3. Dashed line is the 
Born cross section derived by Oda and Osawa (Ref. 88). 

. (3) a IIIg 

The emission cross sections2•
4.60 for the 1384 A line in 

the transition a IIIg_XI~g+ (Lyman-Birge-Hopfield sys
tem) are shown in Fig. 7.3. The high-energy part of Ajello's4 
cross section is in large disagreement with those of Aarts and 
de Heer and those of HoIland. Aarts and de Heer2 confirmed 
that their cross section behaves like the Bethe asymptote. 
The high-energy part of Ajello's data, therefore, may be in 
error. The excitation cross section derived from the Q.rnis of 
Ajello and that of Aart~ and de Heer are shown in Fig. 7.4 
together with the two sets of ELS measurements.30•S1 Also 
shown are the Born cross section determined by Oda and 
Osawa88 with the use of their measured values of generalized 
oscillator strengths. All the cross sections, except for the 
high-energy part of Ajello's, are in good agreement. This 
agreement supports the assumption that the cascade contri
bution to the emission of 1384 A line is likely to be small. 

(4) C 3IIu 
The emission cross sections64.I03.104 measured for the 

3371 and 3804 A lines in the transition C 3IIu-B 3IIg (sec 
ond positive system) are shown in Fig. 7.5. Aarts and de 
Heer l also measured the emission cross section for 3371 A 
line, which almost coincides with the data by Imami and 
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Fie. 7.5. Emission cross seotions for thc 3371 .. nd 3804A lines in thc3ccond 
positive system (C 'TIu-..B 3TIg) ofN2• measured by Shemansky 
and Broadfoot (Ref. 104). Imami and Borst (Ref. 64), and Shaw 
and Campos (Ref. 103). 

Borst.64 The enhancement ofthe cross section by Shemansky 
and BroadfootlO4 at the energies higher than 20 eV may be 
due to the effect of secondary electrons. The energy depen
dences of the Qemis for 3371 A (0-0 band) and 3804 A (0-2 
band) should coincide. The difference shown in Fig. 7.5 may 
be ascribed to experimental errors. The excitation cross sec
tions derived from the Qemis ofImami and Borst64 and that of 
Shaw and CamposlUJ are compared in Fig. 7.6 with the ELS 
measurement by Cartwright et aZ.30 The Qexc deduced from 
the Qemis of Imami and Borst is in close agreement with the 
value of Cartwright at al., but that from the data by Shaw 
and Campos deviates much from the two sets of Qexc • From 
this it is more likely that the energy dependence of the Qemis 

of Shaw and Campos is in error. 
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FIG. 7.6. Cross sections for the electronic excitation from the ground state to 
C 3IIu' Circles are from the energy-loss measurement by Cart
wright et al. (Ref. 30) (renormalized by Trajmar et ai., Ref. 124). 
Solid and dashed lines show, respectively, the values derived from 
the emission cross sections ofImami and Borst (Ref. 64 ) and Shaw 
and Campos (Ref. 103), both of which are given in Fig. 7.5. 

(5) E 3~t 
The excitation cross section measured by Cartwright et 

al.3v is shown in Fig. 7.7. By the method of a surface detec
tion of metastable molecules, Borst et al. 18 obtained cross 
sections having a narrow, very sharp peak just above the 
threshold. The cross section of Borst et al. has a maximum 
value of (7.0 ± 4.0) X 10- 18 cm2 at the electron energy of 
12.2 eV. Cartwright et al. did not measure the electron ener
gy loss in that region of energy and provided no information 
about such a sharp structure. This structure can be attribut
ed to a resonance (see the review by Schulzlo1

). A further 
study is needed to obtain more definite quantitative informa
tion about the resonance cross section. 
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FIG. 7.8. Emission cross sections for the 1033 A line in the Birge-Hopfie\d 
system (b 1 IIu --X l!-t) of N 2' measured by Zipf and Gorman 
(Ref. 137) and Morgan and Mentall (Ref. 82). 

(6) b 1I1u 
The emission cross sections82.137 for the 1033 A line in 

the transition b lllu-X I~g+ (Birge-Hopfield system) are 
shown in Fig. 7.8. From these data the excitation cross sec
tion is derived as shown in Fig. 7.9. The energy dependence 
of the cross section obtained by the ELS method33 is similar 
to the Q.xc thus derived. There is, however, a factor of 2 
difference in the magnitudes of the two sets of cross sections. 
This discrepancy may be ascribed at least partly to the diffi
culty of the absolute measurement of Q.miS • 
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FIG. 7.9. Cross sections for the electronic excitation from the ground state to 
b 1 nu' Circles are from the energy-loss measurement by Chutjian 
et al. (Ref. 33) (renormalized by Trajmar et al., Ref. 124). Solid 
line shows the values derived from the emission cross section of 
Zipf and Gorman (Ref. 137), which is given in Fig. 7.8. 
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FIG. 7.10. Emission cross sections for the 958 A line in the transition 
c' 'I/ ...... X '~.+ ofNz, measured by Huschilt et al. (Ref. 63) 
and Morgan and Mentall (Ref. 82). 

(7) c' l:Iu+ 
The emission cross sections63

•
82 for the 958 A line in the 

transition c' l:Iu+_X l:It are shown in Fig. 7.10. The two 
sets of Q.mis in Fig. 7.10 are in fair agreement. The excitation 
cross section is derived from the Q.mis of Morgan and Men
ta1182 and compared in Fig. 7.11 with that measured by Chut
jian et al. jJ In this case the two sets of Q •• c have a similar 
magnitude but a very different energy dependence. The rea
son of the discrepancy is not known. 
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FIo. 7.11. Cross sections for the electronic excitation from the ground state 
to c' I~u+' Circles are from the energy-loss measurement by 
Chutjian el al. (Ref. 33) (renormalized by Trajmar et al., Ref. 
124). Solid line shows the values derived from the emission cross 
section of Morgan and Mentall (Ref. 82), which is shown in Fig. 
7.\0. 
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Trajmar (1983) 

40 
Electron energy (eV) 

FIG. 7.12. Cross sections for the electronic excitations from the ground state 
to B' 3~u-' a' 'I.;, and w '.:1u , measured by Cartwright el al. 
(Ref. 30) and renormalized by T rajmar et al. (Ref. 124). Curves 
are drawn only for gUIding eyes. 

Tabl .. 7.2. Cross ."ctions (;n 1n- IS cm 2) for the electronic 

State 

excitation of N
2

, measured by Chutjian ct a!. (1977) 

and renormalized by Trajllar et al. (1983) 

Electron energy 

40 eV 60 eV 

1.42 1.03 

2.96 1.71 

13.4 7.25 

9.57 7.07 

2.25 1.96 

( 8) Other excited states 
Cartwright et al.30 and Chutjian et al.33 reported the 

results of their measurements of excitation cross sections for 
a number of other states than mentioned above. Those are 
shown in Figs. 7.1, 7.7,7.12, and Table 7.2. 

8. Electron Collisions: Dissociative 
Processes (Excluding Dissociative 

Ionization) 
8.1. Total Cross Section for Dissociation 

Winters133 obtained the total dissociation cross section 
by the measurement of the rate of adsorption of dissociative 
fragments on metal surfaces. His result is shown in Fig. 8.1. 
His cross section probabJy includes the contribution of dis
sociative ionization. The Winters cross section has some-
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FIG. 8.1. Total dissociation cross section measured by Winters (Ref. 133). 

times been criticized to be too large (e.g., Taniguchi et al., 120 

Hayashi et al. 58
). The cross section for dissociation (includ

ing dissociative ionization) should be smaller than the total 
excitation cross section (including dissociative ionization) 
defined by 

QT,exc QT Qelas Qion(Nt). (8.1) 

We can estimate QT,.xc with the use of the data on QT and 
Qetas in Fig. 4.1 and Qion (N2+ ) in Fig. 9.1. When compared 
with the QT,exc thus determined, Winters' Qdiss is larger than 
the QT,.xc atthe energies higher than 100 eV. The discrepan
cy amounts to about 70% at 300 e V. All the cross sections on 
the right-hand side ofEq. (8.1) have a good accuracy so that 
the QT,.xc has an uncertainty of at most about 20%. This 
suggests that Winters' cross section includes contributions 
from some other processes than the pure dissociation at least 
at the higher energies. 

8.2. Production of Excited Nitrogen Atoms (Emission 
Cross Sections) 

There are a number of papers reporting the measure
ment of the emission from the fragment atom. A list of the 
emission cross sections reported is given in Table 8.1. This 
table excludes those measurements which give a cross sec
tion at only one point of electron energy. Morgan and Men
tall,82 for instance, report emission cross sections for several 
line:; at 200 eV ofclectron energy. We 5how in Pig5. 8.2-8.5 
the cross sections whose maximum value exceeds 10 -18 cm 2• 

For the other cross sections, we only indicate their maxi
mum values in Table 8.1. 

Duplicate measurements were done for a few cases. In 
Fig. 8.3, for instance, three sets of cross sections are plotted 
for the emission of 1200 A line. There is about a factor of 2 
discrepancy among the different measurements. As noted in 
Sec. 7, it is very difficult to obtain accurate absolute magni
tude for the emission cross sections. The discrepancy in Fig. 
8.3 indicates the degree of reliability of the .emission cross 
sections reported. 

Table 8.1. List of the measured cross sections for the emissioll from 

nitrogen atoms upon electron-impact dissociation of N2 

Wavelength Transition Apa E b 
max Q(Emax)c Reference d 

(A) (eV) (eV) (l0-18cm2) 

1134 2p 4 4p_2p3 45 20.6 See Fig. 8.2 AD 

1164 3d 'D_ 2p3 '0 2S.1 50 0.73 AD 

1177 .de:: 2p _'1'3 2n ,c:._n .nn O • .d.d An 

1200 3s 4p_2p3 45 20.1 Se. Fig. 8.2,3 A,AO,MZ 

1243 3.' '0_ 2p3 '0 24.4 See Fig. 8.2 AO,MZ 

1494 3, 2p_2p3 20 20.5 So. Fig. 8.2,4 A,AO,MZ 

1743 3. 2p_2p3 2p 20.S See Fig. 8.5 A 

4100 
. 2 2 
3p' 03 / 2-3. PI/2 

n.7 78 0.018 

4151 4p 453/2-3. 4pS/2 22.7 74 0.013 

4935 4p 2S1 / 2- 3• 2pS/2 23.5 78 0.033 

5281 4p 4PS/2-2p4 4pS/2 22.7 86 0.009 

5329 4p 407/2-2p4 4pS/2 22.7 81 0.016 

6485 4d 4 F7/2-3p 405/Z 24.0 97 0.034 

7424 3p 453/2-3$ 4pI/2 22.6 88 {J.13D 

8216 3p 4PS/ Z-:;S 4pS/2 22.5 82 0.820 

8629 3p 'P3/2-:;S 'P3/2 
22.3 85 0.470 

8680 3p 40 _3• 4p 21.S See Fig. 8.2,5 AIl,F 

9047 3p' 'F-3$' 20 23.4 84 0.200 F, 

"""" ,d 'V3/ 2-'P '~1/2 .2.) • .i: .. O~O71 

9393 3p 20S/2-3. 2P3/2 21.7 85 0.70:; 

10114 3d 4F_3p 40 23.0 81 0.550 

10540 3d 4p 22.7 83 0.301 

AAppe.arance potential ~ 

helec.tron energy at which the cross section has its maximuM. 

ct.'OXitll'UM of the cmi::l::::li<m cr():::;!) .:)ci:tion. 

dA: Ajello (1970); AD: Aarts and de Heer (1971) l F: Filippelli et a!. 

(1982); HZ: M.-a and Zipf (1971). 

N' - Aarts (971) 

Cl> Mumma 09711 

Electron energy (eV) 

FIG. 8.2. Cross sections for the line emissions from nitrogen atoms upon 
electron-impact dissociation of N2• Numbers along the data 
points indicate the wavelength (in A) of the line measured (5ee 
Table 8.1). 
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'Iii 2 
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x Aarts (1971l 

150 200 
Electron energy (eV; 

Fl(). 8.3. Same as Fig, 8.2, but for the emission of 1200 A line. 

:t50 

Recently interest has been increased in the highly excit 
ed atoms produced by electron-impact dissociation of mole
cules, There are several papers on the production of highly 
excited nitrogen atoms from N2•89,IOO.129 Schiavone et al,loo 
found that the cross section for the formation of the highly 
excited atom with its principal quantum number n can be 

6 
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o 
o e 

o 

o 
o 
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o o 

to. 
A 

x 

N* 1494A 

o Aiello (I970) 

A Mumma (1971) 

X Aarts (I9m 

Electron energy (eV) 

to. 

FIG. 8.4, Same as Fig. 8.2, but for the emission of 1494 A line. 
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FIG. 8.5. Same as Fig. 8.2, but for the emissions of 174:> and 8680 A lines. 

approximated by 

Qdlss[N(n)] = 1.6 X 10- 16 cm2jn3
, (8.2) 

for 11 = 15-80 at the electron energy of 100 eV. The energy 
dependence of the cross section is also discussed by them. 

9. Electron Collisions: Ionization (Including 
Dissociative Ionization) 

9.1. Cross Sections for Ion Production 
a. Gross Ionization Cross Section 

A measurement of ion current gives the gross (or total) 
ionization cross section defined by 

Qion (gross) = L nQion (N~+) + L mQion (Nm
+). 

n m 
(9.1) 

Here, Q;on (N~ + ) is the cross section for the production of n
fold ionized ions ofNz, and Qion (Nm +) is that for the disso-

Ionization 

Electron'energy (eV) 

FIG. 9.1. Electron-impact ionization cross sections ofN2• Qjon (gross): gross 
ioni=tion eroOG section; Q,on ('1'1,+ ), cross section for the produc. 

tion ofN,+; Qion (diss): dissociative ionization cross section. 
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dative ionization producing Nm . Among many measure
TUe;:nts, the;: result by Rapp and Englander-Goldenl'6 has been 

often taken as the standard for Q;on (gross) ofNz. A recent 
review by de Beer and Inokuti,42 for instance, concluded 
that the data by Rapp and Englander-Golden96 are most 
likely to be right within the stated limit of errors (7%), and 
no recent work has substantially reduced the error limit. 
Figure 9.1 shows the Qion (gross) of Rapp and Englander
Golden.96 

b. Production of Nt and N/ + 

Mark 75 reported the cross section for the production of 
N.t and N,t + . He detected each ion with a mass spectrom
eter. He compared his result of Qion (Nt) + 2Qion (N2+ + ) 
with that derived from the measurement by Rapp and Eng
lander-Golden. 96 The latter values are obtained by a subtrac
tion of the dissociative ionization cross section measured by 
Rapp et al.97 from the Qion (gross) in Fig. 9.l.lt turned out 
that the Mark result deviated significantly from that of 
Rapp. The maximum difference occurs around about 50 e V, 
where the Mark value is only about 65% of the Rapp one. 
Mark obtained his absolute magnitude by normaliting his 
relative measurement to the ionization cross section of Ar, 
which was also shown in his paper. The ionization cross sec
tion of Ar used by Mark, however, is systematically different 
from that reported later by the same group.1I3 At about 50 
cV, for in5tance, the new measurement oftht: Ar iUlliZl1tiolJ 

cross section exceeds the old data by about 34%. The values 
of Q;on reported by Mark,75 therefore, may be of some syste
matic error at least in the region oflower electron energies. If 
the correction factor for the Ar data <;an be applied to N 2' the 
difference between the two measurements75.96 is reduced to 
about 13%. This was pointed out first by Armentrout et al. 8 

Herewe calculate Qion (Nz+ ) from the relation 

Qion (N2+) = Qion (gross) - Qion (diss) , (9.2) 

with Qion (gross) and Qion (diss) shown in Fig. 9.1 (the latter 
cross section being discussed in the next subsection). The 
result is also sbown in Fig. 9.1. 

In the relation (9.2), we ignored the contribution of 
N2+ + to the gross ionization. As the ratio 
QiOb (N2+ + )IQion (N/) is a few percent (see,e.g., Mark75), 

the contribution of N 2+ + can be neglected within the error 
limit (7%) of Qion (gross). A very similar procedure was 
taken by Armentrout et al.8 to derive their result of 
Q;on (N2+), although it is only given up to 240eV. They took 
account of the contribution of N 2+ + using Mark's data. 
Their values agree with ours within a few percent. 

c. Dissociative Ionization 

Rapp et 01.97 measured the dissociative ionization cross 
section defined by 

Qion (diss) = Qion (N+) + 2Qio~ (N++) . (9.3) 

Their values have to be corrected relative to two parameters: 
they detected only the fragment ions having kinetic energy 
larger than 0.25 eV and they used the McLeod gauge to mea
sure the pressure of the target gas. Following Armentrout et 
ai.,8 we increased the Q;nrt (diss) measured by Rapp et 01.97 

6 

£ 
~ 

I 
0 
C 

t: ·z 3 
u 
<l) 
<Il 

<Il 

I 
<J) 
0 
h 

Q Q<on (NH) (XIO; 

300 
Electron energy (e V) 

FIG. 9.2. Cross sections for the dissociative ionization [Qron (N+) for the 
production of N+ and Qion (N+ +) for the production of N+ +], 
measured by Crowe and McConkey (Ref. 39). For Q;on (N++), 
10 times the measured values are plotted for illustration. Also 
plotted are Qion (diss) derived from the data by Crowe and 
McConkey (dashed line) and those by Rapp etal. (Ref. 9'1) (slll
idline). 

by 5% to correct for the fragment ions with lower velocities 
and decreased that by 8.8% to correct the pressure gauge. 
The resulting values of Qion (diss) are presented in Figs. 9.1 
and 9.2. 

Crowe and McConkey39 measured N+ and N+ + sepa
rately. Figure 9.2 shows their cross sections Qion (N+) and 
Qion (N+ +). They obtained the cross sections by normaliz
ing, at 100 eV, their data on Qion(dissH = Qlon(N+) 
+ 2Qion (N + + ) 1 to that of Rapp et al.97 In so doing they 

reduced the Qion (diss) of Rapp et al. by 7.7% to take ac
count of the pressure-gauge correction. They ignored the 
correction for slow ions. The Qion (diss) obtained by Crowe 
and McConkey39 is also plotted in Fig. 9.2 and <;ompared 
with the Qion (diss) derived above from the data by Rapp et 
al.97 The difference (up to 15% at 300 eV) between the two 
sets of Qion (diss) probably indicates the uncertainty of the 
present Qion (diss). 

9.2. Production of Excited Ions from N2 
a. Production of Excited States of N.+ 

A number of papers reported the measurement of emis
sion from N,,+ at the impact of electrons with N 2 • Fi2ure 9.3 

J. Phys. Chern. Ref. Data, Vol. 15, No.3, 1986 
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Skubenich (1981) 

/ 1 9183 A. (1,0 band) 

Skubenich (}981) 

~ 
/Stanton (1969) 

~'" Srivastava (1968) 
I 

708L&' (4.1 band) 

Electron energy (eV) 

FlO. 9.3. Emission cross sections for the 9183 and 7081 A lines in the Meinel 
system (A 2ITu ..... X 2'i.t) of Nt, measured at the collision of 

electrons with N2 by Skubenich and Zapesochnyy (Ref. 109). 
Stanton and 8t.10OO (Ref. 112). lim] Srivlllit8vll and MIrza (Ref. 
110). 

gives the emission cross sections109,llO,1I2 for the 7081 and 
9183 A lines in the transition A 2IIu - X 2l:g+ of N2+ 

(Meinel system). From the Qemis of Skubenich and Zape
sochnyyl09 the cross section for the production of A 2IIu 

state of N2+ has been deduced with the use of the procedure 
similar to that in the case of excitation ofN2 (see Sec. 7). The 

~,- N," (A 'nul deduced from 
QUI$ (~, ... A-X) 

Shemansk)' (1971) 

Skub~nich (1981) 

10 100 1 0 
Electron energy (eV) 

FIG. 9.4. Cross sections for the production of Nt in its A 2IT. state at the 
collision of electrons with N 2• The values derived from the emis
sion cross sections (Refs. 104 and 109) are shown. 
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~131 
4278.~ 10 I hand) 

II I BOl'st (1970) 
121 Skub('nich 1l98!J 
131 Shaw (1983) 

Electron energy (e'/) 

3914 A 
10.0 hand) 

FIG. 9.5. Emission cross sections for the 3914 and 4278 A lines in the first 
negative system (B "I: ...... X "!'g+ ) of Nt ,measured at the colli-

sion of electrons with N2 by (I) Borst and Zipf (Ref. 17), (2) 
Skubenichand Zapesochnyy (Ref. 109), and (3) Shaw and Cam
pos (Ref. 103). 

result is shown in Fig. 9.4. Shemansky and Broadfooe04 re
ported the excitation cross section derived in a similar way. 
Their result is compared in Fig. 9.4 to the present one. 

There have been a large number of measurements of the 
emission from B 2l:u+ state ofN2+ • Some representative data 
on the emission cross section for the B 2l:u+ -X 2':£g+ transi
tion (1st negative system) are presented in Fig. 9.5. The data 
by Borst lind Zipfl7 have been taken as the standard among 
various emission cross sections.78 From their data, we have 
derived the excitation cross section for Nz+ (B 2l::) as 
shown in Fig. 9.6. The resulting value of Q.xc is almost 10% 

3 

_----...:N~," ..... N,. (8 ~ •. . ) 

-deduced from Q .... (N: B-X) 
Borst (1970) 

~ Rapp (1965) 

Electron energy (eV) 

FIG. 9.6. Cross section for the production ofN2+ in its B 2!,: state at the 
collision of electrons with N 2 • The values have been deduced from 
the emission cross section of Borst and Zipf (Ref. 17), which is 
given in Fig. 9. S. For comparison. one-tenth the value of the gross 
ionization cross section shown in Fig. 9.1 is plotted. 
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Tabl e 9.1. List of the measured cross sections fOT the emission 

from N+ upon electron-impact dissociative ionization 

Wavelength Tr.ans:ition ~"a F ma~ fl ("max) C 

(eV) CeV) (l0-18cm2) 

747 3. Ip_ 2p2 10 45.0 150 0.IS3 

776 2p3 10_2p2 10 44.4 150 0.116 

916 2p3 3p_2p2 3p 37.7 140 0.508 

1084 2p3 30_2p2 sp 35.6 See Fig, S.7 

5001 3d 3F_Sp 3D 56.S 168 0.150 

5680 3p 303 - 3s Sp 2 53.8 170 0.230 

a Appearance potential. 

I:> Electron energy at which the cross section has its maximum. 

c MaxilllUl1l of the elllission cross section. 

c:1 AD: Auts and de Heel' (1971); F: Filippelli at al. (1982); 

MM: Morgan and Mentall (1983) 

Ref~ 

AD 

AD 

AD ,101M 

AU 

of the Qivu (gm .... ) for a wide range of electron energies above 
50eV. 

Ajell04 has tried to measure the emission from 
N 2+ (C 2~u+ ), but got no signal. He concluded that the up
per limit of Qamis for C l.~u+ state is 3 X 10-20 cm2

• 

b. Production of N+ In Its Excited State 

Emissions from the fragment ion (N+) were measured 
by several people. Table 9.1 lists the lines measured. As in 
the case ofN, Table 9.1 excludes those measurements which 
give the cross section at only one point of energy. Morgan 
and Mentall,82 for instance, give the cross section for several 
lines at 200 e V. In Fig. 9.7, the emission cross section for the 
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FIG. 9.7. Emiooion oross seotion for the 1084 A lin .. from N+ measured at 
the electron collision with N2 (Ref. 2). 

1084 A line is shown. Other lines have a cross section less 
than 10- 18 cm2

• The accuracy of these cross sections would 
be the same as in the case ofN (see Sec. 8.2). 

9.3. Energy Distribution of Secondary Electrons 

Energy distribution of secondary (t:iected and scat
tered) electrons is needed when we determine the energy loss 
of electrons upon ionizing colHsions with nitrogen mole
cules. Opal et a1.95 reported the result of their measurement 
for the incident energies from 50 to 2000 e V. Their results are 
shown in Figs. 9.8a and 9.8b. After the publication of the 
paper, some other measurements were done. DuBois and 
Rudd48 and Shyn 107 reported their results fnr 100-500 eV 
and for 50-400 eV, respectively. The data of Opal et al.95 are 
in good agreement with the recent ones at 100, 200, and 500 
eV. At 50 eV, the data by Opal et al. are by about 50% less 
than those ofShyn. 10 I As it is difficult to measure low-energy 
electrons, this discrepancy may be ascribed to experimental 
uncertainties. Opal et al. claimed their maximum error to be 
about 30%. 

The measurement by Opal et al. was restricted to the 
secondary electrons with energies above 4 eV. On considera
tion ofShyn's data, which extended the energy down to leV, 
a smooth extrapolation is likely to be made to the lower ener
gy. Actually Opal et al.95 proposed to use a simple form, 

c 
with E = 11.4 e V , (9.4) 

for the differential cross section over the secondary electron 
energy Es (in eV). Here C is a constant depending on the 
energy of the incident electron. Recently Goruganthu et a/."3 
reported their measurement of low-energy secondary elec
trons at the incidence of 1000 eV electrons. They showed a 
significant peaking of the differential cross section at the 
lowest energy (-1 eV) measured. They ascribed it to the 
effect of autoionization. Thus one should be careful when an 
extrapolation is made of the differential cross section ob
tained by Opal et al.9s 
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FIG. 9.8a. Energy distribution of the secondary electrons at the ionizing 
collisions of electrons with N. Rn .. rgy nfth .. indrlent electron i~ 
indicated along each curve (Ref. 95). 
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Secondary electron energy (eV) 

FIG. 9.8b. Energy distribution of the secondary electrons at the ionizing 
collisions of electrons with N ,. Energy of the incident electron is 
indicated along each curve (Ref, 95). 
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10. Summary and Future Problems 
Cross sections for electron collisions with nitrogen mol

ecules are summarized in Fig. 10.1. Data sources are: the 
total (QT)' elastic (Qelas) and momentum-transfer (Qm) 

cross sections from Fig. 4.1, the cross section for the rota
tional excitation J = ~2 [Qrol (~2)] from Fig. 5.1, the 
cross section for the vibrational excitation 
v = ~1 [QYib (~1)] from Figs. 6.1 and 6.2, a few repre
sentative cross sections for electronic excitations from Figs. 
7.1 and 7.4, the gross and dissociative ionization cross sec
tions from Fig. 9.1. The reliability of each cross section has 
been discussed in the respective sections. 

'l'he cross section data on the collisions of photons and 
electrons with nitrogen molecules have increased both in 
quantity and in quality these 10 years. An extensive mea
surement of electron energy-loss spectra, for instance, has 
been done to provide vibrational and electronic excitation 

Qexc lA 'L'':I 

Q,· .• ·cl\\' 'J"I 

10-1'~0~-r-~~~~~1~O,,--~~~~~+L--~~~~~1~0--~~~~WU+I0~?r-~~~~~~10' 

Electron t'nerj.()' I.('VI 

FIo. 10.1. Summary of the cross sections for the electron collision with N2• 

J. Phys. Chem. Ref. Data. Vol. 15. Nt'> 'liD.'" 
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cross sections. The total scattering cross sections have been 
obtained with an error of a few percent. Experimental infor
mation, though fragmentary, is now available for rotational 
transitions. As shown in the previous sections, however, we 
are still far from the stage where a comprehensive set of 
accurate cross sections is at hand for any application. Con
siderable work remains to be done. In particular we need 
more research on the following collision processes: 
( a) Electron -impact excitation of electronic states. 

The JPL group published their measurement of the 
cross sections for 17 excited states. The measurements, how
ever, were limited to the collision energies less than 60 eV. 
Furthermore the cross sections for seven states were ob
tained only at two energies. Data on the excitation cross 
sections are urgently needed over a wider range and finer 
grid of energy. The ELS measurement of the JPL group was 
done for loss energy less.than 14.2 eV. Cross sections for 
excitation processes with thresholds higher than 14.2 eV 
should be investigated. 
(b) Dissociation to ground-state and metastable-state atoms 
by electron and photon collisions. 

There is no definite information about the magnitude of 
the dissociation cross section for the production of nitrogen 
atoms in their ground state. Since ground-state nitrogen 
atoms arc difficult to detect, CI new technique must be de
vised. Also important are the cross sections for the produc
tion of nitrogen atoms in their metastable states, i_e., N ep or 
2D). 
( c) Electron-impact excitation of vibrational states at low 
energies. 

Vibrational excitation is the most efficient energy-loss 
process in the region from the threshold to about 10 eV. 
Though much study has been done, reliable information 
about the absolute magnitude of the cross section is fragmen
tary. In particular, more beam data must be obtained below 
the 2.3 eV shape resonance. 
( d) Electron-impact excitation of rotational states. 

As is shown in Sec. 5, we now have a comprehensive 
rellult of calculation of rotational transitions CIt 0.03 3 eV. 
This result should be tested by experiment. Furthermore the 
preliminary experimental data at higher energies (5-20 eV) 
have to be confirmed. 

After some or a11 of the above tasks are completed, the 
present data compilation will be revised. 
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