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The theory of electron scattering by molecules is presented in terms of Feshbach’s projection-operator
formalism with special attention to the problem of molecular rotational excitation. The absolute orders of
magnitude and the energy dependence of the cross section for resonance rotational excitation are calculated
for the (Ns,¢) system. The characteristic multipeak structure for resonance elastic scattering and vibrational
excitation is again found for resonance rotational excitation. A comparison of the calculated results with
experimental measurements is made for peak positions in the cross section for resonance elastic scattering,
which may be considered as a special case of resonance rotational excitation (i.e., Aly=0). Cross sections for
simultaneous rotational and vibrational excitation of N are also calculated. The total partial cross sections
for resonance vibrational excitation are then obtained as a sum of all the corresponding partial cross sections
with different allowed rotational transitions. The energy dependence of the newly obtained vibrational
excitation cross section compares favorably with experimental observations.

I. INTRODUCTION

HE problem of rotational excitation has been
actively studied'—® not only because it is a funda-
mental scattering problem but also because it is an
important energy-loss mechanism for slow electrons in
molecular gases. Gerjuoy and Stein? pointed out that
the long range of the interaction between an electron
and the quadrupole moment of a molecule is the origin
of the large energy losses observed in laboratory swarm
experiments. Later, Dalgarno and Moffett® added the
contribution due to polarization force to the rotational
excitation and pointed out that this may in some cases
result in a decrease in the cross section. There are
discrepancies between results of these calculations,
based upon the Born approximation with the higher
order terms in the potential neglected, and analysis of
swarm data.® Recently, a number of papers appeared
pointing out the importance of the distortion effects on
the incident electron.*5 In all these studies, the possible
resonance rotational excitation was not considered.
In the present paper, we consider the possible resonance
excitation mechanism and the effects of its interference
on the direct excitation mechanisms for rotational
excitation.

* Research performed under the auspices of the U. S. Atomic
Energy Commission at Brookhaven National Laboratories, Upton,
New York.
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The plan of the paper is as follows: In Sec. II, the
theory for electron scattering by molecules’ is presented
in terms of Feshbach’s projection-operator formalism?®
with considerations of Fermi-Dirac statistics for the NV
electrons. In Sec. ITI, we illustrate how this theory may
be applied to the problem of rotational excitation of
molecules by slow electron impact. Various approxima-
tions that may be of use are examined in some detail.
The theory is then applied to the scattering of elec-
trons by nitrogen molecules in Sec. IV. The ab-
solute orders of magnitude and the energy dependence
of the cross section for direct and resonance rotational
excitation are calculated for the (Nge) system. A
comparison of the results with experimental measure-
ments is made for peak positions in the cross section for
resonance elastic scattering which may be considered
as a special case of resonance rotational excitation
(i.e. Aly=0). The effects on vibrational excitation due to
the degrees of freedom provided by possible accompany-
ing rotational transitions are discussed. The total
partial cross sections for resonance vibrational excita-
tion are then obtained as a sum of all the corresponding
partial cross sections with different allowed rotational
transitions. The energy dependence of the newly
obtained vibrational excitation cross section is then
compared with that observed experimentally.

II. PROJECTION-OPERATOR FORMALISM
OF THE THEORY

The Schrodinger equation for an N-electron system
consisting of an incident electron and a target diatomic
molecule ab having No (Vo= N—1) molecular electrons
is in relative coordinates with respect to the center of
mass of the nuclei®

HY=ET (2.1)
with
H=Ko(ro)+ Vo(ro,l',R)‘I‘Hab(raR) ) (2-2)

7J. C. Y. Chen, J. Chem. Phys. 40, 3507 (1964). This paper is
referred to as Paper I.

8 H. Feshbach, Ann. Phys. (N. Y.) 19, 287 (1962).

® Atomic units are used through this paper except where
indicated otherwise.
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Ny Zo Zy
Volto,R)= X [ro—r1;| 7 1————, (2.3)
=1 Yo Yoo

where 1y and r (denoting 1y, rs- - -ry, collectively) are
the incident and molecular electron coordinates,
respectively, K, is the kinetic energy operator of the
incident electron, Vy is the interaction potential of the
incident electron with the target molecule, H,j is the
Hamiltonian for the target molecule, T is the total
wave function for the scattering system (ab,e) having
the total energy E as the eigenvalue, and finally the
r’s (i.e. ro, and rgy) are the position vectors of the
incident electron with respect to the two nuclei having
the Z’s as their charges.

It is assumed that the unperturbed molecule is
described by the set of Schrddinger equations

Hel(r,R)Qn(£,R> = 8n(R)q>n(£yR) )

{— 2wV 8. (R)}X,,(R)= 6,,X,,(R),
with

(2.4)
(2.5)

14+MAM, N
2 V24-U(rR),

HA(r,R)=————
2(M,AM)) =

(2.6)

where the £’s denote the assembly of the coordinates
(i.e. the r'’s) and spin projections of the electrons, H°!
is the Born-Oppenheimer electronic Hamiltonian,
u=M M/ (M,+My), V2 is the Laplacian operator, and
Ul is the potential energy of the molecular electrons.
The Hamiltonian for the target molecule takes the
approximate form

H o p=— (2[.1,)_1VR2+H‘*1(1',R) . (2.7)

Both the electronic wave functions ®, and the nuclear
wave functions X,,, having the respective eigenvalues
8.(R) and &,,, form a complete orthonormal set in
their corresponding spaces with variables  and R,
respectively.

In dealing with subexcitation electron impact where
no electronic excitation is energetically allowed, it is
desirable to project out from the total wave function
T the open channels in which the target molecule
remains in a ground electronic state and to treat the
remaining part of the total wave function as a field for
generating effective potentials in the new Hamiltonian
for the projectile electron. That is, we want to construct
a projection operator P such that

PY(£0,8,R) =2 1X0(R) @{¥no (50 2o(£,R)},  (2.8)

where @ is the antisymmetrization operator operating
only on electrons, and the y’s are the channel wave
functions of the incident electron. The appropriate

projection operator takes the form
P=PlPe, (2.9)

where Pe!is the electronic projection operator and P»¢
is the nuclear projection operator.
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The electronic projection operator P! capable of
projecting out from the total wave function T the anti-
symmetrized electronic wave function representing a
projectile electron with the target molecule in its ground
electronic state has the general appearance®

Pyl= @ |Po)[1+ Oo(£0,£0) J(Po| @,

where 0o(£0,£0") is the auxiliary electronic projection
operator. The nuclear projection operator P2t capable
of projecting out from the total wave function T all
the energetically allowed nuclear states associated with
the ground electronic state has the form

Pit=3" 0, Pyy=2 50| XyoXXne |

where P,’s are the elementary nuclear projection
operators, and v, sums over all the energetically allowed
nuclear states associated with the ground electronic
state. This implies that the remaining Hilbert space
1—P still contains a component of ground electronic
state @ associated with excited nuclear states which
are not summed over in Eq. (2.11). The auxiliary elec-
tronic projection operator Qo(fo,&0") appearing in Eq.
(2.10) is expressed in terms of solutions of an inhomo-
geneous integral equation of the Fredholm type?; its
complexity increases with the number of electrons. For
two-electron scattering systems, we have the following
simple expression for O,

00(0,£0") = — 5 | Po(£0))(Po(£0) | -

Operating on the total wave function T(£,£R) by
the projection operator given by Egs. (2.9), (2.10),
and (2.11), we obtain the desired equation [Eq. (2.8)]
with the channel wave functions ., defined uniquely as

‘pyo(EO):(Xw(R)q}O(E) [T(EO’E:R»

+(Xyy (R)Po(£) | O(£0,60) | T(£0,E,R)).
In performing the scalar products in Eq. (2.13), we
integrate over the coordinates which are common to
both sides of the scalar products.

Now, let the complementary orthogonal components
of PT be denoted by QT, then Q=1—P. Operating on
Eq. (2.1) with P and Q, we obtain®

(E— PHP)PY=PHQY, (2.14a)
(E—QHQ)QY= QI PY. (2.14b)

Solving Eq. (2.14b) for QT and substituting into Eq.
(2.14a), we obtain®

(To+0—E)Pr=0,

(2.10)

(2.11)

(2.12)

(2.13)

(2.15)

10 We note that the coupling matrix elements found in the
Born-Oppenheimer separation are contained in Eqgs. (2.14),
since more explicitly we have, for example,

HPY =2 0([Ko(ro) +V (tor, R)+ svojxm(R)m(so)@o(s,R>—2—2
XL2{V®o(&,R)} - V-t (V% (& R)} Txza (R)no ) ).
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with
To=P(Kot+Hay)P, (2.16)

V=PV P+PHQ(E—QHQ)QHP. (2.17)

The last term in Eq. (2.17) is the nonlocal effective
potential generated by QY. Equation (2.15) is iden-
tical to Eq. (2.22) in Paper 17 except now Eq.
(2.15) is properly antisymmetrized. We may divide the
potential into two components: V=U+U'. The first
component U gives rise to the direct scattering which
represents the propagation of a projectile electron in
the field of the target molecule in its ground electronic
state and which includes both the effects of distant
resonance and exchange scattering. The second compo-
nent U’ gives rise to the resonance scattering which
represents compound state formation involving excited
states of the target molecule.

The transition matrix To(yo— o) describing transi-
tions from the incident channel v, (the initial nuclear
state) to channel vo’ (the final nuclear state) with the
electronic state of the target molecule remaining in its
ground state is!!

To(vo— o) = (vd) [ U] Yo (70))
F WO () [WF [P (v0))  (2.18)
with

w=0—a’, (2.19)

By

aalyo— vd)= (M*(“L) / [{TLo (vo) [ W] o (v0)) | 249y,

ko

kvo’
UT(WQWI)=(2W)_2(k > _/ [ (vo) | WF [0 (y0)) | 242,

kvo’
oilyo— 1) = (2")_2(;7) f 2 Re{{ILo™ () || %ot (o)) (rd) | W] ol (o))}

Yo

where o4, o, and o; correspond to the direct, resonance,
and interference contributions to the cross section, and
Re signifies the real part of the quantity in { }. Unless
the interference is negligible, the cross section is not
an additive quantity.

III. ROTATIONAL EXCITATION OF
MOLECULES

1. Direct Rotational Excitation

The direct transition matrix appearing in the cross
section for direct excitation given by Eq. (2.26) is

(I (vo) [ W0 (o))

=(PILo (vd) |U| PYo) (v0)), (3.1)

11 Since the antisymmetrization operator @ commutes with P,
U, and U, it is not difficult to see that for the purpose of calculat-
ing the transition matrix, it is sufficient to antisymmetrize only
the initial state o™ (yo).
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W= PHQ|YV ) (E—W ) ¥,.|QHP, (2.20)
F=1+(E—To—Utin)WF, (2.21)
Pyt = PILO+ (E— Tokin) UPYe, (2.22)

where the prime on ) denotes that only those com-
pound states ¥,, having comparable energies with the
given energy of the system may be included in the
summation.

The differential partial cross section for the transition
vo— ¢ can now be expressed in terms of the transition
matrix

k ’
do(vo— vo') = (2m) " —| To(yo— vo') | 2d2;  (2.23)

70
Ry =k +2(E4— 84y) (2.24)

where k., and %, are the initial and final wave numbers
of the projectile electron, and dQ;=sind;d0sd¢p; is the
scattered solid angle. Since the cross section is not a
linear function of the transition matrix, we have there-
fore not only the direct and resonance scattering
contributions but also the contribution due to their
interference to consider. Hence, we have

with

oc(vo— o) =ca(yo— vd)+o(yo— o)

Foilvo—vd) (2.25)
with

(2.26)

(2.27)

(2.28)

where, in obtaining the right-hand side of Eq. (3.1),
the Hermitian and idempotent properties of the projec-
tion operator are used. Now, utilizing the definition of
the projection operator P given by Eq. (2.8), we have

PII = Z'yo X’Yo(R) G{H'Yo(_) (50)‘1)0(5,1{)} ) (3'2)
P‘//O(_H = Zvo X'YO(R) @{‘p’vo(+) (EO)CI’U(E:R)} ’ (33)

where II,, and ¢., are the unperturbed and distorted
channe] wave functions, respectively. This permits us to
define, for transitions from nuclear state v, to state v¢/,
the direct transition matrix

Td(’YO - 70,) = (X‘m' (R) |a70’7o(R,R) I X‘Yo(R)> (34)
with
Ay’ 7o (R)R) = (G’{Hvo’ & (EO)KIJO(E;R)} |‘:u ‘
X C{Po(£, R4, P (80)}) (3.5)
where R=R/R is the unit vector and ay,(R,R) is the



64 JOSEPH C. Y. CHEN

effective potential responsible for the nuclear excitation.
Various orders of distorted channel wave functions can
now be obtained by considering the corresponding
terms in the expansion of the potential U weighted by
the molecular electronic wave function ®,. In terms of
such distorted channel wave functions, the cross section
for direct rotation excitation may be evaluated to the
corresponding order of accuracy in the distorted wave
approximation.’?

It is sometimes more convenient, however, to define
an equivalent direct scattering potential WF, so that

o (RR) = (G{ Ty O (£0)Po(£,R) } | UF 4]
X @{®o(£,R)IL,, P (£0)})  (3.6)

Fy=14(E—To+in)UF,. 3.7

Equation (3.7) is derived with the help of Eq. (2.22).
The series generated by Fq for direct transition matrix
is the well known Born series. Since for a given energy
all the bound states of the scattering system are
removed, this series does not have convergence difficul-
ties.’® In general, the expression for a(R,R) is very
complicated and difficult to evaluate. We therefore
define an average direct scattering potential U4 so that

a“/o”Yo(R;R) = <H‘Yo(_) lcud(rO,RaR) l H'vo(+)> . (38)

In principle, U4 can be obtained from Eq. (3.6) by
integrating over all the molecular electron volumes.
Since UF; appearing in Eq. (3.7) is nonlocal, g is
necessarily nonlocal.

If we neglect for the moment the nonlocality effects
and assume that Ug(ro,R,R) possesses a multipole
expansion,!4 we obtain

Uq(r0,R,R) =Ua® (10,R,R)
+ (r0) T i(g;(R) /7o) Pi(70,R), (3.9)

where the ¢’s are the various electric moments for a
fixed nuclear configuration, the P;(7o,R)’s are the
Legendre polynomials and U@ (ro,R,R) is the remain-
der of the averaged direct scattering potential. This
expansion presupposes, of course, that the projectile
electron can never penetrate closer than the molecule

with
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size, since the requirement 7;/7o<1 for all molecular
electrons must be satisfied. Although it still deserves
further study, this approximation, however, accounts
for the most essential features for direct rotational
excitation.

In dealing with the problem of rotational excitation,
the vibrational motion is assumed to remain in its
initial state; and the vibrational wave functions may
be eliminated first by integrating over R?dR. Thus we
obtain, for direct rotational excitation of a diatomic
molecule in T states, the transition matrix

Ta (lomo i lo"mo') = <Ylo’ my’ (R)H'yo(_) (E 0) l <‘u'd (rﬂaR»
X [Ty (£0) Vigmo(R))  (3.10)
with

(Ua(ro,R))=(Ua® (ro,R))
+3;(g3)/re ) P;(70,R)
(4)= f % |2 ARR,

(3.11)
(3.12)

where for definiteness the nuclear states vo and vo are
labeled explicitly as wvolomo and vo'ld’mq’, respectively,
and the nuclear vibrational and rotational wave func-
tions are denoted, respectively, by X,,(R) and ¥ iym,(R).
For = states, the rotational wave functions are simple
spherical harmonics. Thus, approximate cross sections
for direct rotational excitation can be evaluated from
Eq. (2.26) with the transition matrix approximated by
Eq. (3.10), provided we know the averaged electric
moments {(¢;).

2. Resonance Rotational Excitation

The resonance transition matrix appearing in Eq.
(2.27) is formidable in its complexity. In application
we must rely upon meaningful simplifications. For our
present purposes, we adopt the isolated resonance
model,’® which is capable of accounting for the most
essential features of resonance elastic scattering and
resonance vibrational excitation.!6

In the framework of the isolated resonance model, the
transition matrix takes the form

Tr(Yo—> 10) = o (vo) [ WF o™ (v0)) = {0 (vo') | PHQ| ¥ ) (E— W m— Run) (¥ m | QHP |0 (v0))} .

Assuming that the resonance field is effectively generated by an electronic target state, say #, we have for the

compound state

{Oy.H 'yn—WVn(m)}Qn‘I’m('Yn) =0

(3.13)

2M. L. Goldberger and K. M. Watson, Collision Theory (John Wiley & Sons, Inc., New York, 1964); T. Y. Wu and T.
Ohmura, Quantum Theory of Scaitering (Prentice-Hall, Inc., Englewood Cliffs, New Jersey, 1962).

BT]. Levinson, Kgl. Danske Videnskab. Selskab, Mat. Fys. Medd. 25, No. 9 (1949); R. Jost and A. Pais, Phys. Rev. 82,
840 (1951); W. Kohn, ibid. 87, 539 (1952); Rev. Mod. Phys. 26, 292 (1954); R. G. Newton, J. Math. Phys. 1, 319 (1960);

H. Davies, Nucl. Phys. 14, 465 (1960).

14 7, D. Hirschfelder, C. F. Curtiss, and R. B. Bird, Molecular Theory of Gases and Liguids (John Wiley & Sons, Inc., New

York, 1954).

1], C. Y. Chen, in Aiomic Collision Processes, edited by M. R. C. McDowell (North-Holland Publishing Company,

Amsterdam, 1964), p. 428.

16 J. C. Y. Chen, J. Chem. Phys. 40, 3513 (1964); 41, 3263 (1964). These papers are referred to as Paper II.
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with
Qra¥ m=2_ 70 Xy, @Y, ™ (£0)®u(£,R)} (3.14)

where Q,, is the component of Q capable of projecting onto the target electronic state #, and ¢,,‘™ is the com-
pound channel wave function.
This permits us to write for 7,(yo— v¢'):

Tr(10—= 70) =2 (P (V) | H | Q0¥ m (Y)W E— W, ™ = Ry, ) Qs U m(vn) | H | PP (70))} (3.15)

with
Ry (M =A,, (W —GiT, (™ (3.16)
Ao =(Qyo ¥ (yn) | HPO(E—To—UAin)"PH| Q7. ¥ m(¥)) @.17)
Ty, M = (21)2 Xy / | PYo ™ (vo) | H | Q¥ m () | g8y (3.18)

where A, is energy shift in the position of resonance from W,, ), and I, is the half-width of the resonance.
It is convenient to define a quantity &,, in place of W, ™

8, (M=%, (M4 8, (R, ™)—8&,., (3.19)

where 8,(R.) is the nth electronic energy of the target molecule evaluated at its equilibrium internuclear distance
R, ™ and &,, is the total energy of the target molecule in its y.th nuclear state of the nth electronic state.
Interchanging the order of integration in Eq. (3.15), we obtain, with the help of Eq. (3.14), the transition matrix

ith T'(7° - 70’) = Z‘Yn {(Xvo’ |avo’7u(R79:') |X1n> (E“ E’Yn(M)+i%I‘7n(m))_l<x7n|a7n‘)’o*(R?ﬂo) Ix'ro>} (3-20)
wit
k
Pvn(m) =Zvo :17_02 /](X.,0|a70.,,,(R,Qf) | X,,,,)I 2y, (3-21)
T

By M =W,,M+A,, M =8, M+A,, W+ E,y— Ea(R.™), (3.22)

0‘7»70* (R;QO) = (@,{507"("‘)@,,} IH' G{ P, (+)}); (3-233)

@y yn(R) =Yy D0} | H| @{ Py ™)), (3.23b)

where Qo and @ are the incident and scattered solid angles of the projectile electron.

The effective potentials, the o’s, responsible for the resonance nuclear excitation are formidably complicated.
For rotational excitation of homonuclear diatomic molecules in = states, the effective potential may be approx-
imated by .

Uyure” (R, Q20)22 (§7) ot00g* (RQ0) X m Vame (R) (3.24a)

Ay’ vn (R7Qf)f——\‘, (%’"') 1/205110' 0 (R,QJ)Z w YVom™ (R) ) (3 -24b)

where the vibrational states are explicitly labeled by the »’s and the ¥’s are the spherical harmonics. Substituting
this expression into Egs. (3.20) and (3.21) and the resultants into Eq. (2.27), we obtain, for resonance rotational
excitation, the cross section

Bug? Lo\ 1 C1 (o' Loma mio) | (X | Xon) | 2[2
orllo—r 1) = 22) Lo )| O] o) (3.25)
. 161\ Frngty/ 2ot 1 momat | sntn E— Eypy, (™ Ty, (™
wit
ktmlo’2= k,,0102+2 (‘gvolo - gvolo’) ’ (3.26)
= [ lews(R.2) 280, (.27)

Cun(ld'lomo'mo) =47 T mal ¥ iy my (R) | ¥ 2, mumor™ (R | ¥ tyma ROXY trmn (R) | Vo, oo (R) | ¥ 10mo(R))
= (D[ (20 +1) 2l 1) ]2

lo’ 2 ln ln 2 l() In lo’ 2 ln ln 2 lo
(o 0 oo o o2 X ). 2
0 0 0/\0 0 O0/mn=—ts\—my mi—mn M/ \—my Mmp—my my
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where we have averaged the cross section over the initial states mo and summed over the final states m,’, made
the approximation |agy,*(Re®,Q0|2=28,,/4nr with the incident angles Qo arbitrarily chosen, and finally adopted
the Wigner’s “35” symbols for the Clebsch-Gordan coefficients!” appearing in Eq. (3.28). In deriving Eq. (3.25),

the o’s have been taken outside of the R integrals because they vary slowly and most of their contribution to the
integration comes from a narrow range of the internuclear separation R=R,©®, the equilibrium distance of the

ground state of the diatomic molecule.

The total width given by Eq. (3.21) takes for approximation (3.24) the form

ﬁvokvo /)

P?Jnlnmn(m) = Z
4,".2

20lo

lo 2 In\?2 lo 2 In\2
l<xm|xvn>|2<zzo+1><zzn+1>( )zm( ) .
0O 0 O —Mmy Mo— My MWn

(3.29)

To remove the weak dependence of the total width on nuclear states m,, we averaged, in Eq. (3.25), the width
over my. Applying the operator (2/,+1)"'>" .., to Eq. (3.29), we obtain

ﬂvokuolq
Pvnln(m) = Z

volo 472

(2lo+ 1)(

l")2|<x %2 (3.30
0 v | Avn/| "o . )

lo
0

Now, the approximate cross section for resonance rotational excitation can be calculated from Eq. (3.25) with the

B’s estimated from the total width (3.30).

Because of the coefficients C;,, we have the following selection rules for resonance transitions between /o and I’

rotational states:

AloE lo’—'lo= 0, :EZ, :f:4 .

Thus, for two-quantum rotational excitation and de-excitation, we have from Eq. (3.25)

kvo. 2
o2 (lo—s lomk2) = (ﬂvf/léws)( et )(zzo+1>—1 >

volp momo’

.|

and for four-quantum rotational excitation and de-excitation,

61)02 /kvo,loj:4\ 1
167r3\ Rooty /210+1 momo’

gr (lo s lo:|:4) =

IV. ROTATIONAL EXCITATION OF
NITROGEN MOLECULES

A model calculation of resonance rotational excitation
of N, is carried out from Eq. (3.25), treating the
averaged with T'g{™, the electronic resonance energy
(8ooi™+Agpt™), and the excited field of the target
molecule as adjustable parameters. The procedure of
the calculation is identical to that used in paper II'6
in which the resonance energy E,, ‘™ [Eq. (3.22)]is
now approximated by

By, ™ = 800 4 Mg+ (23 1)wo ™ — (24320,
XX DALl )LB M — (et D], (41)

where w,/2 is the zero-point energy of the corre-
sponding harmonic oscillator, X, is the anharmonicity
constant, B, is the rotational constant, and . is
the vibration-rotation coupling constant. The nuclear
vibrational wave functions are approximated by the

17 See for example, A. Messiah, Quantum Mechanics (North-
Holland Publishing Company, Amsterdam, 1962), Vol. II.

> | Crr2(lo4, Lamg'mo) |2

(3.31)
Ciy(lo==2, Lomo'mo) [(Xoy| X, |2
E_Evolo(m)'*‘%rvnlo(m)
Czoiz(lo.—.!:Z, lomolmo) ] <Xvo|xvn>l ik
+ - ; (3.32)
E—E,p, 1042 ™ 41310, 142™
[(Xag [ Xom) |2 2
o - l . (3.33)
E—Evnvloiz(m)—I'—IL%F”n'loﬂ:z(m)

Morse anharmonic wave function. The coefficients
Ci,, involving the Clebsch-Gordan coefficients, are
evaluated using the tables provided by Rotenberg
et al.’®

In Fig. 1, the cross section for resonance elastic
scattering which agrees fairly well with the previous
calculation!® using harmonic wave functions, is plotted
as a function of the incident electron energy. For
Poo(m)=0.152 eV and 800(m)+A00(m)=1.89 GV, the
calculated cross section for Aly=0 is indistinguishable
from that calculated for Avg=0 obtained as a special
case for vibrational excitation.!® A comparison of the
maxima and minima of the resonance elastic cross
section with those observed experimentally’® is dis-
played in Table I. The agreement is very good on the
whole. In the experimentally observed curve, the first

18 M. Rotenberg, R. Bivins, N. Metropolis, and J. K. Wooten,
Jr., The 3-j and 6-j Symbols, (The Technology Press, MIT,
Cambridge, Massachusetts, 1959).

19 G. J. Schulz, in Atomic Collision Processes edited by M. R. C.
McDowell (North-Holland Publishing Company, Amsterdam,
1964), p. 124.
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TasLe I. Comparison of the experimental and theoretical
maxima and minima in the cross section for elastic resonance
scattering of electrons by N; molecules.

Electron energy (eV)

Identifica- A .
tion for Maxima Minima

the maxima  Exper- Exper-

and minima imental* Theoretical imental® Theoretical
1 1.92 1.98 2.04 2.09
2 2.16 2.22 2.29 2.36
3 2.46 2.47 2.59 2.60
4 2.69 2.70 2.82 2.86

a Reference 19.

peak at the low energy side is, however, larger then the
second peak in contradiction to the calculated curve
(Fig. 1). This is due to the direct elastic scattering which
is not included in the calculated curve. Since the latter
scattering does not affect the positions of the resonance
peaks, the agreement obtained in Table I is very
encouraging.

o
n

g
@
T

0, (0+0) N

ELASTIC RESONANCE CROSS SECTION (%)

1.0 L5 2.0 25 3.0 3.5
ELECTRON ENERGY (eV)

F16. 1. Calculated cross section for elastic resonance scattering
of electrons by N, molecules as a function of the incident electron
energy.

The results of our calculation for resonance rotational
excitation of N are shown in Figs. 2 and 3. Figure 2
shows the resonance excitation function for the excita-
tion of ground rotational state /o=0 to the second- and
fourth-excited rotational states /=2, 4. Excitations
from the first excited rotational state lo=1 to the
third- and fifth-rotational state Iy’=3, 5 are shown in
Fig. 3. The characteristic multipeak structure? for
resonance elastic scattering and vibrational excitation
is again found for resonance rotational excitation. In
addition, we observe for each case a tail for the cross
section, extending towards the low energy region.

In this model calculation, we have made the tacit
assumptions for the resonance structure of the scattering
system that in the energy region pertinent to the present
problem only an isolated compound state is primarily of
importance and that this compound state is formed
largely as a result of virtual excitations of target
states. In Paper IL® we have found that the set

% G. J. Schulz, Phys. Rev. 125, 229 (1962); 135, A988 (1964).
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s 1.5 30 3.5

2.0 2.5
ELECTRON ENERGY (eV)

PARTIAL RESONANCE CROSS SECTION o,(fy+£) (8%)

F1c. 2. Energy dependence of the partial cross sections for
the resonance rotational excitation of the ground state N, molecule
by slow electron impact.

of molecular constants needed for the excited field of
the target molecule is very similar to that of the
x'Z,~ state of N,. It was misleading to interpret this
finding as an indication that the excited field of the
target molecule is generated solely by the x'Z,~ state
of N,. Rather, it should be interpreted that the simi-
larity between the set of constants and that of the
¥'Z, state is coincidental. The set of molecular constants
thus really describes an effective molecular field crealed by
virtual excitations of the larget molecule in which the
projectile electron propagates. It should be noted that
the Q-projected subspace (i.e., the subspace involving
virtual excitation of the target molecule, Q=1— P) also
contains a substantial component of the ground elec-
tronic state of the target molecule with excited nuclear
vibrational and rotational states [see Egs. (2.9) and
(2.11)7.

Since calculations for direct rotational excitation
have been carried out by several workers,» % we will
not repeat them here but merely investigate briefly the

e o 9o -
» & o® o

I
~

°o o
N O

o
T
|

)

L5 3.0 3.5

2.0 2.5
ELECTRON ENERGY (eV)

. 2
PARTIAL RESONANCE CROSS SECTION op(f—£o) (R7)

F16. 3. Energy dependence of the partial cross sections for the
resonance rotational excitation of the first excited rotational
state of the N2 molecule by slow electron impact.
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Fic. 4. Energy dependence of the
partial cross sections for two-quantum
rotational excitation of N molecules
by slow electron impact. (Interference
effects due to direct and resonance
excitations are neglected.) The solid
curve indicates that the cross section
for direct excitation is taken from
Dalgarno and Moffett’s calculation
and the dashed curve indicates the
cross section from Gerjuoy and Stein.
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effects due to. interference between the direct and
resonance excitations. If, following Dalgarno and
Moffett,® we approximate the averaged direct scattering
potential Eq. (3.11) by

(Wa(ro,R))=22(g/r+0/ 2r %) Po(#0,R) ,

the direct transition matrix elements take the expression

4.2)

Ta (lo’mn - lo'mo')
= (32772/5)<Ylo’mo’ (R) | Y., mo—mo’*(R) I Ylomo(R»
X {59+ G mki} Ve, memy () (4.3)
with

b1y 1g= (Bogty® FRogig:— 2kugty gty COSOY2,  (4.4)

where ¢ is the quadrupole moment of Ny, o is the
nonspherical portion of the polarizability of Ny, includ-
ing both parallel and perpendicular polarization
[e'=2%2(an+ay)], and finally Q= (0,¢), includes the
angles between the scattered and the incident direction
of the electron.

Substitution of the transition matrix elements T4
and 7, as approximated by Egs. (4.3) and (3.20),
respectively, into Eq. (2.28) yields with the help of
approximation (3.24)

oille— ZO')=8/(SW)1/2(k”°’0')

volo

Cuu! (1) | {(Xug| X} |2
valn (E‘—Ev,,,l,.<m))2+i— (I"vnln(m))2

4.5)

with

o+1N\Y27ly 2 1o
cl,/ao'zo)=< ) ( ) > (e
20 +1 0 0 0/mom

X { Ny mo (B B2, ™) 58 mor mol'vatn ™}

lo’ 2 lO
XCu, (lo'lomo'mo)( ) s
—my  mod—moy my

4.6)

)\mo’mo=/ Ref f(Eopzymomd?)}dQ, 4.7)

Cmgrme= / Im{ f (Rogimomo'2)}d2, 4.8)
fgigmomo’@) = (3g+ (Fzo/m) 1y 10) ¥ 2, myy—mo (2)

Xaon* (Re@Q0)atny o (R VLy) ,  (4.9)

where in Eq. (4.5) we have averaged the interference
cross section over initial states 7, and summed over the
final states mJ'.

From the coefficient C;,’, we observe that in the
framework of the present approximation, the inter-
ference for four-quantum excitation is zero. Any
interference which may be of importance should appear
in the two-quantum excitation. Unfortunately, we do
not know at the present a reliable method for estimating
quantities X and ¢. In Fig. 4, we plot the sum of direct
and resonance cross sections for two-quantum rotational
excitation without consideration of the interference
effects. The direct excitation cross section is calculated
from approximation Eq. (4.3), taking the experimental
values —1.lea? (or —1.48 Debye A) and 4.18a¢
respectively??? for the quadrupole moment and the
nonspherical polarizability of N,. For comparison, we
also included in Fig. 4 the case where the nonspherical
polarization term is omitted for the direct excitation
cross section? The distortion effects on the direct
excitation are not included in Fig. 4, since it has been
shown® that they are very sensitive to the approximate
potential used in the investigations.

We thus conclude that in problems concerning slow
electron scattering by molecules, one may distinguish
two types of scattering: the direct and resonance
scattering. In the direct scattering, the projectile

21 T, D. Poll, Phys. Letters 7, 32 (1963).
22 M. Born, Optik (Julius Springer-Verlag, Berlin, 1933).
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resonance, vibrational and rotational
excitations of ground state Na mole-
cules by slow electron impact.
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electron propagates (except for distant resonance)
mainly in the unexcited field of the target molecule,
tolerating comparatively smaller distortion; but, in
the resonance scattering, the projectile electron propa-
gates in the excited field of the target molecule, suffering
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F16. 6. Energy dependence of the partial cross section for the
excitation of the ground state N: molecule to various excited
vibrational states by slow electron impact. The circles and the
crosses are the experimental data of Schulz measured at the
forward angle and at an angle of 72 deg, respectively. These
experimental data are normalized to our calculated values by a
single scale factor.
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considerable distortion in forming compound states.
This classification is, however, not unique, since the
distant resonance in the direct scattering may become
rapid varying resonance scattering as the incident
electron energy reaching into the appropriate energy
region. Also this classification does not distinguish the
broad potential resonance from the direct scattering.
Nevertheless, this classification of direct and resonance
scattering is physically desirable and mathematically
convenient.

It is of interest to discuss the effects on resonance
vibrational excitation due to the extra degrees of free-
dom provided by possible rotational transitions. Thus
for a given vibrational excitation, we may have possible
accompanying rotational transitions volo— vo'lo, velo —
o/, lo=2, volo— vo’, lo=4 (see Fig. 5). Since the rota-
tional level spacings are within the uncertainty of
electron beam width used in measuring vibrational
excitation, it is reasonable to assume that the observed
cross sections for vibrational excitation are given by

2
Oy (’00 - 'Uo') =2 o, (‘Uolo - vo', lo+2j)

J=0

2
+ Z Ur(volo—-> ‘Uo’, lo—Zj) . (410)

255k
A comparison of the calculated vibrational excitation
cross section from Eq. (4.10) with that measured by
Schulz® is given in Fig. 6. The increase in the magnitude
of the cross section shown in Fig. 6 results in a rise of
the calculated total virbational excitation cross section
[i.e., >Xu 0-(0— )] from 3.52 A%to 5.13 A% at 2.2 eV
which is consistent with the analysis of the swarm data.¢



