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A consistent set of total cross sections for electron impact excitation of the A ~Z „', B3II~,
W 3~„, 8 '3Z „, C3II„, EBZ', and DSZ „' triplet states of molecular nitrogen from the X lZ

~
state has been calculated quantum mechanically for incident electron energies from threshold
to 80 eV. The Ochkur-Budge exchange scattering and Franck-Condon approximations vmre
employed to obtain these cross sections. Minimum and double-minimum basis-set LCAO-MO
wave functions centered on the nuclei vrere used, and the multicenter terms in the scattering
amplitude vmre evaluated using a g-function expansion. Rotationally averaged cross sections
w'ere calculated for excitation from v "=0 to individual v ' levels of the excited electronjc
states. The calculated total cross section for excitation of the 8 II~ state is in good agreement
wjth that deduced from recent experimental data for the process. The cross section for exci-
tation of the C 3II„state agrees weQ vrith one pair of experimental measurements and is a factor
of 2 larger than another pair of measurements and about a factor of 4 larger than a fifth ex-
perimental determination and the previous calculations. The calculated cross section for exci-
tation of the A 3Z'„state is a good deal larger than previous theoretical and experimental esti-
mates. Ho@&ever, a comparison vrith recent experimental differential cross-section data jndi-
cates that the theoretical 2 3Z'„ total cross section is correct for jncident energies greater than
about 85 eV. The relative magnitude of these excitation cross sections leads to interesting pre-
dictions concerning N2 processes in the upper atmosph~r~.

I. INTRODUCTION

In any detailed study of phenomena involving
charged particles and gaseous molecular nitrogen,
it is necessary to have reliable cross sections for
the various excitation processes of molecular ni-
trogen by electrons. In addition to the central role
these inelastic processes play in atmospheric
physics, ~'3 these same collision processes are,
for instance, important in explaining the operation
of the recently developed molecular nitrogen-gas
laser. ' However, there has been no consistent set
of cross sections for excitation of the individual
electronic states previously reported, experimen-
tal or theoretical, and the sets of cross sections

which have been employed to describe the effect
of electron colH.sions in gaseous Ng have generally
been incomplete and, in some ca.ses, inaccurate.

In this paper, total cross sections for the e1ec-
tron impact excitation of the seven lowest triplet
states of molecular nitrogen from the lowest vi-
brational level of the ground electronic state are
x eported. 4 The calculations were done in the frame-
work of a modified first-order perturbation approx-
imation (Ochkur-Rudge) which has been successful
in describing similar processes in molecular hy-
drogen. The calculated cross section for excitation
of the 8 D~ state agrees well with that implied by
recent data on the excitation of the second positive
system by electron impact. The calculated ex-
citation cross section for the CSD„state agrees
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well with two experimental determinations but is
larger than another set of measurements for the
same process. The cross sections for excitation
to the 8'~4„, E"'Z, , and D~Z '„states, for which
few or no data exist, are found to be large enough
to play an important role in the population of the
lower electronic states in the triplet system of
N~.

In See. Il a brief discussion is given of the der-
ivation of the first-order portion of the exchange
amplitude from the many-body scattering formal-
ism. The bound-state wave functions and the nu-
merical techniques used are presented in Secs. III
and IV, respectively. Section V contains the com-
parison of the calculated cross sections with the
available experimental and other theoretical results
and a discussion of the quality of the calculated
cross sections.

where the symbol 8(b) denotes the antisymmetrized
N-particle final stRte aDd V ls the trRnsltioD oper-
atol fol the process. If tI1e additional restr1ctlon
is made that the final channel also contains No
bound electrons and one free electron, the unsym-

metrized final-channelwave function ean be taken
to have the same form as the initial channel:

~„=', , (~,) ~, , (~, ~ ~ ~ &„,) .

When Eq. (4) is inserted into Eq. (3) and use is
made of the fact that Qs.a is antisymmetric with
respect to its N, particles, Eq. (3) can be rewritten
in the form

&~(»l~ l~(.)&= &x, l~ Ix.&-~&~o,~. I~l ~.& .

II. THEORY

In describing the scattering of a free electron by
R particle composed of Xo electronsq lt 18 esseDt1Rl
that the (N= No+ 1)-particle sy~™~properly
Rntisymmetrized in accordance with the Pauli prin-
ciple. In doing so, it is convenient to write the
time-independent unsymmetrized initial state (y, )
in terms of the electron space-spin variables as

(suppressing for the moment any other degrees of
freedom)

X. «o~~. &~o)=C„(&o)+oo(ki $g,), (1)

where Sl and 82 denote the quantum state of the
lncldeDt aDd tal'get pRl t1cle, respectlvelyy 1nclud-

1Dg splQ. The fuQctloQ 4sg y denotlQg the target
pa.rticle, is assumed to be the correctly antisym-
metrized solution of the No-electron problem, and

~s1 is the free-electron wave function. The com-
plete antisymmetrized wave function for the (No+1)-
electron system is then given bys

e(s) -=eq, =[(X,+1)'"/(X,+1)!]

&& Leo i Cgg (fo) +go (t'g .4 ),
(2)

where Q is one of the ¹&permutations of the N
particles Rnd & + is the parity of the permutation.
When the number of identical particles (N) is the
same in both the incident Rnd final channels, the
T matrix for the collision process can be written
as '

&e(5)ly le( )&=(1/No!)2 &Qy Iy'IX. ), (3)

fn Eq. (5) the symbol Qo~ denotes interchange of
the incident electron and the jth bound electron.

A. Pure Exchange Excitation

The first term in Eq. (5) represents the con-
tribution due to direct scattering and the second
term that due to exchange scattering. In the re-
mainder of the discussion, only the exchange am-
plitude will be discussed since the processes of
interest here are pure exchange in character.

In the above treatment, the bound-state wave
functions are assumed to be known, and in the gen-
eral case the free-electron wave functions (f) are
determined in terms of these known functions. Gen-
eral expressions for the free-electron wave func-
tions can be written in terms of the No-electron
wave functions by using properties of the symmet-
tric group (tableaux) for No+1 electrons. o This
method of dealing with the (No+1)-particle system
ensures that the solutions obtained are correct
eigenfunctions of the total spin and z component
of the spin for the (No+1)-electron system. The
practical extension of these techniques based on
the symmetric group to the case where (%~+ 1)& 3
is made possible by observing that many cases of
interest can be reduced to that corresponding to
(No+ 1)= 2-5 electrons by using the properties
of closed orthogonal shells. Thus for the processes
of interest here in the (e, N2) system, the 15-elec-
tron problem can be reduced to either a three- or
a five-electron problem, depending on the partic-
ular excitation process. However the close-cou-
pling and distorted-wave methods, which arise
naturally from the formulation using the symmet-
ric group, were considered to be too complicated
to be used for this study of the exchange excitation
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of Na because of the mathematical difficulties assoc-
iated with the lack of spherical symmetry in the
Nz molecule. Consequently, a modified first-order
description of the exchange excitation process was
used in these calculations in which the distortion
of the free-electron wave function by the bound
system is neglected. The spin vax iables in Eq.
(5) can be treated as follows.

Since the interactions producing the exchange
excltRtlon Rx'e tRken to be lndepeQdent of sp1Q and
only the lowest-order term in the exchange tran-
sition amplitude is to be treated, the integration
ovex' spin variables can be performed in a number
of equivalent%'ays. One may reduce the general
expx'essions for the N-electron problem derived
from the symmetric group to those terms of low-
est order in the exchange interaction, The correct
factors from the spin integration then appear as
coefficients of these first-ordex' terms, expressed
as functions of the tableaux shape. s As a good ap-
proximation, one may also assume that the com-
plete wave function for both the tax get and the in-
cident electron can be explicitly factored into a,

product of two terms, one involving only spatial
variables, and the other the spin eigenfunction of
the particle. Then since channel spin~ is conserved,
the spin integration can be perfor med with the aid
of vector-coupling techniques and without having
to manipulate explicit spin wave functions. This
is particularly straightforwaxd when the initial
spin state of the bound state is a, singlet, for then
the incident-channel spin state

l S, S,&, in terms
of the two-particle spin states

l s, s, &;, i= b or e,
18

a &&,i&i ~=100&sl

In Eq. (6) the subscripts b and e denote, respec-
tively, the bound- and free-particle spin states
and the incident-particle beam has been assumed,
for the moment, to be polarized. %'hen the final
spin state of the bound particle is a tx iplet, the
final-channel spin state, in terms of the target and
fl ee-pRx'tlcle spin states» 18

trix for the exchange-excitation process, 1Q terms
of spatial variables only, now follows directly from
Eqs. (5) and (8) as

x +, (,. . .
»

where the permutation Jog now involves only the
spatial variables and the superscript (1}means
only the first-Order term in the exchange inter-
action is retained. In Eq. (9}, C and 4' are used
to denote the spatial portions of the free- (plane-
wave) and bound-particle wave functions, and the
subscripts i and f denote initial and final states,
respectively. As a third equivalent px'ocedure for
treatment, of the spin variables, one may form the
differential cross section in terms Gf the spatial
portions of the transition amplitude and merely
sum th18 cross sect1GQ Gvex' the splQ profectlons
of the final bound particle (triplet) and average over
the 1nitlRl spin pro)ectlons of the bound pRr'1cle6.
Cne then obtains a cross section which is pr Gpor-
tional to the square of (9). The normal experi-
mental situation of an unpola, rized bea.m yields the
same result as given in Eq. (9) since the two pos-
sible free-electron spin states are weighted equal-
ly 7

The complete & operator for the (e, N, ) system
18

{10)

whex'e H and E, respectively, are the Hamiltonian
and total energy of the system and V is (in a. u. )

From the conservation of channel spin, the ortho-
normality Gf the free-particle spi.n states, and the
normalization of the channel spin state, the inner
product of the initial- and final-channel spin states
given by Eqs. (6) and (7) reduces to

The subscripts' and 8, i, and 0 in Eq. (11) refer,
respectively, to the two nuclei, the jth bound elec-
tran, and the incident electron. The first-order
transition amplitude is obtained by the substitution
v' "=V in Eq. (9).

B. Ocher-Rudj;e ModiGcation

(-,'-,'l —,'-,'&, (lol 00&,=- W3,

which is the x esult of the spin integration for a.

s1nglet-triplet transition. The first-order T ma-

The Born-Oppenheimer (BO) scattering ampli-
tude as given in Eq. (9) possesses well-known
difficultiess in describing the scattering process
for low-energy electx ons. Modifications of the
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BO amplItude by Qchkur Rnd Budge have removed
the ma)or difficulties while still maintaining tile
first-order simplicity. The Ochkur-Rudge (OR)
approximation to the exchange amplitude ha,s been
shown to predict reliable total cross sections for
exchange-scattering processes involving H2,

"He,
a,nd H, ' and therefore has been used with some
confidence in this study of the (8, Na) system. The
OR approximation is obtained as follows. The nu-

clear and electronic motion are separated by writ-
ing the bound-state wave function as

=- 4„et „ii g t i pi t = gg (r g
' ' ' rg ~ R )

x $ gg„g, (R) F~„yt, (8, g)

+f +n' u' 7' lf' 4f (r1

and Eg (Ey) denotes the energy of the initial (final)
molecular state. The quantities q and I„"are, re-
spectively, the magnitude of the momentum trans-
fer defined as q -=ko- k and the ionization energy
of the initial state in Ry. The subscript A. in Eq.
(15) denotes the electron with which the exchange
takes place and the summation runs over RQ No

bound electrons.
Additional sirnplifications of Eq. (15) can be made

when specific configurations are chosen for the in-
itial electronic states and their respective electron-
ic wave functions are expressed as single Slater
determinants. Then if the orbitals used for the
initial and final electronic states, customarily ob-
tained by enexgy minimization, are transformed
by unitary tx ansformations such that the overlap
matrix between the two sets of orbitals used in the
wave functions is diagonal, "Eq. (15) reduces to

%'here 7&;, the electrollic pox'tion of the transitioll
RDlplltude 18 given by

No

7'y~=-~& Z(@o.+~(ro) C~(ri '~ ) II'I+;(ro)

x $)(rg'''rN )) (14)

The integration in Eq. (13) is over nuclear coor-
dinates while that in Eq. (14) is over electronic
coordinates for fixed nuclei. Omitting the details
of the derivation, 9'0 the QR modification of Eq.
(14) generalized to N, bound electron is

ÃO

7'~;"=-Ms+(qy(r, "r~,) l«e"'"'
X=&

~ (u'-a„"'")-'l y;(r," rN, )&, {is}

whexe the wave number k is related to the inci-
dent electron energy lao and the energy difference
between the molecular states by

where n, v, (J, M); g, g, F are, respectively, the

electronic, vibrational, and rotational quantum

numbers, and the corresponding wave functions of
the molecule. The symbols r, and R= (R, 8, P)
denote, respectively, the jth electronic and the
nucleRr coordinates with respect to R spRce-fixed
coordinate system. Equation (9) can be written
using Eqs. (12) and &"'= V as

r~~,"=—v3 .4m{k'-ii, „'~')-'

&&(w& {r)le""l q, -(r)&D,"'," . (17)

The symbol q;. (y,. ) has been used to denote the in-
itial (final) nondegener ate "corresponding orbital""
involved in the excitation process for the chosen
pRlr of conf lguratlons~ Rnd I~i~ ha, s been replRced
by the theoretical orbital eigenvalue of the cp,„or-
bital, denoted as I,", The multiplicative factor
D',.~," results from the diagonalization of the overlRI:
matrix between the initial and final electronic
states. '3 In writing Eq. (17), the additional phase
factors of the electronic transition amplitude in-
troduced by the unitary tx ansformation of the or-
bitals have been omitted since they are not impor-
tant for a pure-exchange process. It should be
noted that the simplification of the summation in
Eq. (15) to the single term in Eq. (17) is a result
of the orthogonality of the "corresponding orbitals, "
the choice of specific single configurations for the
initial and final electronic states, and the fact that
the transition operator (e """)is a single-particle
operator, This simplification is the usual Slater-
Condon xule except for the factor D', .~~" and the
fact that the orbitals y," and p, . are "correspond-
ing" orbitals. These two modifications are nec-
essary whenever the molecular orbital (MO) sets
used to describe the ground and excited electronic
states are nonorthogonal. The extension to multi-
coIlflguratlonal wRve functions cRn be mRde with-
out difficulty.

C. Rotationally Averaged Cross Sections

The differential cross section (in units of ma~o)

for the excitation process I~ is related to the tran-
sition amplitude Eq. (13) by '



with Tz, as given in Eq. (14). Since transitions
between speclf1c 1otational levels ax'6 Qot of 1ntex'-
est here and because under mast experimental con-
ditions the energy x"esolutioQ is Qot sufflc1ent to
resolve the specific AZ transitions, Eq. (18) is
summed over final rotational states and averaged
ov6x' th6 2' + ]„degenerate 1nit1al states. The
differential cxoss section can be wxitten in the OR
Rpproxlm ation Rs

(gyes 0
I

T g~Ifytt(R)
I $ t0 )by Tyttpl ~ (8 0 gg)

fi'e' fi"e"

where R„.„"is called the B centroid~4 of the
(5 q

8 ) tl'Rllsi'ti011 R11d is defined lly

f~p' "=(~y'p'I ~
I

~y" ") ~

Equation (20) then reduces to

&„"-",'- (~„e, p) =(1/4v' }(~"/~, )~,

&".".- (&., e, q) =(1/4v')(~"/~, )I I
T ~'y'y&~ote~ Pp + ' p''pII a pe'p p'~

(»)

wh'ex 8 0 [0 0 2 (Zyty t Epttp ~ t) ] Rnd T~tt pcs
=T&;"(k ) are both now independent of the rotation-
al quantum numbers. The subscript "av" in Eq.
(19) is used to indicate that the square of the tran-
sition amplitude is- averaged over all orientations
of the molecular axis with respect to the incident
electron beam (ko).

For certain of the transitions of interest here,
the final electronic state is degenerate [in the ap-
proximation of Eq (12)j because of A doubling. The
wave function used to describe such a state is us-
ually taken as a, single configux'ation corresponding
to one of the two degenerate A states. Since the
totality of all x'otational transitions is considered,
the possibility of the A degeneracy can be accounted
for by multiplying Eq. (19)by a factor equal to the
A degeneracy of the final state:

where 6 is the Kronecker 6 and A the projection of
the total electronic oxbital angular momentum on
the internuclear axis. Equation (19) then becomes

&';(00, e, V1) =(1/4v') (0"/u, )(a~I

x ((yap& I Tpttpt
I (y&pptt )I

(20)
It shouM be pointed out that no additional tactor

need be introduced for the case of the four equiv-
aleDt K„electrons 1Q the ground stRte. This equiv-
alence, and Rny similar equivalence in the excited
states, is accounted for when the symmetry of the
final stRte 18 speclfl6d.

Two useful approximations which can be applied
to Eq. (20}will now be discussed.

1. 8-Centroid App~oxjmatkm.

This approximation consists of x'eplRcing

'Where gy ~ye~ y
called the Franck-Condon factory

defined by

epoxy

~ ~ = ($yep ~
I $yiiy & ~ ), This B-centroid

approximation has been quite useful in the analysis
of molecular spectra, but has recently been crit-
1c1zed Rs to its validity fo1 cex'tain Molecular
transitionsy andy 1n particulars fox' transitions 1Q

N&. It woUM have been 1ntex'estlng to test this
approximation fox' the tl Rnsltlons Gf 1Dtex'est herey
but unfoxtunately not enough molecular infox'mation
is known. That is, while the R centroids and
Franck-Condon factors are readily available, the
necessary excited-state wave funct1ons Optimized
at varioUS values of the internucleax distance have
not yet been publiShe. Consequently, the 8-cen-
tx'old approximation could Qot be Rppl1ed 1Q this
work.

The Franck-Condon Rpproximation14 is based on
the assumption that the electronic txansition ampli-
tude Eq. (14) is a slowly varying function of the
1nternucleRr d1stance over the Qox'mRl x'Rnge of the
variable RQd consequently cRQ be replRced by R

constant T"„""„"(R,) in the integration over R.Equa-
tion (20} then takes the form

I"„:.",'"(k,„e, q }=(1/4v') (0"/k, ) re~

x T„":,"„'„(y„e,p;f| } l

Except fox' those transitions from 5 = 0 or to 'v = 0&

the choice of A, is not obvious, and as might be
expected, the Franck-Condon approximation is not
always reliable for all (v, e ) transitions. How-
ever, fox processes originating from v =0, the
Franck-Condon approximation has been shown to
lie quite good (ill Illost cRses Rcclll'Rte to wlthlll
10%). This result is due to the fact that the in-



itlal vibrational wave function ($qei qti = 0) ls Gaus-
sian in character, centered at the R, of the initial
electronic state, and consequently the major con-
tribution to V,',", Eq. (13), must occur at this
same A, . Since the processes of interest in this
study originate from v = 9, the Franck-Condon
approximation has been employed and is expected
to be a reliable approximation to the more com-
plicated expression, Eq. (20).

The total cross section for the transition
n'v'-n"v" is obtained from the differential cross
section by

A useful quantity in many applications is the total
cross section for excitation of a particular elec-
tronic state (o "„,.„„)and is obtained from Eq. (23)
by summing over all v values as

(24)

III. %AVE FUNCTIONS

There have been a number of accurate, extended
and/or fully optimized basis-set calculations re-
ported for the X'&' state of Nz. ~~ However, these
results did not include wave functions for the var-
ious excited states of Nz of interest in this work.
In addition, the programs employed in the present
calculations for the evaluation of the multicenter
terms which appear in the transition amplitude
were not able to include atomic orbitals with prin-
cipal quantum numbers = 3. Consequently, an
elaborate ground-state wave function could not be
used, and to be consistent the present calculations
were limited whenever possible to wave functions
for the ground and excited states which were
formed from atomic orbitals with principal quantum

number equal to I and 2.
In Table I are given the electronic configurations

of the ground and excited states of interest, in
order of increasing energy above the ground elec-

TABLE I. Electronic configurations of the ground
and excited triplet states of molecular nitrogen.

].Yr„j.vr lV' ' ' ' Q~

Occupancy of each MO is indicated by giving the spin
projection of each electron in the MO.

tronic state. The occupancy of each molecular
orbital (MO) is indicated by + and —symbols ap-
propriate to the z component of the electron spin.
The symbol Q ~ denotes the mth Rydberg orbital
of symmetry A which gives the proper state sym-
metry when combined with the N, electronic core.

For 8 II, and C II„electronic states, the self-
consistent-field (SCF)-MO set of wave functions
constructed from minimum-basis-set Slater-type
atomic orbitals by Sahni and De Lorenzo" (SDL)
were used. Since the B and C excited states are
open-shell states, the wave functions for these
states were determined within the framework of
a "restricted" SCF treatment" in order to issue a
pure spin state. The resulting wave functions used
were in the form of single Slater determinants in
which the spin degrees of freedom in the calcula-
tion of the transition amplitude were treated sep-
ar ately as outlined in Sec. II. In the SDL wave
functions, the values used for the screening can-
stants were those given by Slater's rules, '9 and
all the wave functions were calculated at one inter-
nuclear distance —that of the ground electronic
state. A detailed discussion of the symmetry
structure of the Nz MQ's can be found in work of
Scherr. ' For the excitation of the 8 and C state,
the wave function used for the X'Z~ ground elec-
tronic state was the exponent-optimized minimum-
basis wave function of Ransil' constructed of
orthogonal atomic orbitals (AO's).

For excitation of the A3Z„' and W36„3' states
from the X'Z, ground state, the double minimum-
basis-set SCF-MO wave functions of Richardson2~
were used. Richardson's calculations are similar
to those carried out by HDL except that the number
of basis functions centered on each nucleus was
doubled. The screening constants employed in the
Richardson wave functions were determined from
calculations on the N atom for the 1s atomic or-
bital and by a slight modification of the customary
Slater rules for the 2s and 2p atomic orbitals. As
for the SDL and Ransil wave functions, the calcu-
lations were done only at the equilibrium inter-
nuclear separation of the X'$,' state. Based on
the energy criteria for the quality of a wave func-
tion, the Richardson results should be as good as
any single-& set of wave functions in which the
screening constants were independently optimized.

SDL '8 also reported wave functions for the
X'Z~ ground and A. Z„' excited state, so the effect
of improved wave functions on the calculated cross
section could be determined in this case by com-
paring the excitation cross section to the A Z„'
state obtained from the SDL set with that obtained
using the Richardson double-g wave functions. The
results obtained from this comparison are discuss-
ed in Sec. V.
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TABLE II. Screening constant (s) and coefficients of the primitive-symmetry orbitals for the Bydberg MO' s of the
E Z~ and D Z'„states of N2 (Bef. 23). The E- and D-state MO's are abbreviated I and u, respectively.

MO 2SO

0.70 0.35 0.35

g —0.057 70 0.315661 —0.557 553 —0.075 635 —0. 181345 —0.074 023 —l. 342 060 0.125 241 —0.153 941

u -O. O46697 O. 276244 -O. 282549 5.43409 -O. O29711 0.184171 0.«4»7 -0.048868

For excitation to the two Rydber g states E'g,'
and D 5„' the wave functions calculated by Lefebvre-
Brion and Noser 23 (LBM) were used. The E and
D Rydberg states converge to the XBZ~ state of
N~ and were represented by a single configuration
in which the core was assumed to be the same for
all the Rydberg states. The screening constants
for the orbitals mere chosen by Slater's rules, and
the calculations mere carried out at the internuclear
separation of the X Z~ state of Na. The coefficients
of each Rydberg orbital were found by minimizing
the energy of the Rydberg orbital in the field of the
fixed core. Qf the three nearly equivalent wave
functions reported by LBM for each Rydberg state,
the wave function corresponding to set 8 was used
in these calculations to describe the E and D Ryd-
berg states. The coefficients and screening con-
stants of the atomic orbitals comprizing the Ryd-
berg MQ'8 for these two states are given in Table
II.

In the calculation of the transition amplitudes,
the quantity (I,") in Eq. (1V) was taken to be the
orbital eigenvalue energy of the y,"orbital as
calculated for the particuLar ground-state wave
function employed.

As discussed in Sec. II, the simplification of
Eq. (15) to the form of Eq. (1V) requires ortho-
normality between the orbital sets used to construct
the initial and final electronic states. Since the
MQ sets of SDL, Ransil, and Richardson mere not
published in the required orthogonal form, it was
necessary to transform certain of the MQ sets to
the required form. This mas performed numer-

ieally 24
by employing the unitary transformation

of King et al. , '3 which is based on the diagonal-
ization of the Hermitian product of the overlap
matrix between the ground and excited MQ sets.
For those transitions for which the initial and final
orbitals were w MO's ( W, A. -X), or in which the
core was the same for the ground and excited states
(D, E-X), only the D', /f„ factor had to be calculated.
This is because that portion of the overlap matrix
involving the initial orbitals for these transitions
is already diagonal. Homever, for the wave func-
tions used in the 8, C-X transitions, the transfor-
mation of MQ'8 themselves was also important be-
cause the initial orbitals for these transitions are
o, (or o„) symmetry and this portion of the overlap
matrix is not diagonal. The diagonalization pro-
cedure in this case causes the a~(and o„) orbitals
to mix among themselves. The coefficients of the
transformed Ransil best-limited (BL) initial orbit-
als are given in Table III for the 8-X and C-X
transitions. Included in Table III are the appropri-
ate D... ~ factors used in the calculation of the tran-
sition amplitude Eq. (1V) for all the excitation pro-
cesses discussed here.

Configuration interaction (Cl) may be important
in certain of the excited electronic states, ~' and
hence a single Slater determinant may not be an
adequate representation of the true state. Of the
excited states considered in this work, CI appears
to be most important for the A3&„' state. An ap-
proximate test of the A-state wave functions to
determine the importance of CI ls discussed in
Sec. V.

TABLE III. Transformed coefficients of the Bansil (BL}primitive-symmetry MG's for the 8 X and C X transi-
Itions in N2 using the SDL excited states. The D& &. values, those used in Eq. (17), are also given for these transitions

as well as the 8', A —X transitions calculated using the Richardson wave functions and the D, E X transitions using
the SDL and LB wave functions.

Trans ition

a(1~,)-X (3o, )

C (17''g ) X (2o'g)

W, A. (1Vl, ) -X(1Vt„}

B,E X(30')

+ 0.030 50 (0&is)

+ 0.027 77(~gl8}

Transformed coeffic ients

+0.48415(a 2g)

+ l. 10999(og2s)

None

None

—O. 847 99(~,2P)

—O. 328 73(~,2P)

mi/2
L/gtgtt

0.98842

0.981 53

O. 973 65

1.000 00
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TABLE IU. Excitation energies and Franck-Condon
factors for the transition A Z'„(v'=0'''20) X Zz(v'=0)
as calculated from the spectroscopic data tabulated by
Benesch et aE. (Ref. 26).

0 6. 169
1 6.346
2 6.521
3 6.691
4 6.859
5 7.023
6 7.183
7 7.340
8 7.493
9 7.643

10 7.789

0.000 98
0.005 21
0.014 82
0.030 08
0.048 63
0.067 22
0.081 75
0.091 45
0.094 57
0.091 80
0.085 09

11 V. 931
12 8.070
13 8.205
14 8.335
15 8.462
16 8.585
17 8.704
18 8.819
19 8.930
20 9.036

0.075 62
0.065 25
0.054 59
0.044 52
0.035 66
0.028 06
0.021 73
0.016 59
0.01249
0.009 27

IV. NUMERICAL TECHNIQUES

Since the wave functions used to describe the
ground and excited states were given only at 8,
(X'Z;), the R-centroid concept could not be used.
Thus, only the Franck-Condon factors, the (v"=
0, v') energy separations, and the electronic tran-
sition amplitudes were necessary to determine the
total cross sections.

A. Potential-Energy Curves and Franck-Condon Factors

The potential-energy curves and vibrational-
level spacings used for the X'Z~, A. Z„', I3 D~,
and C ~ II „electronic states were those determined
from spectroscopic constants by Benesch et al. ~6

and Gilmore ' from which the (v' = 0, v ) energy
separations were calculated. Benesch et al. 2'

have reported Franck-Condon arrays for transitions
from the X state to all v levels of importance in

the 8 and C states. However, it was necessary
to extend their published arrays for the A-X tran-
sition to higher v levels even though the extended
portion of the array may be of somewhat lower
accuracy. The Franck-Condon factors for these
high v levels of the A state were determined by
using spectroscopic constants to determine
Rydberg-Klein-Rees (RKR) potential-energy curves
for the X and A states, followed by numerical in-
tegration of the resulting nuclear wave functions
to obtain the Franck-Condon factors. The cal-
culated energy levels and Franck-Condon factors for
transitions to all v' levels of the A state from v"
=0 of the X state are given in Table IV. The Franck-
Condon factors for the lower v' levels are seen to
agree well with those reported by Benesch et al.

The potential-energy curves for the 8', E, and

TABLE U. The spectroscopic constants used to cal-
culate the potential-energy curves for the 8' &„,E Z~,
and D3Z „' states. See text for a discussion of the data.

T~(cm ~)

~e(cm ~)

~,x,(cm ~)

~,y, (cm «)

B,(cm ~)

~,(cm «)

z,(A)

59 738. 00
1539.00'

17.00R
~ ~ ~

l. 546"
0. 01163"

1.248'

95 859.46'
2 185.00

16.136"
—0. 04d

1.9322"
0. 0202'
1.1162"

103 652 22
2217. 00'

19.00'

1.961'
0. 000 02

1, 108

'Taken from H,ef. 21.
bTaken from H,ef. 30.
'Taken from Ref. 25.

"Taken from Ref. 31.
'Taken from Hef. 32.

D electronic states were calcultaed by a HER meth-
od from spectroscopic constants determined as
follows. The vibrational constants and T, for the
W state have recently been measured by Wu and
Benesch. ~' The rotational constants used for the
W state were taken from the theoretical work of
Fraga and Ransil. 'o The spectroscopic constants
used for the E state were taken from Lofthusa' and
ground-state (X2g~) N2 data. " For the D state,
the data of Lofthus 5 were combined with those for
the P"&„' state. " The spectroscopic data used
for the RKR ground state were those given by
Benesch et al. ~6 The spectroscopic constants used
in the potential-energy curve calculations on the
8', E, and D states are summarized in Table V.

Freund has recently reported~3 measurements
on the radiation emitted from the E state; from
an analysis of the relative intensities in the var-
ious bands he estimated the R, and 8, values for
this state to be 1.16+0.02 A and 1.77+0. 06 cm ',
respectively. A potential-energy curve for the E
state using these values and the corresponding
Franck-Condon factors connecting this state with

the ground electronic state were calculated but re-
jected in favor of those obtained from the constants
given in Table V. The latter set of constants was
determined to represent the E state better because
the corresponding Franck-Condon factors for tran-
sitions from v = 0 of the ground-state agree much

better with those determined from recent, energy-
loss spectra. 3'

The Franck-Condon factors for the E-X and

D-X transitions were calculated in the same man-

ner as described above to extend the A. -X array.
The excitation energies (eV) and Franck-Condon
factors for tralsltlons fr om v = 0 of tile I state
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7.355
0. 0129
V. 542
0. 0522
V. 724
0, 1100
7.902
0. 1609
8. 076
0, 1820
8.246
0. 1686
8, 412
0. 1320
8.573
0. 0887
8.730
0. 0515
8.883
0. 0257
9.031
0. 0108
9.176
0. 0036
9.316
0. 0009

E Zg

11.877
0. 9278

12, 139
0. 0625

D Z„
12.841
0.9819

13.097
0.0176

TABLE VI. Excitation energies and Franck-Condon
factors for the 8'3~„(v'=0, ..., 12), E3Z~(v'=0, 1),
D Z'„(v'=0, 1), X Z~(v "=0) transitions in N2 as cal-
culated from potential-energy curves obtained using the
spectroscopic constants in Table V. For each v

' level,
the first number is the excitation energy in eV, and the
second is the Franck-Condon factor.

appearing in the scattering amplitude describing
excitation to the E and D states could be evaluated.
Therefore, in order to be consistent in calculating
the E- and D-state transition amplitudes, none of
the multlcenter tel ms appealing 1n the tl'ansltlon
amplitude for excitation of the E and D states mere
evaluated. Because of the neglect of these multi-
center terms, the cross sections corresponding to
these excitations are of lower accuracy relative
to the calculated cross sections for excitations of
the A. , 8, 8', and C electronic states. From pre-
vious work on the excitation of Hz, the error in
the E-X, D-X cross sections due to the omission
of the multicenter terms is not believed to exceed
60 lc.

The total cross sections in all cases mere ob-
tained by Romberg integration over q to a specified
accuracy of three significant figures.

V. RESULTS

In these calculations, the initial vibrational le-
vel has been taken as v =0 in all cases. Since
v"= 1 corresponds to an excitation temperature
of about 3350'K, this choice for the initial vibra-
tional state corresponds to the situation encounter-
ed in many studies of processes involving N~. Be-
cause of the generally weak dependence of k and

q on v', only the total excitation cross sections
(o 00) for the electronic states of interest will be
given below. Except near threshold, the cross

to the TV, E, and D states are given in Table VI
and all the potential-energy curves are shomn in
Fig.

B. Evaluation of Multicenter Terms

l4—

l2—

D g„~
&OI

p 3~+

c 3)) ~4@

N('S') + N('P')

N( S )+ N(20 )

When Slater-type orbitals centered on the nuclei
are used to represent the MO's, single-center and
multicenter terms appear in the evaluation of the
transition amplitude Eg. (1V)." The single-center
terms could be done analytically, and the methods
used to evaluate the multicenter terms have been
discussed in detail elsemhere. "'3' To facilitate
the averaging over orientations of the diatomic
axis with respect to the incident electron beam,
the atomic orbitals on each nucleus mere expanded
about the center of mass of the diatomic molecule
using the g-function expansion. Multicenter terms
composed of atomic orbitals of principal quantum
number n & 2 could be evaluated for any value of
the momentum transfer q and internuclear distance
B. Since the numerical methods used to evaluate
the multicenter terms were not able to treat atomic
orbitals of n 3, not all the multicenter terms

10—
e'n

9

CL4J 8—

o

)N ~)) ))i S'I+ Ni S')—
n

0.4 l2 1.6 2.0 24 2.8 X2

INTERNUCLEAR DISTANCE (A)

FIG. 1. Potential-energy curves for the ground and
seven lowest triplet states of N& as functions of the inter-
nuclear distance. The curves for the 8'34„and D3Z „'

were calculated as outlined in Sec. IV, the others were
taken from Gilmore (Ref. 27).
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knowledge of the W X total cross section is use-
ful in the analysis of radiation from electron-im-
pact-excited Nz. That is, since W ~„B3D,is
dipole allowed and the W-state excitation cross
section is fairly large and broad in shape, the
W-B radiation (in the 3.0-5.3g region) should be
relatively strong in processes such as the aurora.
A detailed analysis of the effect of the W-B tran-
sitions in the population of the A. and B states under
auroral conditions is the subject of a future publica-
tion.

In the following sections a comparison of these
theoretical cross sections is made with the limited
amount of experimental data and other theoretical
calculations available for these processes. An

argument based on a comparison of a theoretical
and a experimental energy-loss spectrum is given
to indicate that these calculated cross sections
comprise a consistent set for the description of

the excitation of the lowest seven triplet states of
Ng.

FIG. 2. Total cross sections (0pp ) as defined by

Eq. {24), for excitation of the seven lowest triplet elec-
tronic states of N& from U "=0 of the ground state as a
function of the incident electron energy. The cross sec-
tion for excitation of the B '3Z „state is zero in this model
and hence does not appear in the figure. The cross sec-
tions for excitation of the A Z„' and C3II„states shown

here have been reduced by factors of 3.5 and 2. 0,
respectively.

section for excitation of a single v' level (o oo" )
can be obtained with reasonable accuracy from the
0 «given below by multiplication with the appro-
priate Franck-Condon factor.

In Fig. 2 are shown the total cross sections
(ooo) for excitation of the A, B, W, C, E, and D

triplet states of N2 from X'Z; (v =0). These
total cross sections all exhibit the steep rise to a
maximum near threshold followed by the rapid

k() fall-off characteristic of pure exchange exci-
tation except that for the W state. The total cross
section for excitation of the B 'g „state from
X~ Z~ is identically zero in the model used here to
describe the scattering process" and consequently
does not appear in Fig. 2.

No experimental determination of the W-X ex-
citation cross section has been reported. Peaks
corresponding to excitation of the W state will not
easily be seen in conventional electron-impact
spectra because the W-state vibrational levels
are nearly degenerate in energy with v levels of
the B 'Il and A 'g „' states (see Fig. 1),whose cross
sections are 5 to 10 times larger than that for the

W state at all incident-electron energies. However,

A. O'H ~X'Z

The excitation processes of the C3 II„state have
been the most extensively studied of any excited
state of the N, triplet system. This can be attri-
buted to (i) the fact that the radiation in the second
positive system (C' II„-B'lT, ) is in a region of the
electromagnetic spectrum which is easily measured,
and (ii) there is little or no cascade population of

the C state from higher electronic states, and

therefore when electrons of known energy are
passed through N& gas, the resulting radiation in

the second positive system can be used to estimate
the corresponding C-state excitation cross section.
The technique which is usually employed is one of
calibrating the photon detection system against a
standard lamp and/or some other radiation from
electron-impact-excited Nz for which the cross
section is assumed known (such as the 3914-A band

from N2). However, there are a good many ex-
perimental difficulties in determining the excita. —

tion cross sections from optical data, and, as will

be discussed below, the cross sections obtained by
different investigators using essentially the same
technique do not accord with each other.

The results to which the theoretical C~ II„ex-
citation cross section can be compared37 are those
of Jobe, Sharpton, and St. John (JSSJ),3' Burns,
Simpson, and McConkey (BSM), '9'40 Skubenich and

Zapesochny (SZ), " and Legler (L). 4~ These in-
vestigators used the intensity of the second positive
system for known incident electron energy as a mea-

sure of the excitation cross section. There is also a
determination of this cross section by Engelhardt
et al. " based on an analysis of electron transport
coeff icient data.
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FIG. 3. Total cross section for excitation of the

CSIN'„

state from X~Z~ (e "=0) as a function of the incident
electron energy. The present results are labeled OR-T
and the other cross sections are Engelhardt et aE.
(EPR, Ref. 43), Legler (L, Ref. 42), Jobe et aE. (JSSJ,
Ref. 38), Bauer and Bartky (BB, Ref. 44), and Stolarski
et al. (SAG, Ref. 45). The experimental cross sections
of Burns et al. (Ref. 39) and Skubenich and Zapesochny
(Ref. 41) have been omitted for clarity but are discussed
in the text. The vertical bar drwvn on the L and JSSJ
curves represent the quoted experimental uncertainty.

Figure 3 shows the comparison between the cal-
culated total excitation cross section, the experi-
mentally determined values for the cross section,
andthe semiempirical results of Bauer and Bartky44
(BB) and Stolarski et al. 45 (SAG). (For purposes
of clarity the experimental results of BSM and SZ,
respectively, 15% and a factor of 2 smaller than
the JSSJ curve at 15 eV, are not shown in Fig. 3. )
Prom the figure, one notes that the maximum of
the excitation cross section determined in the var-
ious experiments falls into one of two groups for
which the quoted error bars do not overlap. The
maximum value as determined by EPR Rnd by L,
is gx eater than 1.Om'a 0 and in good agreement with
the calculated cross section. The more recent ex-
perimental determinations of the cross section by
SZ, BSM, and JSSJ are a factor of 2 or more small-
er and have maxima less than O. 6mg o . However,
there is disagreement within this latter group of
experimental data in that the SZ cross section
(not shown in Fig. 3) is about a factor of 2 smaller

at maximum than that obtained by JSSJ and BSM
although the same experimental technique was
employed. This discrepancy coupled with the fact
that the cross-section determination by Legler was
also baaed on photon collection of the second pos-
itive bands makes a meaningful comparison between
theory and experiment difficult.

Appx'oximations which could lead to R theoretical
total cross section which is too large axe the rel-
atively simple wave-function representations used
to describe the ground and excited states (see Sec.
V F) and/or the scattering model used to describe
the excitRtlon px'ocess. However, px"evlous cRlcu-
1Rtlons involving slmilRx' px'ocesses in H He Rnd

H3 employing comparably accurate wave functions
and the same scattering model have generally been
in good agreement with the corresponding experi-
mental measurements. All that ca,n be concluded
from the above comparison is that the theoretical
excitation cross section for the C II„state shown
in Fig. 3 is probably larger than the true cross
section, but most likely accurate to within a factor
of 2. The resolution of the differences between the
various experimental determinations must await
the results of further experimental work or a more
elaborate theoretical study.

There have been no published measurements of
the absolute cross section for excitation of the v
levels of the B' II, state which do not include cas-
cade contributions from the A. Z„', W ~„, C II„,
C'3 II„, and D~g„' electronic states. This is be-
cause the experimental method usually employed
is the optical technique similar to that used to de-
termine the C3II„cross section. However, the
cascade contributions to the measured 8-state
cross section cannot be accounted for without
knowledge of the excitation cross section for the
A, 8', C, C, and D electronic states and their tran-
sition probabilities to the B state. The cross sec-
tion for excitation of the C state has beendiscussed
in Sec. IV; but, with the exception of the first pos-
itive (8' Il~-4'g „') and second positive (C ' ll„-
8 IT,) transition probabilities, the necessary quan-
tities have not been reported. As a consequence,
only a, qualitative comparison with expex'iment will
be made at this time.

In Fig. 4 the calculated total cross section for
excitation of the 8 ~ II, state from X'Z

~ (v '= 0) is
compared with the "apparent" excitation cross
section as measured by Stanton and St. John48 (SSJ)
and Skubenich and Zapesochny 4' (SZ). The apparent
excitation cross section measured by Mcconkey
and Simpson" (MS) agrees well with the SSJ re-
sults and has been omitted from Fig. 4 for the
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FIG. 5. Total cross section for excitation of the A 3Z „'

&&(v'=0, ... , 20) state from X'Z~(v"=0) as a function of
incident electron energy. The present result is labeled
OR-T and has been xeduced by a factor of 3.5. The other
curves are Bauer and Bartky (BB, Ref. 44) and Stolarski
et al. (SDWG, Ref. 45).

that the A-state excitation cross section reported
here is considerably larger than previously be-
lieved.

There are some recent energy-loss spectra to
which these calculations can be compared to de-
termine whether the theoretical A-state cross sec-
tion is of the correct magnitude relative to that of
the B and C states. This comparison, which is
discussed in more detail in Sec. V E, indicates
that the calculated A-, B-, and C-state cross sec-
tions are of the correct relative magnitudes at 35 eV.
The cross section obtained in the OR approximation
is much larger than thatpredictedby SAG and BB
notonly for the A state but alsofor the Band C states.
Because of the good agreement between the calculated
and measured B-state cross section, the A-state
cross section reported here is probably the most
reliable estimate presently available at energies
above about 30 eV.

The approximate wave functions used for the A
state were examined to determine whether they are
a particularly poor representation of the A state.
As mentioned in Sec. III, the ASK'„state is not a
pure state, but contains a mixture of other con-
figurations (mainly 'Z and ' II ) due to the electron
spin-orbit interaction. ' This is evidenced by the
fact that the radiation in the Vegard-Kaplan bands
is electric dipole in character even though the tran-

sition is spin forbidden. " Therefore, to properly
describe the excitation of the A state, it may be
necessary to include the mixing-in of the other
configurations in the A-state wave function. The
modification of the available wave functions to in-
clude such configuration interaction was beyond
the scope of this work, so the effect of the config-
uration mixing was estimated as follows. The
square of the transition moment (Daz} for the first
positive system (8'II, -A 'Z'„) was calculated at
an R-centroid value of R = 1.0941 A using the SDL
wave functions and compared with the measure-
ments of Jeunehomme 'and Turner and Nicholls.
If the B-state wave function employed is assumed
to be "pure, "which appears valid for the B-state
v levels of importance here, 'any discrepancy be-
tween the calculated and observed (D2a„) could be
attributed to the inadequacy of the single-config-
uration A-state wave function. However, the cal-
culated transition moment differed from the ex-
perimental value by less than 30%, and therefore
no correction based on this comparison was be-
lieved to be justified.

The effect on the cross section of improving the
wave functions was also determined in the case of
the A-state excitation by calculating the excitation
cross section using the SDL X- and A-state wave-
function pair. ' The cross section obtained using
the SDL wave functions was found to be only 18%
larger than that obtained with the Richardson wave
functions. Thus for the A X excitation, this sig-
nificant improvement in the set of wave function
used does not produce a significant change in the
excitation cross section.

There have been no absolute experimental or
theoretical determinations of the cross section for
excitation of the E3Z, state and only two experi-
mental estimates reported for the D 8Z '„excitation
cross section.

Clampitt and Newton have reported'~ detection
of the E Z~ state in a crossed-electron-N2-beams
experiment, but gave no quantitative estimate of
the magnitude or energy dependence of the excita-
tion cross section. Freund (F}has given3 arel-
ative "excitation function" for the excitation of the
E state over the energy range from threshold to
23 eV based on measurements of the delayed-emis-
sion spectra observed from a beam of excited Nz
molecules. Figure 6 is a comparison between the
theoretical E3Z

~ excitation cross section, calcu-
lated without the multicenter terms (see Sec. IVB),
and the excitation function measured by Freund.
The latter has been normalized to the theoretical
curve at its maximum. Ehrhardt and Willmann
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FIG. 6. Total cross section for excitation of the E 3Z~
&&(v'=0, 1) state from X'Z~(v"=0) as a function of in-
cident electron energy. The present results are labeled
oT —T, and the relative cross section measured by Freund
(F, Ref. 33) has been normalized to the theoretical curve
at its maximum. See the text for a discussion of the
cross section measuredby Ehrhardt and Willmann (Ref. 53).

state. These experimental values are shown along
with the theoretical excitation cross section for
the D Z„' state in Fig. 7. As expected, because
the multicenter terms were not included in the
evaluation of the D-state transition amplitude, the
calculated cross section is larger than the experi-
mental values. Previous experience with the ef-
fect of the multicenter terms for aZ ~ to Z „ transi-
tion indicates that omission of these terms from
the scattering amplitude results in a cross section
which is too large by about a factor of 2. When

the multicenter terms are included in the calcula-
tion of the D-state transition amplitude, the re-
sulting cross section is expected to agree well with
the estimate of MS but perhaps still be slightly
larger than the SZ result.

E. Relative Magnitudes of the Triple Excitation
Cross Sections

The experimental determination of the magnitude
of the total cross section for excitation of theA3g„'
state has a large uncertainty, and that for the
W'4 „and E'Z, states has not yet been made. In
this section a comparison is made between a cal-
culated energy-loss spectrum, based on the the-
oretical differential cross sections, and recent
experimental energy-loss spectra. The purpose

(EW) have also reported'~ a relative cross section
for excitation of the E state for incident-electron
energies from 11 to 17 eV, based on the collection
of those electrons which had lost 11.87-eV energy
and been scattered into an angle of 20 or less.
An energy loss of 11.87 eV corresponds to excita-
tion of v'=0 of the E state which is about 93% of the
complete cross section ooso (see Table VI). The EW

cross section is quite narrow, with a full width at
half-maximum (FWHM) of less than 0.5 eV, and for
that reason it is not shown in Fig. 6. The theoretical
cross section is seen to be considerably broader
than both the F and EW cross sections. This dis-
agreement between the calculated and measured
shape of the E-state cross section is not expected
to be removed by the inclusion of the multicenter
terms in the theoretical cross section. The ex-
treme narrowness of the measured E-state excita-
tion cross section relative to the cross sections for
excitation of the other nitrogen triplet states im-
plies that the E state may be excited by a resonant-
type process rather than the simple exchange pro-
cess used in these calculations.

Skubenich and Zapesochny (SZ) have reported"
an apparent excitation cross section for theD Z „',
and McConkey and Simpson4' (MS) have estimated
the maximum in the D-state cross section by as-
suming certain cascade contributions to the apparent
cross section which they measure for the B' 0,

I I I I

'
I

'
I I

0.07— D ~X„(v'= 0, I) X 'Z& (v" = 0)

0.06—

Al O

~ @05
D O

bo

0.04

o
0.03

C)I—

0.02—

/
/

/
/

/
/

0 I I,~I I I I I I I I I I I I I I

8 I2 I 6 20 24 28 32 36 40 44

Q,OI—

ENERGY OF INCIDENT ELECTRON (eV)

FIG. 7. Total cross section for excitation of the D Z'„
& (v '= 0, 1)state from X Z~(v" =0) as a function of incident
electron energy. The present results are labeled OR-T,
and the experimental results of McConkey and Simpson
(Ref. 47) and Skubenich and Zapesochny (Ref. 41) are
labeled MS and SZ, respectively.
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of this comparison is to show that the relative mag-
nitudes of the theoretical cross sections, particu-
larly those for the A. , 8, 8', and C states, axe con-
sistent with those detex mined experimentaQy and

therefore x eliable within the accuracy provided by
this compax ison.

The energy-loss spectrum chosen for this com-
parison is that obtained by Rice '4 fox an incident
electxon energy of 35 eV. Since the objective of
this comparison is to show that the calculated total
cross sections for excitation of the A, 8, W, and
C electronic states are of the correct relative mag-
nitudes, the comparison with experimental energy-
loss spectra is made for a scattering angle 8 as

-close as possible to 90'. There are two other
reasons for making this comparison at large scat-
tex'lng Rngles. The fix'st ls that fox' smRll scattel'1ng
angles the differential cross sections for singlet-
singlet transitions are laxger than those for singlet-
triplet transitions by an order of magnitude or
more. As a result, it is difficult to resolve the
singlet-tripletprocesses at small scattering angles.
On the other hand, at larger scattering angles
(e 60' ) the singlet-triplet transitions have mag-
nitudes comparable to or larger than the singlet-
singlet ones and therefore are more easily studied.
The second reason is that the OR scattering ap-
proximation is usually more reliable for scattex-
ing angles greater than 4G' than it is in the range
0'-40, the actual range of validity depending on
the nature of the scatterer '3'5 The choice of 35-
eV lnc1dent energy, cRlculRted fx'om the theox'etlcRl
differential cross sections assuming a resolution56
of 0.080 eV, is shown in Fig. 8(a) and is to be
compared with the experimental spectrum" shown
in Fig. 8(b). In the experimental spectrum, for
energy loss above 8. 5 eV, peaks corresponding
to excitation of the v levels of the a' II, singlet
state appear. Since only triplet excited states
were treated in the calculations reported here, the
corresponding peaks are absent in the synthetic
spectrum. The energy-loss region 7. 35-9.0 eV
is composed of overlapping peaks due to excitation
of the A- (e & V),B-, and W-state vibrational levels,
and the experimental resolution was not sufficient
to resolve the individual excitation processes.
Since the experimental spectrum ls 1 elative, the
peaks in this xegion of the spectrum, some cor-
responding to the overlap of two or more e levels,
should be compared to a standard peak. The CSTI8
(v = 0, I) peaks at ll. 08- and ll. 28-eV energy
loss Rl e the logical choices fol x'efex'ence peaks
since they are the best resolved in the experimental
spectrum. The essence of this comparison between
theory and experiment is that for the synthetic
spectra, the seriesof peaksbetween6. 6- Rnd 8. 5-eV
energy loss have magnitudes relative to the v = 0
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FIG. 8. (a) Synthetic energy-loss spectrum based on
the theoretical differential cross sections for excitation
of the lowest seven txiplet states as calculated by the methods
described in the text. The incident energy was taken as
35 eV, the scattering angle is 80', and the resolution
assumed to be 0.080 eV (Ref. 56}. Note that no peaks
corresponding to excitation of the singlet states appear in
the spectrum since these states were not included 'n the
calculations. The energy-loss locations and Franck-
Condon factors of the various vibrational levels of the
A, 8, and & states are indicated by the vertical lines in

gu e. AD the Franck-Condon factors ar l t'
to that for y ' =2 of the 8 state, and the dots represent
v ' levels whose Franck-Condon factors are zero on this
scale. |b) Smoothed expeximental energy-loss spectrum
obtained by Rice (Ref, 54) for an incident energy of
35 eV, scattering angle of 80, and unknown resolution.
The identification of some of the vibrational levels is
indicated above certain peaks although all of the peaks
between 7 and 9 eV consist of more than one unresolved
feature.

and v'= j. peaks of the C state which agree weQ with
corresponding magnitudes in the measured spectrum
when the background is subtracted from the latter.

From this comparison between the synthetic and

measured spectra, the following points should be
emphasized.

(i) Due to the Franck-Condon factors for excita-
tion from the ground state, many more levels of
the A. State are excited with approximately equal
intensity than in the 8 or W states. Consequently,
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the low peaks corresponding to excitation of the A
state for energy loss & 7. 34 eV actually result in
a total cross section (summed over v levels;
o 00) which is comparable to that for the B state
at 35 eV (see Fig. 2).

(ii) By varying the magnitude of the A-state
cross section, it was found that a change of about
+ 50 loin the value of the theoretical 2-state dif-
ferential cross section at 35 eV results in poorer
agreement between the calculated and measured
spectrum. Consequently, assuming that the OR
scattering model properly predicts the differential
cross sections at 35 eV Rnd 80', this comparison
implies that the total cross sections for excitation
of the A. state is significantly larger than the es-
timates of Bauer and Bartky and Stolarski et al. "

(iii) The cross sections for excitation of the
vibrational levels of the 5" state are from 5 to 19
times smaller than those for the A. and B states
for an incident energy of 35 eV. Consequently the
effect of excitation of the 8' state is indiscernible
in the calculated and measured energy-loss spectra
at a resolution of 0. 080 eV. By varying the res-
olution used in the synthetic spectrum, it is esti-
mated that a resolution of Q. 045 eV or better at
large scattering angles will be necessary to re-
solve the least blended peak corresponding to ex-
citation of the 8' state. In any case, based on the
comparison with experiment of the other calculated
cross sections, the theoretical 8'-state excitation
cross section is believed to be accurate to about
a factor of 2.

Although this argument is not as quantitative as
one would like, the general agreement between the
synthetic and measured energy-loss spectra in-
dicates that, at least at 35 eV, the calculated set
of total cross sections displayed in Fig. 2 com-
prise a consistent set of excitation cross sections.

F. Effect of Approximate V4ve Functions

As mentioned in Sec. III, there are a variety of
ground-state mave functions available for the de-
scription of the nitrogen molecule r'anging in com-
plexity from the minimum-basis-set Scherr"
wave function to the Hartree-Fock SCF-MO calcu-
lations of Nesbet and of Cade et al. " The char-
acteristics of the electron charge distribution and
of the individual MO's themselves has been shomn

by Smith and Richardson' (SR) to be sensitive to
the degree of approximation used ln constructing
the wave function. In the case of the 2o„MO, the

initial-state MO involved ln 'the excltRtlon of the
Cs G„state, the hybridization, '~ and spatial ex-
tent mere found to vary considerably from one ap-
proximation to the other. It has been shown earli-
er" that the OR cross section may, for certain
symmetry combinations of ground and excited

states, be sensitive to the quality of the wave func-
tions employed as measured by the spatial electron
distribution it predicts. Consequently the B- and
C-state excltatlon cross sections mere calculated
with the SDL excited-stRte wRve functions Rnd with
the ground-state wave function of SDI. and of Ran-
sil in an effort to determine the effect on the cal-
culated cross section of an improvement in the
ground-state wave function. Use of the Ransil
rather than the SDL ground-state wave function
(with the appropriate transformations to allow use
of the Slater-Condon rule) resulted in a 20% re-
duction in the maximum of the B-state cross sec-
tion and a 5% increase in that for the C state. This
indicates that the cross section calculated with the
different wave functions is not as sensitive to the
"quality" of the MO's as are other properties such
as hybridization. Coupled with the comparison
between the SDL and Richardson ground-state mave
functions made in Sec. VC for excitation of the
A 'g „' state it can be concluded that although the
theoretical cross sections are somewhat sensitive
to the quality of the wave functions used, the mag-
nitude and direction of the effect do not appear
easily predictable.

VI. CONCLUSIONS

A consistent set of total exchange-excitation
cross sections has been calculated for excitation
of the A'Z„', a'n„W'~„, a "Z„-, C'rr„, E'Z,',
and D ~'„ triplet electronic states of molecular
nitrogen from the ground X'Z' (v "=0) state. The
calculated total cross section for excitation of the
& II, state is expectedto agree mell with the avail-
able experimental data when the casca.de effects
from the higher electronic states to the measured
B-state cross section are removed. The theoret-
ical cross section for excitation of the C state is
found to agree mell with one group of measure-
ments, but is a factor of 2 larger than another
group of results. Unfortunately, the peculiarities
found in the 20„MO of the various approximate
ground-state wave functions means that the agree-
ment between the theoretical C-state excitation
cross section and the larger experimental cross-
section value may be fortuitous. %hen the multi-
center terms are included in the calculation of the
D 35 „' excitation cross section, the theoretical re-
sults are expected to agree well with the recent
experimental estimates of the cross section. A
comparison between a synthetic energy-loss-spec-
trum calculated from theoretical differential cross
sections and a scattering angle of 80' indicates that
the relative magnitudes of the total cross sections
are consistent among themselves andwith the experi-
mentally determined relative magnitudes. The re-
sults of this comparison indicate that the cross



TOTA L C ROS S S E C T IONS FOR EXCITATION 1347

section for excitation of the A 'Z'„state is com-
parable to that for the 8'lI state at 35 eV. How-

ever, for lower incident electron energy, the the-
oretical A.-state excitation cross section may be
too large owing to the approximate nature of the
A-state wave functions used in which configuration
interaction was neglected. No previous results
for excitation of the W A„state have been reported.
The comparison between the calculated cross sec-
tion for excitation of the E'Z, state with the avail-
able experimental data indicates that the theoret-
ical curve is considerably broader than that which
is measured. Although the OR scattering model
appears generally to predict a total cross section
which is slightly broader than that measured, the
very large discrepancy in this case implies that
the E'Z, state is excited by some other process
than that described by the theory employed here.

It can be concluded that the general good agree-
ment of the theoretical results with the available
data, the cross-section magnitudes of which vary
over two orders of magnitude, indicates that the
OR exchange approximation can be expected

to give reliable excitation cross sections, in most
cases better than a factor of 2.
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