o
O ©
c
mﬁ
-
@ O
.25
V)
>L
c9
a o
y— X
O —
— @©
m.g
§E
)
OcC
RIT)

Cross Sections for Collisions of Electrons and
Photons with Nitrogen Molecules

Cite as: Journal of Physical and Chemical Reference Data 15, 985 (1986); https://doi.org/10.1063/1.555762
Submitted: 23 July 1985 . Published Online: 15 October 2009

Y. Itikawa, M. Hayashi, A. Ichimura, K. Onda, K. Sakimoto, K. Takayanagi, M. Nakamura, H. Nishimura, and
T. Takayanagi

T f
L A |

A J

LS 0

View Online Export Citation

ARTICLES YOU MAY BE INTERESTED IN

Cross Sections for Electron Collisions with Nitrogen Molecules

Journal of Physical and Chemical Reference Data 35, 31(2006); https://
doi.org/10.1063/1.1937426

Cross Sections for Collisions of Electrons and Photons with Oxygen Molecules

Journal of Physical and Chemical Reference Data 18, 23 (1989); https://
doi.org/10.1063/1.555841

Electron-impact dissociation of nitrogen
The Journal of Chemical Physics 98, 9544 (1993); https://doi.org/10.1063/1.464385

+
Where in the world is AIP Publishing?

Find out where we are exhibiting next

Journal of Physical and Chemical Reference Data 15, 985 (1986); https://doi.org/10.1063/1.555762 15, 985

© 1986 American Institute of Physics for the National Institute of Standards and Technology.


http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/test.int.aip.org/adtest/L16/222900553/x01/AIP/HA_WhereisAIP_JPR_PDF_2019/HA_WhereisAIP_JPR_PDF_2019.jpg/4239516c6c4676687969774141667441?x
https://doi.org/10.1063/1.555762
https://doi.org/10.1063/1.555762
https://aip.scitation.org/author/Itikawa%2C+Y
https://aip.scitation.org/author/Hayashi%2C+M
https://aip.scitation.org/author/Ichimura%2C+A
https://aip.scitation.org/author/Onda%2C+K
https://aip.scitation.org/author/Sakimoto%2C+K
https://aip.scitation.org/author/Takayanagi%2C+K
https://aip.scitation.org/author/Nakamura%2C+M
https://aip.scitation.org/author/Nishimura%2C+H
https://aip.scitation.org/author/Takayanagi%2C+T
https://doi.org/10.1063/1.555762
https://aip.scitation.org/action/showCitFormats?type=show&doi=10.1063/1.555762
https://aip.scitation.org/doi/10.1063/1.1937426
https://doi.org/10.1063/1.1937426
https://doi.org/10.1063/1.1937426
https://aip.scitation.org/doi/10.1063/1.555841
https://doi.org/10.1063/1.555841
https://doi.org/10.1063/1.555841
https://aip.scitation.org/doi/10.1063/1.464385
https://doi.org/10.1063/1.464385

Cross Sections for Collisions of Electrons and Photons with Nitrogen

Molecules

Y. ltikawa, M. Hayashi,® A. Ichimura, K. Onda, K. Sakimoto, K. Takayanagi

Institute of Space and Astronautical Science, Komaba, Meguroku, Tokyo 153, Japan

M. Nakamura

Institute of Physics, University of Tsukuba, Ibaraki 305, Japan

H. Nishimura

Department of Physics, Niigata University, Niigata 950-21, Japan

and

T. Takayanagi

Department of Physics, Sophia University, Chiyodaku, Tokyo 102, Japan

Received July 23, 1985; revised manuscript received January 22, 1986

Data have been compiled on the cross sections for collisions of electrons and photons
with nitrogen molecules (N, ). 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.
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1. introduction

Collisions 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 ionospheric and auroral phenomena in
the Earth’s upper atmosphere and in a variety of gaseous
discharge processes. Almost 20 years ago, Takayanagi and
Takahashi''” 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-
markable progress has been made in atomic collision physics
and a large votume of new pertinent data have become avail-
able. The present paper is the complete update of the pr-
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 and 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 cm?” are plotted against the electron energy in eV
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 swarm analysis, except for momentum-
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 N;*, N;* *, and N~ 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 elecirons and photons is
limited, in general, to less than 1 keV. 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 of the nitrogen

~ molecule are summarized to help the understanding of the

collision processes. In Sec. 3, photon collision data are given.
In Secs. 4-9, the data 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, N;°, N;* *,and Ny

Molecular constants and energy levels were critically
reviewed by Lofthus and Krupenie.” Their paper shows de-
tailed potential energy curves for N, and N," . Spectroscopic
constants are summarized also by Suchard and Melzer'"®
and by Huber and Herzberg.%® Michels®' 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,. Table 2.2 lists the addi-
tional states whose existence is predicted by the theoretical
calculation.®! The states of N;* are tabulated in Table 2.3.

Energy levels of N;* * are known fragmentarily (see
Ref. 121 for a recent calculation). From photofragment
spectroscopy, Cosby e al.*’ concluded that the ground state
(X'EF,v=0) of N;* * lies 4.8 + 0.2 eV above the lowest
dissociation limit, N * (°P) + N+ (3P). This suggests that
the ground state of N;* * is located at 43.6 eV above
N,X '35 (v =0). This is alittle higher than the jonization
energies measured for the production of N;* + (for instance,
42.7 + 0.5 eV by Agee et al.?).

The system, e 4- N, has many resonance states (corre-
sponding to temporary negative ion states of N, ). Those are
shown in Fig. 2.1. Details of the resonances are reviewed, for
instance, by Schulz.'®!



Table 2.

CROSS SECTION DATA FOR NITROGEN MOLECULES

1. Major electronic states of N2 {All values are taken

from the review by Lofthus and Krupenie (1977)°
unless otherwise stated In the footnotes.)

state  T;® piss. 0% 9 ag, 0-0° B  r Foot-
eVl products® (ev) tev) aodeny "o

o)m,  15.145 0.2262  2.150  1.178(rg) h

0,1y 15,011 0.2390 h

ettt a.sss)® 0.2755  1.668 bt

c’r, 14.228 0.2705 2,389  1.116  h.J

dag raser BOFHO s ~n2n 2074 1168 X

Y, 14143 0.2273  2.148  1.177 1

¥n, 1400 0.2706 2.410  1.109

257 14.0 0.2317 2,157  1.173

4"1tu_or 10“) 13,008

o',  13.107 0.2424  2.144  1.178 »

e, uz.o® %%° .508)% 0.1135 1,836 1.488

e '5 12,985 0.2671 2.405  1.104 n

eln, 12,912 0.2682 2.371  1.112 o

plr .t 12,856 0%2° z.e52  0.0982  1.427  1.499

5t azean 2,481 1.108(r)

v, g2.500 2% 3° 2,027 0.0787" 178 1.279

it 2,285 2.372  1.122 P

e, 12000 45%%° .04 0.0888" 1301 1.518trg) q

Prt ocnerH o 0268 0.2709  2.3%0  1.118

e, unLe o 0.56 0,053 1.40  1.45 v

¢, 11082 v a1 0.2476 2,351 1.149

¢a 108" w (1,399 0.0920 1.4 1611

A% e 45%95% a0 ~0.om (.s5% 5

v, a.0e95 207200 5.637  0.19%4  1.844  1.269

i, s.sase  w 5.978 0.2088 1904 1.220

ol s.3se7 « 6,128 0.1868 1.825  1.275

5%, saeaz %20 5070 01851 1,816 1.278

wo,  7.3622 %% 47er 0.1839 1.28 t

#n,  7.3502 % 4,790  0.2184 2,019 1.2126

A saess  4s%s? sse0 0777 1.792 1.2866

LA ° B.750  0.28887 2.4668  1.0877

2 Energy units are changed with the conversion factor

i on’!

» 1.23985 x 1074 ev.

b Energy of the lowest vibratlonal state relative to

e * rom
[ VLR

€ Blectranic states of the dissoctation products, N + N.

4 pissoctation energy.

® Energy differsnce between the vibrational states with ve

and 1.

f Rotational constant for the lowest vibrational state (v=0),

9 Equiltbrium internuclear distance.

In some cases, the mean

value for the lowest vibrational state (denoted by rg} is

indicated.

b From Huber and Herzberg (1979).

t
3

Suchard and Melzer (1976) identiiy

Suchard and Melzer (1976) identify

this state as e'lzu'.

this state as e'n .

k Huber and Herzberg (1973) glve T, = 14.272 eV.

1 Suchard and Melzer ¢1976) give Tg * 14.15% ev,

P Suchard and Meizer (1976) and Huber and Herzberg (1976} give

To

= 13.103 eV,
™ juber and Herzberg (1979) give

'l‘o * 12,949 ev.

Table 2.2. Electronic states of N2 not indtcated in Table 2.1

but theoretically predicted by Michels (1881).°

987

Tuag

b . 0 d 1s€ £ g -
State Ty, Diss. D AEv“,(o 1) By Te Fox?otte
(ev)  products® (ev) tevy o™ devy by
1 15.09¢T P 1.18 i
(A346g)
1 - 14.07  P%%° 1.5 0.0779 0.95 1.75
3 14.174T )
3
%, 1412670 1.20 1
{A3dé3)
st 14.08CF) 1.20 1
s e
(A3pmu)
1y 13.89  Zp%2%p° ¢.64 0.0867 1.36 1.47 3
u 13.99(T,)
3, -
L, 13.80(T,) 1.20 i
{A3pwu)
3
m, 13.74(T,) .19 i
{A4pou)
1 13.56  20%2° 0.96  0.0848 1.16 1.60
& 13.66(T )
3
b, 13.62¢T,) 1.18 1
(A3pme)
1+ 13.53  2p%%p° g.99 0.0519 1.0 1.70
& 13.65(T,)
3+
z, 13.51(T,) 1.20 §
(A3pnu)
& 12.72(T,) 1.23 i
y
(KIpny)
3
Pn,  12.59(T) 1.3t f
(A3s0g)
I 12.40 “0%%° 2.3 0.1038  1.16 1.60 K
e 12.49(T,)
3 - 11,94 95%32p° .39 0.0084 1.15 1.61 1
8 12.04(1,)
Sp+ 11,87 450%%p° .27 0.0853 0.66 2.13
8 11.98(T,)
L+ 10.02  20%%p° 4.5 0.1436  1.21 1.57 »
8 10.09¢T,)
a=g
The same ag a-9 in Table 2.1.
h Te is the minfwum of the potential curve.
! Read from the graph in Michels (1981),
4 Taken from Table [11 of Michels (1981). His graph shows a
l1ittle different values tTe~13.74 ev, re~l.55 .
k Taken from Table 111 of Michels (1881). His graph shows a
little different value of Te (~12.2 eV).
1 Taken from Table 111 of Michels (1981). His graph shows 'l‘e
of a little lower value than 12.0 eV.
® Taken from Table Ii] of Michels (1981). His graph shows ‘l'e

of a little lower value than 10.0 ev.

© Huber and Herzberg (1979) give Ty » 12.943 ev.
P Suchard and Melzer (1976) give Ty » 12,278 eV,
Ty * 12.096 eV.
Tg = 1E.45 eV.

9 Huber and Herzbers (1979) give

¥ Huber and Herzbers (19791 give
of Do. Evlb’ Bu and ro are from Michels (1981).

S This is ldentified as 2" by Suchard and Melzer (1976).

' suchard and Melzer (19761 give Ty = 7.5080 eV.

¥ { ) means uncertain.

The values
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Table 2.3. Electronic states of Nz* (All values are taken from
the review by Lofthus and Krupenie (197712 unless

otherwise stated In the footmotes.)

state T;® piss. 0" ¢ ag,0-n° By r? Foot-
(eV)  products® (ev) cev) uedeny A

6?20 (39.622)% 45030 repulsive h

c®z,* 20583 %%  g.004  0.2544  1.a72 r.zeat

oPng, 22.040 %5%% 2.2e5  0.1098  1.368  1.47

%z ras.7500% .294)% (2.559)% h

BPE,' tm7st Us%% 5543 0.2043 2,558 1.078

a%n,, 16.669 7.585  0.2323  2.155  1.174

Xzsg’ 16.681 0,713 0.2090 2.382 1.116 3

Energy untts are changed with the conversion factor

1cam! = 1,23985 x 1074 ev.

o

Energy of the lowest vibrational state relative to
1y +
Nz X 29 (v=0}.

L]

Electronic states of the dissociation products. N + N*.

d DPissvclatlun energy.

€ Energy difference between the vibrational states with vso and
vel,

Rotational constant for the lowest vibrational state (v=0).

Equillbrium internuclear distance.

T ow e

From Huber and Herzberg (1979;.

Mean value (ru) for the lowest vibratlonal state.

I The lowest state of Nz".

k ( } means uncertain,

b. Vibrational-Rotational Levels of the Electronic States
Vibrational-rotational energies are given by
E;=E,+BJ(J+1)=DJ*J+1)*, 2.1

where v and J are the vibrational and rotational quantum

numbers, respectively. The numerical values of £, ,B,,D, are
listed in Table 2.4 for the electronic ground state (X '2;“ ) of

Shape Feshbach ————N,* A,
. R R - Nf Xyt
. 1o
?‘, ]
: . — B E g
B AlZ —B I, W 4,
E; e 0
&
—X o2y
(decay channel;
L R T T PR PR  ——. 4 'zo'
N~ N; or N,*
(v=0)

Fi1G. 2.1, Temporary negative ion states of N,. Their locations are indicated
with respect to the levels of N, and N,*. The grandparents of the
Feshbach resonances are separately denoted by solid (N,* A °I1,,)
and dashed (N,;* X 12;) lines. (See Refs. 86 and 101.)
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Table 2.4. Vibrational-rotational energy of the

ground electronic state A(xlzg") of N,
(Lofthus and Krupenie, 18977)

2 2
+ B,J(d+1) - D_J7(J+1)

0 0.0 2.4668 7.1
1 U.2888 2.4452 7.132
2 0.5742

3 0.8559

4 1.1342 2.3805
5 1.4088 2.3584
6 1.6801 2.3365
7 1.58475

8 2.2118

9 2.4718

10 2.7284 2.2480
11 2.9815 2.2263
12 3.2310 2.2033
13 3.4769 2.1809
14 2.7191 2.1581
15 3.9576 2.1354
16 4.1923

17 4.4242

18 4.6510

19 4.8748
20 5.0949
2] 5.3114

N,. Vibrational-rotational energies for other states can be
roughly estimated from AE,;, (0—>1) and B, 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 N is 99.64 %, almost all nitro-
gen molecules are "*N,, the mass of which is

M = 4.65060x10"% g. (2.2)
This gives the ratio
m./M = 1.9588x10"7, (2.3)

where m, is the electron mass.
The nitrogen molecule has an electric quadrupole mo-
ment defined by ’

Q=%fp(r)(322 — .

Here p is the charge distribution (including nuclear charge)

(2.4)
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Table 2.5. Matrix elements of quadrupole morent between vibrational

states, < v| Qlv'> . (Cartwright and Dunning, 1974)

v=20 1 2 3

vt =0 -1.669(-26)a 5.564(-28) -3.568(-29) 4.347(-30)
1 -1.657(-26) 7.888(~28) ~6.429(-29)
2 -1.644(-26)  9.680(-28)
5 «1.031 (-20)
® [n units of esu cn’ (1 esu en? = 333 x 1001 ¢ mz);

“1.66Q(-78) = -1.AAQ X 10728,

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

Q= —152X10"*esucm®.

Since then a few measurements were done to obtain
All of their results are consistent with the above value. Rirn.
baum and Cohen' give also the hexadecapole moment,

(2.5)

Q- 14,21,23

D= %fp(r)(ﬁz" — 30r%2% + 3r*)dr

= (34+1)X107* esucm*. (2.6)

The dependence of Q on the internuclear distance R was
calculated by Cartwright and Dunning®® and by Morrison
and Hay.? From their calculation, Cartwright and Dunning
obtained the matrix elements of Q between different vibra-
tional states of {nonrotating) N,. Those for several lowest
states areshown in Table 2.5. The quantity (v = 0|Q |[v" = 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 Stogryn''* gave no
estimate of the uncertainty in their value, it is difficult to
determine the reliability of the calculation.

The polarizability of N, has two compenents: @; and
a,. The quantity a; («,) denotes the polarization induced
by a field parallel (perpendicular) to the molecular axis.
From the distribution of dipole oscillator strengths, Zeiss et
al.’®® determined the best value of the isotropic part of the
polarizability as

= 1.740X 10~% cm?>. 2.7

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

v=a) -,
=0.66xX10"2* cm?. (2.8)

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

From the experiment of vibrational Raman scattering,
Buldakov et al.* derived the derivatives of the polarizability

2.9 ' '
g 2.0r ]
S
L
=
:; 15 @ ]
‘.:i
<
N
w 1.0 ]
@
=
0_‘ .
.= Temkin (1978)
0.5+ Y — — — Morrison {1679}
o Onda (1983)
x  experiment
0 . : . :
0.9 1.0 111 1.2 1.3

Te
Internuclear distance (A)

F16. 2.2. Dependence of the polarizability (isotropic part, &z, and anisotrop-
ic part, ¥) 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) ] areshown at the equilib-
rium internuclear distance (r,).

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

da —
(__o =1.72X10"!'¢ cm?, (2.9a)
dR R=r,
d -
(J—’« =1.97X107'¢ cm?. (2.9b)
dR/x=r,
Table 2.6, Vibrational matrix elements of isotropic { oy ) and
anisotropic ( y ) parts of the dipole polarizability
v=20 1 2 3 4
vt =0 1.768(0)%°° 5.029(-2) -5.597(-3)  5.859(-4)  -4.401(-5)
6.900(-1)  5.597(-2) -1.581(-3)  1.974(-S)  3.498(-6)
1 1.775(0) 7.014(-2) -5.636(-3) 1.186(-3)
7.055(~1) 7.991(-2) -2.834(-3) 4,502(-5)
2 1.783(0) 8.469(-2) -1.354(-2)
7.214(-1)  9.878(-2) -4.146(-3)
5 1.750(0) 9.639(~2)
7.373(-1)  LA51(-1)
4 1.799(0)
7.535(~1)

%The first and second entries are, respectively, <v{o0|v'> and

24 3

<|v|v'>  in units of 1072 ca® . (6.900(-1)=6.900x10"")

bnata are from the unpublished supplement to Onda and Temkin (1983).

J. Phys. Chem. Ref. Data, Vol. 15, No. 3, 1986
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In a similar way, Asawaroengchai and Rosenblatt® obtained
the value of (@y/dR)x_., (= 1.40X107'® cm?), which is
about 30% lower than that of Buldakov ez @/.?* On the other
hand, the calculation by Morrison and Hay* gives
(dy/dR)g _, = 1.73X 107 '®cm? 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 them®*°!!?2 are
shown in Fig. 2.2, All of the theorctical values are in good
agreement. The calculations reproduce the experimental
values well for a, 7, and day/dR at R = r,. The calculated
result of dy/dR at R = r,, however, is somewhat different
from the experiment (see above). Onda and Temkin®' 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 N, and N,;* were compiled
by Wallace.'?"'?® Also the reviews by Lofthus and Kru-
penie’ and by Suchard and Melzer''® contain the lists of the
wavelengths of the band origin for various bound-bound
transitions in N, and N,*.

b. Lifetimes and Transition Probabilities

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,'*® Lofthus and Krupenie,’* and Kuz-
*menko ef al.”?

Table 2.7. Lifetimes (in seconds) of electronic states of N,

1. Triplet states, calculated by Werner et al. (1984)

3,

3

v B+ Attt il wis a8 83z~
e u « ] - 8 v &
UBAU
0 13.4¢-6)  3.67(-8) 31.6° 4.601-5)
) 11.00-6) 3.65(-8)  4.52(-3)  8.61(-5)
2 9.31(-6)  3.69(-8}  1.22(-3)  3.01(-5)
a 8.15(~6)  3.77(~8)  6.07(-4)  2,59(-5)
4 7.30(-6)  3.94(-8)  3.80(~4)  2.30(~5)
S 6.65(-6) 2.68(-4) 2.08(-5)
6 6.16(-6) 2,03(-4)  1,90(-5)
7 5.77(-5) 1.62(-4)  1.77(-5)
8 5.46(-6) 1.34(-4) 1.65(-5)
9 5.23(-63 1.15(~4) 1.56¢-5)
10 5.05(-6) 1.00(~4) 1.48(-5)
1 4.92(-6) 8.88(-5)  1.42(-5)
12 4.82(-6) 7.98(~5)  1.36(-5)

2 13.4(-61=13.4x1076,

% hacays also to xls:g’, the 1ifetime for which

is 4 sec (Benesch, 1979).
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Table 2.8. Lifetimes (in seconds) of electronic states of N2
II. The states other than those listed
in Table 2.7 (selected from the compilation
by Lofthus and Krupenie (1977})

State Lifetime
A%z, tv=b) 1.9
p’s," (=0 1.41x1078
'zt 1.80x1074
o1

a Zu 0.5

a'n, 1oasxio™d
wla (veo~a) (1-5) x207*

Here the lifetimes are summarized separately for each
bound-bound transition. Table 2.7 gives the lifetimes of the
triplet states of N, obtained from a recent calculation by
Werner ef al.'*® 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 N, taken from
Lofthus and Krupenie.” The lifetimes of the states of N;*
are presented in Table 2.9, which is based on the calculation
by Collins er al.* For the experimental data, sce the review
by Lofthus and Krupenie.”

Tables of the Franck—~Condon factors for the bound-
bound transitions are given in the reviews by Lofthus and
Krupenie™ and Suchard and Melzer.!'s

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.®® The oscillator strength
distribution can he characterized by its moments. In particn-

Table 2.9, Lifetimes (in seconds) of electronic states of N;,
calculated by Collins et al. (1980).

v a%n 8% * &t o2 o’

u u ] 4 £

- xzz; - xzzg" - xzz; AT

0 17.45¢-6)2 5,52(-B) 6.05(-8) 4.25(-4) 2.87(-7)
1 14.76(-6) 5.38(-8) 5.90(-8) 1.62(-4) 2.93(-7)
2 12.90(-6) 5.30(-8) 5.69(-8) 9.42(-5) 2.97(-7)
3 11.54(-6) 5.27(-8) 5.45(-8) 6.65(-5) 3.02(-7)
4 10.50(-6) 5.27(-8) 5.19(-B) 5.20(-5) 3.21(-7)
5 9.69(-6) 5.33(-8) 5.94(-8) 4.57(-5) 3.59(-7)

2 17.45(-6)=17.45x1075,
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Table 2.10. Moments of dipole oscillator strengths
(Zeiss et al.. 1977}
===xn{==.—:a.‘ _ = B nEEED
I Stu) Ltu) ‘ )
- (in. eV}
————— ':’_- 4.920t4]a- 3.414(5;“ 1.404(4)-
1 _2.?60‘2) 1.126(3) 8.045(2)
0 1.400¢1) VZ.Sll(l) 8.178(1)
-1/2< 7.106 '
-1 4.3{42 ' 2.091 2.B11(1)
-3/2 3.599
-2 2.938% 1.039 i.939(l)
~5/2 2.512
-3 2.226
-4 1.882
-6 1.59
-8 1.502
-10 " 1.498
~-12 -1.540
-14, 1.615

3 4.820(41=4.920x10%.

lar; the following types of moments are useful:

_ _ ‘E, \ - df '
Sy = ;(Ry)f"_'_ L (Ry) g% 210
E\t (E - .
L —_ n 1 n
2 (2 u(E)s
o _Iz—p df
+L -(Ry) ln(Ry) 2E Yk, | @2.11).
T(u) = exp[L(n)/S) IRy . (2:12)

Here E, is the excitation energy of the: nth state, f, is the
dipole oscillator strength for the excitation from the ground
tothenthstate, df /dE is the density of the oscillator strength
per unit energy for continuurm excitation, and I, is the first
ionization potential.- All the energies are expressed in ryd-
berg units (1 Ry = 13.61 eV).

From the thorough investigation of the experimental
and theoretical data on photoabsorption and electron colli-
sions, Zeiss et al.'*® 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.1%¢ is
different from the one above. The values in Table 2.10 have
been adjusted to the present definition,) Very recently, Kos-
man and Wallace” made a complete calculation of the dis-
tribution of dipole oscillator strengths and analyzcd them by
decomposing to the contributions from various subshells
and several wavelength ranges.

3. Photoionization and Photodissociation
3.1. Photoionization

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

991

In 1979, Berkowitz'' and Kirby et 4/.”° 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 S_ection

Samson et al.”® 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 They claimed an
accuracy of 3% for their photoionization cross sections.
Their data are in quite good (within 1%) agreement with-
those obtained by Wight e al.*2 with the use of electron-
impact technique. In the region of shorter wavelengths
( <550 A), several measurements of photoabsorption cross
section were done (de Reilhac and Damany,** for 500-100
A; Cole and Dexter,?* for 340-50 A; Denne,* for 82-24 A).
In this energy range, the ionization yield has been confirmed:

- tobe unity so that the photoabsorption cross sectlon is eq\u-

valent to the photoionization cross section.
‘For the wavelengths of 650-50 A the five sets of data
described above coincide with each other within the com-

. Photon energy {eV)

50 40 30 25 20 18 16

200 100

| 1071
10—17:

10-;18_ ‘

Photoionization cross section {cm?)

Qum(\l ).

1075 100 300300 400500 600 700" B00
Wave length (A)

Fi16. 3.1. Total (QF%,) and dissociative [Q5 (N*)] photoionization cross
sections. In the'region of the wavelengths longer than 650 Ajonly’
the representative data are shown. More details for the region are
presented in Figs. 3.2a and 3.2b. The peak cross section at theK-
absorption shape resonance is indicated by the letter K.
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FIG. 3.2a. Photoionization cross section at wavelengths 655-730 A. The
relative values measured by Dehmer ez al. (Ref. 43) are normal-

iczed to the data by Samson ef al. (Ref. 99) in the region 660-665
A.

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
isshown 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 strong K-absorption occurs. '* The max-
imum value of the shape-resonance part of the K-absorption
cross section is also shown in Fig. 3.1. Bianconi et al."?
further found a very sharp peak (1.74X 10 *7 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 by autoionization. Dehmer et al.*3 detect-
ed N;* on the impact of light in this wavelength range. They
reported the yield of N, in a relative scale. Here we have
normalized their relative photoionization cross section to
those measured by Samson et al.®® over the wavelength re-

Photoionization (730—7964)

5 —Dehmer (1984)
401 normalized to Samson
30 v Samson (1977)

-t

780

5
30!
20
% )
7 5 % 500 '

Cross section (10" "cm?)
DO 8 O
SS., 2888824 22

e

Wave length (A)

FIG. 3.2b. Photoionization cross section at wavelengths 730-796 A. 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 660-665
A

J. Phys. Chem, Ref. Data, Vol, 15, No. 3, 1986

ITIKAWA ET AL.

gion of 660-665 A. The result is shown in Figs. 3.2aand 3.2b,
together with Samson’s data. The wavelength resolution of
the original data of Dehmer ez al. is 0.023 A in the region
from 797 to 712 A and 0.069 A otherwise. In Figs. 3.2a and
3.20, the original values are plotted every 0.1 A. The very
fine structure, therefore, is not reproduced there.

Cole and Dexter®* estimated the contribution of N;* +
to the ionization cross section. They concluded that the frac-
tion of N;* = 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 ez al.'*?

b. Partial Cross Sections

Samson et al.*® reported also the partial photoioniza-
tion cross sections for the production of N;* in its states
X255, A%, andB %2 . They obtained the cross sections
from the branching ratios measured by the photoelectron
spectroscopy technique and normalized to their own total
photoionization cross section. Ilamnctt e al.3® also obtaincd
the branching ratios by the (e,2e) coincidence method. Nor-
malizing the data to the total cross section of Wight ez al.,'**
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.

Photon energy (eV)

00 5049 30 25 20
107'% 3
[
I
= r 4
=
'03 A
g 10*”” .
8}7 X ZZ”-P J
8 J
el 4
ot L
< 4
= Bz
g J
2
2
210 :
= F
0.,
[
10-19

0100 200 300 400 500 600 70
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FIG. 3.3. Partial photoionization cross sections for the production of N;* in
thestates X 22,7, A1, B2},
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c¢. Dissociative lonization

Wight er al.'*? 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 e al.®®> 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 of Wight er ol.'* It is hard to clarify the
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 N, 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 % can
give information about the contribution of the dissociation
process. In this region, photoabsorption results in either ion-
ization or dissociation. Thus we have

Q lOl’I
Q ion Q diss

From this relation, the photodissociation cross section Q5
can be estimated, once 7 and the photoicnization cross sec-
tion QP are known. Samson ef al.* concluded from their
experiment that 7 is unity for the wavelengths shorter than
660 A and varies between 76% and 97% in the region 660
740 A. Carter and Berkowitz?” reported 7 of an average val-
ve of 85% in the wavelength region 734-796 A. When we
consider the possibility of predissociation, Q5. would be
very much dependent on the wavelength. The direct mea-
surement of Q &%, with a high-wavelength resolution is desir-
able.

Below the ionization threshold, a detailed absorption
spectrum can give information on Q% . The absorption
cross sections obtained by Giirtler ez al.,* 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.

7= 3.1

3.3. References for Further Details of
Photoionization

Angular distribution of photoelectrons was measured

for each of the ionic states, X 2 A ?[1,,B %S+ over the

- wavelength from 62010276 A.” The dependence of the pho-

toionization cross section on the vibrational states of the ion

-was measured several times (e.g., Gardner and Samson’?).

‘The result is approximately reproduced by the Franck—~Con-

don factors between the initial and the final vibrational

Atates. When a resonance occurs, however, the Franck—Con-

‘on factor approximation fails.’>! The vibrational depen-
“dence of the angular distribution was also studied.256!

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

4.1. Total-Scattering Cross Sections

In 1981, Hayashi®” surveyed the data available and de-
termined the best values of the total-scattering cross section
Qr. His data were based mostly on the results by Blaauw et
al.,'® Kennerly,® and Dalba ez al.* Since then three new
measurements have been reported.®®*%7 Taking into ac-
count those recent results, we have slightly modified Haya-
shi’s Q1. 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 QO is + 5%.

4.2, Elastic Scattering and Transport Cross Sections

In his paper, Hayashi®’ determined the best value also
for the elastic cross section @, the momentum-transfer
cross section Q,., and the viscosity cross section Q... The
latter two are called the transport cross sections and defined
by

Qm(E)=24rJ‘ dOg(E0) (1 —cos Msin @,  (4.1)
0

Q. (E) = Zﬂf d9q(E,0)(1 —cos’@)sin @, (4.2)
(V]

where g(E,0) is the elastic differential cross section at the
electron energy E and the scattering angle 6. Hayashi evalu-
ated the cross sections using the data on g(E,8) obtained by
beam measurements,?%2947.108.111

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 Q.. , O, and Q,;; are
shown in Figs. 4.1 and 4.2.

For the electron energies larger than 4 €V, the elastic
cross section of Hayashi®” has been modified slightly to be
consistent with the present vaiue of Q. In the region from 1

16" T T T T T

Cr N

IO'IS‘

Qr,Qglos

Sl

16"

16" ‘J

E Qu
18] \
16 PRI TP SR EEU T YT BT SOV ON ST L] NS SUUPITRRTYY SR UATOEU R TTY SRR N WRRTY|

16 1 10 10
Electron energy (eV)

Cross ssction (cm?)

F16G.4.1. Total scattering (Q ), elastic (Q,,,, ), momentum-transfer (Q,, ),
and viscosity (Q,;,) cross sections. Details around the 2.3 eV
shape resonance are shown in Fig. 4.2. .
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35 T 1 T

301 | -

10" em?)

Cross section
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F1G. 4.2. Details of the total scattering (Q r ), elastic (Q,,,, ), and momen-
tum-transfer (Q,, ) cross sections in the region of the 2.3 ¢V shape
resonance. Sum of the vihrational cross sections,
Qun =25 .1 Qup (v=0-1) 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
vibrattonal cxcitation cross section arc detcrmined in Sce. 6
on the basis of the most recent calculation of Onda and Tem-
kin.*? Then the elastic cross section has been obtained from
the relation

Q:las (E) = QT (E) - E Qvib (l) = 0—+U';E) . (4'3)

V=1

Experimental data on Q,,, are available at several energies
in this region.®”'% The present Q,,,; 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

O (E) =C, 0, (E), (4.4)
Qvis(E) =CvisQelas (E). (4.5)
The constants C,, and C,;, have been taken to be an average

of the ratios Q,,/Q.,s and Q.;,/Qu,, obtained from the ex-
perimental data on the differential cross sections by Shyn

J. Phys. Chem. Ref. Data, Vol. 15, Na. 3, 1986

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

At the electron energies less than 1 eV, (,,,, can be set
equal to @ and use has been made of the Q,, determined by
swarm analysis.*®

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
(V=0)

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 large number of theoretical studics have
been made on the rotational transitions in N, (see, e.g., Ref.
73). The reliability of the calculations varies and the result-
ing cross sections scatter by more than a factor of 2."*° 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®® made an elaborate calculation of
the rotational transitions taking into account target polar-
ization and 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
1s considered correctly.

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

10V T T 1
rotation N
PRUR 3
2
3
E:
w
v
a 10~
&)
=1 PUTEEN )
1075 TR i it io+

Electron energy (eV)

FIG. 5.1. Cross sections for the rotational excitations J = 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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F16. 5.2. Details of the rotational cross sections for J = 0—»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 tramsition 0—s4 occurs much more
frequently than 0—2. This has already been pointed out by
many authors (e.g., Chandra and Temkin,*' Buckley and
Durke??). The transitions 0—-J with J > 4 have a small cross
section (about two orders of magnitude less than that for
0—2). Also a significant 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 0—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 Dalgarno and Moffett*! 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 region, two beam-type measurements
were done.®”'3* 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 N,. 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 calculations
are shown. Also given are the preliminary results of the beam
measurement by Tanaka er al.'*® Al three sets of the cross
sections in Table 5.1 are in good agreement. Although we

93,94,98

N - 2
Table 5.,1. Rotational excitation cross section (in 10 16 em”)

at higher energies

onda® Rumble experimentc

E(eV) 0+2 0+4 046 02 04 056 02 04

5 Z.0R 1.87 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 3.3 0.8 0.119 2.8 0.8
30 Z.86 1,10 0,342  2.77 1.3% 0.309

50 1.63 1.36 0.278 1.64 1.41 0.241

20nda and Truhlar (1979,1980).
brumble et al. -(1983).

“Tanaka et al. (1980).

need more definite experimental data, the general trend of
the rotational cross section in this encrgy range can be dis-
cerned from the table.

6.2. Rotational Trangitions from Excited States
(J+#0)

Under the adiabatic-rotation approximation, the cross
section for any rotational transition J,—J; can be related to
those for the transitions from the ground state (J = 0),'%
That is, we have

Qo (i—1) = 3 [CUil55000) |2Qo (O 5J) , (5.1)
J

where C(.J;J7;;000) 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).

5.3. Remarks on the E‘Iastlc Cross Section

When a beam method is applied to experimentally ob-
tain the elastic cross section for N,, 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,

th(E’TN,) =Ef:7(TN2) Z ,Qrot (J““’J’) ) (5-2)
J J(

(2) rotationally-averaged elastic cross section,

Qus (E,Ty,) =;L(TN,>Q,.,. =7y, (5.3)
(3) vibrationally-elastic cross section,
Ouipeins (BT, = Sfi(Tx) 3,0 =T

= Qs + Cror - (5.4)

J. Phys. Chem. Ref. Data, Vol. 15, No. 3, 1986
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Here 77 is the temperature of nitrogen gas and f; (T ) is
the fractional population of the rotational states of N, at the
temperature.

Usually a beam measurement gives Q,;, ... 28 an elastic
cross section. The elastic cross sections shown in Sec. 4.2
shiould be regarded as Q,;, ... - When the probability of rota-
tional tramsition is very low compared with that of the purely
elastic collision, i.e.,

Qi (AT =0)>0,,, (AT #0) (5.5)
we have
Qvibuc\as 2'Qch;s . ( 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-clas = z Qrot (0—>‘])
J

and the resulting Q,;, ... does not depend on T, , - Further-
more, if the condition

(5.7)

Oror (05050, (0—J #0) (5.8)
holds, we have
Qvib-clas 2Qrm (M) . (59)

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, have been carried out so far under
such conditions.

6. Electron Collisions: Vibrational
Excitations

6.1. Vibrational Excitation: v = 0—1
a.E<1.8eV

In this region of electron energy, experimental data are
available from the swarm analysis done by Engelhardt et
al.* The data are shown in Fig. 6.1. Very recently, Allan’
made a beam experiment using a trochoidal electron
spectrometer. His method gives only the differential cross
section at the scattering angles of 0° and 180°. 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, v = 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 ef al.
(Ref. 119) and Truhlar ef al. (Refs. 125 and 126) (renormalized
in Trajmar et al., Ref. 124), and from swarm analysis by Engel-
hardt ez al. (Ref. 49).

b.1.8eV<E<3eV

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 resuits 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.”? 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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F16. 6.2. Details of the vibrational excitation cross section for v =0—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 pesk are shown for
Schulz’s data (Ref. 102). The original values of Onda and Temkin
(Ref. 92) have been modified and extended in the higher energy
region (see text).

The cross sections of Onda and Temkin® are in fairly
good agreement with the unpublished experimental data by
Wong (cited in Ref. 46) and the recent measurement by
Jung et al.¥’ (see Fig. 6.2). The total scattering cross section
[@r = Qutas + 2y =1 G (0—0") ] calculated by Onda and
Temkin agrees well with the measured value of Qr. 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 obtained by Onda and Temkin for v = 01 has a
maximum value of about 6 10~ !¢ cm? This is by about a
factor of 2 larger than the result of the measurement by
Schulz.'®? Very recently Haddad> analyzed the data on the
drift velocity of electrons in a mixture of Ar and N, 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 Q;, 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 ¢V. To obtain a comprchen-
sive set of cross sections, we need to extend the present vibra-
tional cross section to higher energies. To have values
consistent with the @y 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."®* The resulting vibrational cross sections are in less
agreement with the experimental data than the original ones,
but more consistent with the Q, whose accuracy is much
higher than that for the measurement of Q.;,. The modified
cross section, together with O, 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.''®!2%12 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®**
are presented in Table 6.1. The absolute magnitude of the
cross section at the 20 €V resonance is well reproduced, but
the peak position is different from the experiment.

~16
Table 6.1. Vibrational cross sections (im 10 cmZJ calculated

at higher energies

v=0+1 ve0+2

a b a b

E(ev) Rumble” Burke Rumble Burke
S 0.20 0.025

10 0.020 0.00053
20 0.076 0.032 0.0023 0.011
25 0.113 0.015
30 0.11 0.076 0.015 0.010
S0 0.023 0.00062

# Rumble et al. (1983).

b gurke et al. (1983).
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F1G. 6.3. Same as Fig. 6.2, but for the vibrational excitation v = 0—2.

6.2. Other Vibrational Excitations

Onda and Temkin®® also calculated the vibrational
cross sections for v = 0—v' with v’ = 2-9, Their result for
v=_0-2 is shown in Fig. 6.3. As in the case of v = 0—1,
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,
Zy =0 Quip (0—v'), agrees well with the measured value of
Q. The cross section for v = 0—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 = 0—2 are shown in Table 6.1. Aside from the
shift of the resonance peak around 20 eV, 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.!'>>14¢

7. Electron Collisions: Electronic
Excitations (Nondissociative)

The excitation of electronic states of N, has been most
frequently studied by the measurement of emission cross sec-
tion (Q.,; ). 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’®). 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 group®***?* 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-
malized.'** We take these renormalized data as standard
here. It should be noted that the renormalization changes
the crass section 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 renormalized values have uncertainty of 20%~
25%.

Table 7,1. List of tho cross scctions for the clectronic cxcitntioln
of NZ , presented in the figures and tables. Related

emission cross sections are also indicated,

State Qexc Qemis
3.+ N
A% Fig. 7.1
B 3112 Fig. 7.1 Fig. 7.2 (B + A)
W, Fig. 7.1
B x5 Fig. 7.12
a g Fig.7.12
u
a lng Fig. 7.4 Fig. 7.3 (a + X)
1 .
w Au Fig. 7.12
¢ 3n, Fig. 7.6 Fig. 7.5 (C + B)
3 _+ .
E Fig. 7.7
Eg ig
1+ .
g Fig. 7.7
a' ):g ig
b o, Fig. 7.9 Fig. 7.8 {b +X)
MO Wi Fig. 7.11 Fig. 7.10 - (' » X)
P, o-0°
R
b 1t Table 7.2

8Corresponding state in Table 2.1.

biisted not in Table 2.1 but in Table 2.2.
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We can derive an excitation cross section Q... from
Q... for a particular line, on the assumption that the cas-
cade contribution can be neglected. (The relation between
Q... and Q.. is given, for instance, in the Appendix of the
paper by Aarts and de Heer.?) In some cases [see the cases
(1) and (2) below], it is apparent that the cascade effects
cannot be ignored. For such cases no @,,. is derived from
Q.mis - 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 Q.. for N,. In a recent review, Trajmar and Cart-
wright'?® 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 vaiues, therefore, will be shown in this report.

(1) A3Z}

The excitation cross section obtained by Cartwright ez
al*® is shown in Fig. 7.1. Borst'® 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 *I1, 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.

T
Excitation

O A Z};
30t . x B 1, :
/ 4W 4,
N X Cartwright (1977)
‘e renor$alized in o83
B rajmar (1983)
= 20
o
=)
#
<
10+ .
A
0 . , . . .

10 20 30 40 0
Electron energy (eV)

F16.7.1 Cross sections for the electronic excitations from the ground state
t0A 2}, B I, and W ’A,, measured by Cartwright ez al. (Ref.
30) and renormalized by Trajmar et al. (Ref. 124). Curves are
drawn only for guiding eyes.
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F1G. 7.2. Emission cross sections for the 7626 A line in the first positive
system (B *[I,—A 32,5 ) of N,, measured by (1) Shemansky and

Broadfoot (Ref. 104), (2) Stanton and St. John (Ref. 112), and
(3) McConkey and Simpaon (Rcf. 79).

(2) B’I,

The emission cross sections’!% 112 for the 7626 A line
in the transition B *TI,~A S} (first positive system) are
shown in Fig. 7.2. The second peak around 15 eV is probably
due to the cascade from the C°I1, state. It is difficult to
derive a reliable excitation cross section from these Q.-
The excitation cross section determined from the ELS mea-
surement® is shown in Fig. 7.1.

T

N,* a '[I;~X 'Z,* 1384 A (2,0 band)

11) Ajello (1970)
12) Aarts (1971)
13} Holland (1969)

lo-— 18 4

107"% k

(3)

Emission cross section (cm?)

2)

107"y 160 1000

Electron energy (eV)
F16. 7.3. Emission cross sections for the 1384 A line in the Lyman-Birge-
Hopfield system (a 'II, X '2.* ) of N,, measured by (1) Ajello

(Ref. 4), (2) Aarts and de Heer (Ref. 2), and (3) Holland {Ref.
60).
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the transition ¢ 'II,-X'Z;" (Lyman-Birge-Hopfield sys-
tem) are shown in Fig, 7.3. The high-energy part of Ajello’s*
cross section is in large disagreement with those of Aarts and
de Heer and those of Holland. Aarts and de Heer? 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 @, of
Ajello and that of Aarts and de Heer are shown in Fig. 7.4
together with the two sets of ELS measurements.>®*' Also
shown are the Born cross section determined by Oda and
Osawa®® 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%M,

The emission cross sections®1°*1%* measured for the
3371 and 3804 A lines in the transition C 3I1,-B M, (sec
ond positive system) are shown in Fig. 7.5. Aarts and de
Heer® also measured the emission cross section for 3371 A
line, which almost coincides with the data by Imami and
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F1G.7.4. Cross sections for the electronic excitation from the ground state to »
a 'T1,. Circles and crosses are from the energy loss measurements a
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(Ref. 30) (renormalized by Trajmar et al., Ref. 124). Solid and o 10 E
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FIG. 7.5. Emiasion cross scctions for the 3371 and 3804 A lincs in the sccond
positive system (C *II,—B *I1, ) of N,, measured by Shemansky
and Broadfoot (Ref. 104), Imami and Borst (Ref. 64), and Shaw
and Campos (Ref. 103).

Borst.® The enhancement of the cross section by Shemansky
and Broadfoot!® at the energies higher than 20 eV may be
due to the effect of secondary electrons. The energy depen-
dences of the Q. 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 Q.,;, of Imami and Borst® and that of
Shaw and Campos' are compared in Fig. 7.6 with the ELS
measurement by Cartwright et al.>® The Q,,. deduced from
the Q... of Imami and Borst is in close agreement with the
value of Cartwright ¢f al., but that from the data by Shaw
and Campos deviates much from the two sets of Q,,.. From
this it is more likely that the energy dependence of the Q. ...

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*I1,. Circles are from the energy-loss measurement by Cart-
wright et al. (Ref. 30) (renormalized by Trajmar et al., Ref. 124).
Solid and dashed lines show, respectively, the values derived from
the emission cross sections of Imami and Borst (Ref. 64) and Shaw
and Campos (Ref. 103), both of which are given in Fig. 7.5.

(5) E°3}

The excitation cross section measured by Cartwright ez
al.*’ is shown in Fig. 7.7. By the method of a surface detec-
tion of metastable molecules, Borst ez al.'® obtained cross
sections having a narrow, very sharp peak just above the
threshold. The cross section of Borst ez al. has 2 maximum
value of (7.0 + 4.0) X107 ' ¢m? 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 Schulz!?"). A further
study is needed to obtain more definite quantitative informa-
tion about the resonance cross section.

8 , Excitation
j o L%,
r 2 a" 'y
6 Cartwright (1977)
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[ &
<
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FiG.7.7. Cross sections for the electronic excitations from the ground state
to EZ; and ¢” 'Z,;", measured by Cartwright ef al. (Ref. 30)
and renormalized by Trajmar et al. (Ref. 124).
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FIG. 7.8. Emission cross sections for the 1033 A line in the Birge~FHopfield
system (b 'TT,—X ‘") of N,, measured by Zipf and Gorman
(Ref. 137) and Morgan and Mentall (Ref. 82).

(6) &',

The emission cross sections®>'*” for the 1033 A line in
the transition & 'I1,~X '3 (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 method*® is similar
to the Q... 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 Qs

- : . . , . . -
8 Excitation b 'I1, 1
7+ O Chutjian (1977)
renormalized in
Trajmar (1983)
o 6 —— deduced from Qupms (b—X)1
' Zipf (1980
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Fi6. 7.9. Cross sections for the electronic excitation from the ground state to
b '[1,. 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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FI1G. 7.10. Emission cross sections for the 958 A line in the transition
¢ 'S X 'S} of N,, measured by Huschilt ez a/. (Ref. 63)
and Morgan and Mentall (Ref. 82).

(7) ¢ 'z}

The emission cross sections®*®2 for the 958 A line in the
transition ¢’ '2;-X 'S are shown in Fig. 7.10. The two
sets of Q. ;. in Fig. 7.10 are in fair agreement. The excitation
cross section is derived from the Q... of Morgan and Men-
tall®? and compared in Fig. 7.11 with that measured by Chut-
jian et al.** In this case the two sets of Q.. have a similar
magnitude but a very different energy dependence. The rea-
son of the discrepancy is not known.

Sl o
5
s Excitation ¢’ 'Z,*
5- J

O Chutjian (1977)
renormalized in Trajmar (1983)

— deduced from Qeme (c'—X)
Mocgan (1983)

50 100
Electxjon energy (eV)

FIG. 7.11. Cross sections for the electronic excitation from the ground state
to ¢’ 'Z;5. Circles are from the energy-loss measurement by
Chutjian ez al. (Ref. 33) (renormalized by Trajmar ef 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.
7.10.
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(Ref. 30) and renormalized by Trajmar et al. (Ref. 124). Curves
are drawn only for guding eyes.

18 rmz) for the electronic

Table 7.2. Cross sections (in 10~
excitation of NZ’ measured by Chutjian et al. (1977)

and renormalized by Trajmar et al. (1983)

Electron energy

State 40 eV 60 eV
3 1.03
F o, 1.42
¢ >n 2.96 1.71
u
br gt 13.4 7.25
[~ lﬂ $9.57 7.87
u
oln 2.25 1.96
u

(8) Other excited states

Cartwright ef ¢/.*° and Chutjian e al.*® reported the
results of their measurements of excitation cross sections for
a number of other states than mentioned above. Those are
shown in Figa. 7.1, 7.7, 7.12, and Tablec 7.2.

8. Electron Collisions: Dissociative
Processes (Excluding Dissociative
lonization)

8.1. Total Cross Section for Dissociation

Winters™? 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 probably 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.,'*

Hayashi et al.*®). The cross section for dissociation (includ-
ing dissociative ionization) should be smaller than the total
excitation cross section (including dissociative ionization)
defined by

Q’I‘,exc = QT - chas - Qion (N2+ ) . (81)
We can estimate Q. ., With the use of the data on Q; and
Q.. in Fig. 4.1 and Q,, (N;") in Fig. 9.1. When compared
with the Qr ... thus determined, Winters’ Qy; is larger than
the Or ., at the energies higher than 100 eV. The discrepan-
cy amounts to about 70% at 300 ¢V. All the cross sections on
the right-hand side of Eq. (8.1) have a good accuracy so that
the Q... 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,*? for instance, report emission cross sections for several
lines at 200 ¢V of clectron energy. We show in Tigs. 8.2-8.5
the cross sections whose maximum value exceeds 10~ cm®.
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.

1003

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

nitrogen atoms upon electron-impact dissociation of N2

Wavelength Transition ap? Ema: Q(Em") ¢ Referenced
(A) (ev) (eV) (1071 8cn?)

1134 2p? Yp-2p® %s 20.6 See Fig. 8.2 AD

1164 34 2p-2p° % 25.1 50 0.73 AD

1177 de 20_’)[\3 2!\ 260 100 n.4a AD

1200 35 “pazp® s 20.1 See Fig. 8.2,3 A,AD,MZ

1243 350 2p.2p° B 24.4 Sce Fig. 8.2 ADMZ

1494 3s 2p20® 20.5 See Fig. 8.2,4 ALADMZ

1743 35 2p2p” %p 20.5 See Fig. 8.5 A

4100 ipt 20312-35 ZPUZ 22.7 78 0.018 F

4151 ap 453/2-35 4,;5/2 2.7 7% 0.013 F

ag3s ap 251,2-35 ZFS/Z 23.5 78 0.033 F

5281 ap ey -2t p,, 227 86 0.009 F

5329 a0, 28t Yeg,, 227 81 0.016 P

6485 44 %, -39 4“5/2 24.0 97 0.034 F

7424 3 %sy,m3 4"1/2 22.6 88 0.130 F

8216 3p *pg o3 Ypg,, 225 82 0.820 F

8629 3p 293/2»35 zpm 22.3 85 0.470 F

8680 3p *p-3s U 21.5 See Fig. 8.2,5 A0,F

3047 3pv Zpo3st 2 23.4 84 0.200 F,

00U 3 ;I’alz-.\p 731/2 Z3.2 84 0.071 1

9393 3p 21’)5/2-»55 2"3/2 21.7 85 0.703 F

10114 3¢ *r-3p % 23.0 81 0.550 F

10540 34 40*3]‘1 4]’ 22.7 83 0.301 F

#pppearance potential,

Pelectron energy at which the cross section has its maximum.

QMaximum of the cmizsien cross scctian.

4 Ajello (1870); AD: Aarts and de Heer (1971); F: Filippelli et al.

(1982); MZ: Mumma and Zipf (1971).

T T T —

N* — Aarts (1971)

'Y
T

® Mumma (1971)

[ IV I

&
¥

o

B

Emission cross section (107 cm?)

1 ~OT T 8680

®

®—1243 Mx
e , , 1134, )
0 200 100 600 500 1600

Electron energy (eV)

FIG. 8.2. Cross sections for the line emissions from nitrogen atoms upon
electron-impact dissociation of N,. Numbers along the data
points indicate the wavelength (in A) of the line measured (see
Table 8.1). .
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Fi1G. 8.3. Same as Fig, 8.2, but for the emission of 1200 A line. 100 200

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 N,.3%'°%12° Schiavone et al.!®
found that the cross section for the formation of the highly
excited atom with its principal quantum number n can be
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Fi16. 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 1743 and 8680 A knes.

approximated by
Qs [N(1)] = 1.6X 107 cm?/n, (8.2)

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

9. Electron Coliislons: lonization (Including
Dissociative lonization)

9.1. Cross Sections for lon Production
a. Gross lonization Cross Section

A measurement of ion current gives the gross (or total)
ionization cross section defined by
Qion (gI'OSS) = Z nQion (N’2' * ) + Z inon (Nm+ ) .
n m
9.1

Here, Q.,, (N3 * ) is the cross section for the production of n-
fold ionized ions of N,, and 0, (N ) is that for the disso-

T T | R T T T

fonization

B

hU

g |

g

e -,

@ B

§ x M MQ,M (gross)

S Qe (NS

Qron (diss)

200400 60 000 1200

Electron energy (eV)

F1G. 9.1. Electron-impact ionization cross sections of N, (i, (gross): gross
jomization cross section; Q,on (N, )1 oross section for the produc.

tion of N,;*; Q.. (diss): dissociative ionization cross section.
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ciative jonization producing N™ * . Among many measure-
ments, the result by Rapp and Englander-Golden® has been
often taken as the standard for g, (gross) of N,. A recent
review by de Heer and Inokuti,* for instance, concluded
that the data by Rapp and Enplander-Golden®® 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 O, (gross) of Rapp and Englander-
Golden.>®

b. Production of N, and N;* *

Mirk™ reported the cross section for the production of
N;" and N;* +. He detected each ion with a mass spectrom-
eter. He compared his result of @, (N;" ) + 2Q,,. (N} )
with that derived from the measurement by Rapp and Eng-
lander-Golden.®8 The latter valucs arc obtained by a subtrac-
tion of the dissociative ionization cross section measured by
Rapp et al.®” from the Q,, (gross) in Fig. 9.1. It tarned out
that the Mirk result deviated significantly from that of
Rapp. The maximum difference occurs around about 50 eV,
where the Mirk value is only about 65% of the Rapp one.
Mirk obtained his absolute magnitude by normalizing 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 Mirk, however, is systematically different
from that reported later by the same group.'*® At about 50
¢V, for instance, the new measurccnt of the Ar iopization
cross section exceeds the old data by about 34%. The values
of Q,,,, reported by Mirk,” therefore, may be of some syste-
matic error at least in the region of lower electron energies. If
the correction factor for the Ar datacan be applied to N, the
difference between the two measurements’> is reduced to
about 13%. This was pointed out first by Armentrout et al.®

Here we calculate @, (N;") from the relation

Qion (N2+ ) = Qion (grOSS) - Qian (dISS) ’ (9'2)

with @, (gross) and @, (diss) shownin Fig. 9.1 (the latter
cross section being discussed in the next snbsection). The
result is also shown in Fig. 9.1,

In the relation (9.2), we ignored the contribution of
N;** to the gross ionization. As the ratio
Qoo (N;F *)/Q,., (N;* ) is a few percent (see, e.g., Mark™),
the contribution of N;* '+ can be neglected within the error
limit (7%) of Q,,, (gross). A very similar procedure was
taken by Armentrout et al® to derive their result of
Oion (N;7), although it is only given up to 240 V. They took
account of the contribution of N;* * using Mirk’s data.
Their values agree with ours within a few percent.

c. Dissociative lonization

Rapp et 2l.°” measured the dissociative ionization cross
section defined by

Gion (diss) = Gy, (NT) 420, (NT ) (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 €V and they used the McLeod gauge to mea-

sure the pressure of the target gas. Following Armentrout ez
al.f we increased the Q.. (diss) measured by Rapp et al.*

1005
6 a—
o~
(o] \\
N
¢ N
~
o N\
o \\
o ~
g o ‘-..\ Qion
o S (diss)
)
= o
= Qun (N)
=
23
>R
@
12}
w
w
4
°x ©x Qun (N7 (X10)
x X
1..
© x“
0 100 200 300

Electron energy (eV)

F1G. 9.2. Cross sections for the dissociative ionization {Q, ., (N*) for the
production of N* and Q,,, (N *) for the production of N**],
measured by Crowe and McConkey (Ref. 39). For @, ., (N*™),
10 tifmes the measured values are plotted for illustration. Also
plotted are Q,,{diss) derived from the data by Crowe and
McConkey {dashed line) and those by Rapp eral. (Ref. 97) (sol-
id line).

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

Crowe and McConkey™ measured N* and N* * sepa-
rately. Figure 9.2 shows their cross sections @,,, (N*) and
Q.. (N* 7). They obtained the cross sections by normaliz-
ing, at 100 eV, their data on @, (diss)[ =@, ,,(N*)

+ 20, (NT 7)1 to that of Rapp ef a/.*" In so doing they
reduced the Q,,, (diss) of Rapp er al. by 7.7% to take ac-
count of the pressure-gauge correction. They ignored the
correction for slow ions. The @, (diss) obtained by Crowe
and McConkey™ is also plotted in Fig. 9.2 and compared
with the @, (diss) derived above from the data by Rapp e?
al.%” The difference (up to 15% at 300 eV) between the two
sets of O, (diss) probably indicates the uncertainty of the
present O, (diss).

9.2. Production of Excited lons from N
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,,. Figure 9.3

J. Phys. Chem. Ref. Data, Vol. 15, No. 3, 1986
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F1G.9.3. Emission cross sections for the 9183 and 7081 A lines in the Meinel
system (A *[1, —X *Z;5) of N;*, measured at the. collision of
electrons with N, by Skubenich and Zapesochnyy (Ref. 109),

Stanton and $t. John (Ref. 112), and Srivastava and Mirza (Ref.
110).

gives the emission cross sections!®®'1%112 for the 7081 and
9183 A lines in the transition A II, — X 23+ of N;-
(Meinel system). From the Q... of Skubenich and Zape-
sochnyy'® the cross section for the production of A 2II,
state of N;* has been deduced with the use of the procedure
similar to that in the case of excitation of N, (see Sec. 7). The

N, = N,* (A *11,} deduced from
I Qemls (N:"‘ A“X)
Shemansky (1971)

;.E\ 10— IGE -
& L

s

E | Skubenich (1981) d
" )
0 °
g H
ot

©10-1t ]

10 100 1000

Electron energy (eV)

FI1G. 9.4. Cross sections for the production of N;* in its A 2[1,, state at the

collision of electrons with N,. The values derived from the emis-
sion cross sections (Refs. 104 and 109) are shown.
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FI1G. 9.5. Emission cross sections for the 3914 and 4278 A Jines in the first
negative system (B “Z;" —X “ZF) of N*, measured at the colli-
sion of electrons with N, by (1) Borst and Zipf (Ref. 17), (2)
Skubenich and Zapesochnyy (Ref. 109), and (3) Shaw and Cam-
pos (Ref. 103).

result is shown in Fig. 9.4. Shemansky and Broadfoot'®* 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 22 state of N,;". Some representative data
on the emission cross section for the B 22 -X 25 transi-
tion ( 1st negative system) are presented in Fig. 9.5. The data
by BRorst and Zipf!” have heen taken as the standard among
various emission cross sections.”® From their data, we have
derived the excitation cross section for N,;7 (B22.") as
shown in Fig. 9.6. The resulting value of Q.,. is almost 10%

30 1
N,

®
P Quon |,
5 20 "Xl
=
L
§ e deduiced from Qemes (N;* B X)
w 10+ Borst (1970)
3 —o— Rapp (1965)
Q

1| .

0 50 00 T80 200 %0

Electron energy (eV)

FIG. 9.6. Cross section for the production of N;* in its B2Z] state at the
collision of electrons with N,. The values have been deduced from
the emission cross section of Borst and Zipf (Ref. 17}, which is
given in Fig. 9.5. For comparison, one-tenth the value of the gross
ionization cross section shown in Fig. 9.1 is plotted.



CROSS SECTION DATA FOR NITROGEN MOLECULES

Table 9.1. List of the measured cross sections for the emission

+ n . . : : 5 :
from N° upon electron-impact dissociative ionization

of N2

Wavelength Transition ap? Fmag ack,, )° Refd

° -18 2

(A) (eV) (eV) (16" Tem®)

1 21

747 3s Yp-2p? 1p 45.0 150 0.153 o
776 2p° Tp2p? 1p 4.4 150 0.116 A
916 2p° 3poap® 37,7 140 0.508 AD MM
1084 2p° ®p-2p° % 35.6 See Fig. 9.7 A
5001 3d 3F-3p %p 56.5 168 0.150 F
5680 3p 0,-3s e, $3.8 170 0.230 F

3 Appearance potential.

P Electron energy at which the cross section has its maximum.
€ Maximum of the emission cross section.

dAD: Aarts and de Meer (1971); F: Filippelli et al. (1882);

MM: Morgan and Mentall (1983)

of the Q,,,,, (gross) for a wide range of electron energies above
50 V.

Ajello* has tried to measure the emission from
N;H(C?3}), but got no signal. He concluded that the up-
per limit of @, for C*Z 7 state is 3X 10~%° cm?.

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 of N, Table 9.1 excludes those measurements which
give the cross section at only one point of energy. Morgan
and Mentall,® for instance, give the cross section for several
lines at 200 eV. In Fig. 9.7, the emission cross section for the

0 © N** 1084A Aarts (1971)

Emission cross section (107%cm?)
[s]

1000 ' 00
Electron energy (eV)

F16, 9.7. Emission oross section for the 1084 A line from N+ measured at
the electron collision with N, (Ref. 2).
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1084 A line is shown. Other lines have a cross section less
than 10 '® cm? The accuracy of these cross sections would
be the same as in the case of N (see Sec. 8.2).

9.3. Energy Distribution of Secondary Electrons

Energy distribution of secondary (ejected and scat-
tered) electrons is needed when we determine the energy loss
of electrons upon ionizing collisions with nitrogen mole-
cules. Opal e al.® reported the result of their measurement
for the incident energies from 50 to 2000 eV. Their results are
shown in Figs. 9.8a and 9.8b. After the publication of the
paper, some other measurements were done. DuBois and
Rudd*® and Shyn'?? reported their results far 100-500 eV
and for 50400 eV, respectively. The data of Opal er al.% are
in good agreement with the recent ones at 100, 200, and 500
eV. At 50 eV, the data by Opal ef al. are by about 50% less
than those of Shyn.'°’ 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 V. On considera-
tion of Shyn’s data, which extended the energy downto 1 eV,
a smooth extrapolation is likely to be made to the lower ener-
gy. Actually Opal ef al.*® proposed to use a simple form,

inon — C

dE, E?+E?
for the differential cross section over the secondary electron
energy E, (in eV). Here C is a constant depending on the
energy of the incident electron. Recently Goruganthu et a/.>
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.*®

with B =114 eV, (9.4)

b

[
(3

Differential cross section (10~ "“em’/eV) |

4 200eV (X10) “
2

200eV T‘
0 50 100

Secondary electron energy (eV)

FI1G. 9.8a. Energy distribution of the secondary electrons at the ionizing
collisions of electrons with N, Fnergy of the incident electron is
indicated along each curve (Ref. 95).
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F16. 9.8b. Energy distribution of the secondary electrons at the jonizing
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 (Qr), elastic (@,,.) and momentum-transfer (Q,,)
cross sections from Fig. 4.1, the cross section for the rota-
tional excitation J = 0—2 [Q,, (0—2) ] from Fig. 5.1, the
cross  section for the  vibrational excitation
v=0-1[Q,, (0—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.

‘T'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

107 T Ty 1T T T T T TV T T TTTTT T T T
F e+ N, :
I
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i Qn P
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o ’/
E Qiun (gross)
el
g 107 "0/1‘0.\,,2)
el L
W
<
b L
S
< L ~
d h
10-"1 < ~Qereta Ml _J
; =4 ]
Q(‘.\'f (A ;le’) ]
r Ql'.\'f(\" JAlll
-18] Lt ] NI | et bttt N ) ety
1072 T ,
10 10 10 107 10

Electron energy teV)

F1G. 10.1. Summary of the cross sections for the electron collision with N.,.
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cross sections. 'Lhe 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, o 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(*P or
Dy,

(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
result of calculation of rotational transitions at 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 all of the above tasks are completed, the
present data compilation will be revised.
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