
PHYSICAL REVIEW

Polarization in Low-Energy Electron Scattering: Carbon and Nitrogen ~

Ronald J. W. Henry
Kitt Peak National Observatory, f Tucson, Arizona

(Received 11 March 1968)

The polarized-orbital method has been applied to low-energy scattering of electrons from
atomic carbon and nitrogen. Cross sections for the elastic scattering of electrons by C and

N are given for energies up to 5.5 and 10 eV, respectively. The shape of the cross sections
for nitrogen is in good agreement with the shape obtained by experiment. The photodetach-
ment cross sections for C and N are given for ejected electron energies &7 eV, and those
for C are found to be in good agreement with experiment when polarization terms are in-
cluded and the dipole velocity approximation is used. For N, photodetachment cross sec-
tions are given for electron affinity values of 0.05 and 0.15 eV.

I. INTRODUCTION

In this paper we will present calculations of pho-
todetachment cross sections for C and N, and
elastic scattering cross sections for electrons in-
cident on carbon and nitrogen atoms. In the photo-
spheres of carbon-rich stars, photodetachment of
C may contribute to their continuous opacity, ' es-
pecially in G and K giants where, due to the high
temperatures, molecular bands will not dominate
the spectrum. During atmospheric re-entry of
space vehicles, a major portion of the radiant en-
ergy arises from the continuous spectrum due to
the free-free and free-bound transitions of elec-
trons in fields of ions and atoms. Photodetach-
ment of N may contribute significantly to this
continuous spectrum. ~

For photo-ionization of atoms and positive ions,
the Coulomb term dominates the long-range inter-
action, but for photodetachment of negative ions
this term vanishes. In this case the long-range in-
teraction is due primarily to polarization effects,
which are induced by the reaction of the external
electron on an atomic system. Thus, this interac-
tion must be included in order to obtain reliable
cross sections for photodetachment or low-energy
electron scattering from atoms.

Various theoretical attempts have been made to
include the polarization effects induced on carbon
or nitrogen atoms by incident electrons. ' ' In
these calculations, a polarization potential was in-
cluded through the use of semiempirical parame-
ters. Temkin' developed a method in which polar-
ization terms arise naturally in the formalism.
This method was extended by Henry' to include all
direct contributions from the polarized orbitals
and the exchange contribution from the most im-
portant type of polarized orbital. The essential
points in his treatment are given in Sec. II, where
we also give the expressions used in our calcula-
tion of photodetachment cross sections. We will
use the formalism of Sec. II to obtain elastic scat-
tering cross sections for carbon and nitrogen, and
these are presented in Sec. III, where we also give
photodetachment cross sections for C and N
The main conclusions of the paper are given in
Sec. IV.

II. THEORY

We will consider a system consisting of an K-
electron atom and an incident electron. In the ex-

change approximation, the total wave function for
this system may be written in the form

4'(1, ~ ~ ~, N+1) =AC(1, ~, N)F(N+1), (1)

where A is the antisymmetrization operator, 4 is
an eigenfunction of the atomic system, and I' is the
wave function for the incident electron. In this ap-
proximation, the reaction of the scattered electron
on the atomic system is neglected. This reaction
is important for low-energy electron scattering so
Temkin' suggested the alternative expansion

4(1, ~ ~ ~, N+1)
=A[4(1 ~ ~ ~ N)

+ 4 (1 ~ ~, N; N + 1)]F(N + 1),

where the function 4p represents the dipole distor-
tion of the atom by the incident electron. If the
perturbation due to this electron is adiabatic and
if the predominant polarization effects occur ex-
terior to the space occupied by the atomic elec-
trons, the perturbation V on the atom may be writ-
ten as

N

N+1 k k N+1 N+1 k'k=1
-0

where ~y ~+ y is the angle between ry and r~+ y,
the radia[ vectors for the atomic and incident elec-
trons, respectively. The perturbed wave functions
may then be obtained by Sternheimer's method. '

The scattering equation for the function F is ob-
tained by requiring that

14(1, ~ ~ ~, N)(H-E)4(1, ~ ~ ~, N;N+ l)d~=0,

where II and E are the Hamiltonian and energy of
the total system, respectively. We thus obtain a
scattering equation of the form

[V'+k'-2(V+ V ) jF(~)+ W(~, F)+W (r, F)

=0

where V and W are the direct and exchange poten-
tials, and Vp and Wp are the direct and exchange
polarization potentials. The direct and exchange
potentials have been given by Smith, Henry, and
Burke "
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(4)

where

In calculating the direct polarization potential,
we assume that there is no contribution from the
closed 1s' shell. Then Vp is given by

V (r) = r-4[n (r)+n (r)

+ n d(r)],

where terms of the form (a Ib} represent overlaps
of the radial wave functions 1s, 2s, and 2p of the
negative ion and 1s, 2s, and 2P of the atom. The
constants C, and Cm depend on the initial and final
states of the system and have been calculated by
Bates. ~4 The matrix element M is given by

M&
= (2p I e IF)-5&0(2s IF)(2s I 2s)-'(2p I e I 2s),

/'f

2l —l' ll' 0 2P 1 1 2l —l' 1 1
r

+Bll,J' P2l 1 r1P2l, (rl)drl
I'Xx g, P2l' 1 2l —&,(rl)drl, (5)

where the operator, in the dipole-velocity approxi-
mation, is

d 1+(1-/)(2l+ 1)
dr 2r

and, in the dipole-length approximation, is
and All i and Bll i are atomic parameters. The ra-
dial functions Pygmy(r) and usaf - f i(r) represent un-
perturbed and perturbed orbitals, respectively.
The differential equation for uzi fi(r) was first
obtained by Sternheimer. ' It is

d~ 1 d~P l l+1 -l' l'+1
nl

Pl dH
nl

xu, (r) = gP (r).-(6)
In calculating Wp, we have only considered the

most important type of polarized orbital, 2p -d.
The exchange polarization potential contains inte-
grals of the form

f P2 (rl)F(rl)rl dr 1,

plus terms in dF/dr which arise from the opera-
tion of the Laplacianoperator on the step function
«rN+ 1, rk ), where

«rN+1, rk) =1 (rN+1)rk)

N+1 k'
This step function ensures that the scattered elec-
tron is always outside the atomic electrons, and
although it produces an unphysical discontinuity in
the total wave function, Sloan'~ has shown that no
special effects arise from this discontinuity.

Complete expressions for the direct and exchange
polarization potentials have been given by Henry. '

Photodetachment cross sections may be calculat-
ed using the expressions given by Henry and Lip-
sky. '3 For single-channel photodetachment, the
cross section in the dipole-velocity formalism may
be written as

o' —3 4 2 x 10- 8C ~(I+k )
- (C M

V
'

p 0 0

+ C2M2~} cm~,

where I, the electron affinity of the atom, and k',
the energy above threshold, are in rydbergs. In
the dipole-length formalism, the cross section
may be written

o' =8.56x10 iQC ~(I+k~)(C M 2+C M I) cm'.L '
p 0 0 2 2

The overlap integral is given by

C = (1s I 1s)'(2s I 2s)'(2P I 2 p)&,

III. RESULTS AND DISCUSSION

We used the self-consistent-field functions given
by Clementi" to describe the unperturbed ground
state of carbon. Those given by Clementi and Mc-
Lean" were used for C, and those given by Roo-
thaan and Kelly" were used for N and N

We computed the perturbed functions usaf f i(r)
by solving Eq. (6). These solutions were then used
in a calculation of the direct polarization potential
from Eqs. (4) and (5). The parameters for Eq. (5)
are given in Table I. We thus obtain

2V (r) -14.5r
p f'~ oo

for carbon. This value is in agreement with the
calculation of Dalgarno and Parkinson, "who also
used the Sternheimer procedure. For nitrogen,
our computed value for the polarizability is 8.1a,',
which compares favorably with the value 7.6ao
measured by Alpher and White. '~

TABLE I. Parameters Aii and Bii for Eq (5) ~ Bp~
=-Aoi, B10=-Alp', BQ=O.

carbon nitrogen

A. Elastic Scattering Cross Sections

In Fig. 1 we present elastic scattering cross sec-
tions for electrons incident on the ground 3P state
of carbon. All the potential terms in Eq. (3) were
retained in the calculation of the s-, p-, and d-
wave contributions to the total cross section. The
contribution from higher-order waves was estimat-
ed in the Born approximation. ~'

Smith, Henry, and Burke ' have solved the set of
coupled integrodifferential equations, which arises
when all terms of the ground-state configuration
are included in the expansion of the wave function
for the total system. They did not include any po-
larization effects, since these terms all belong to
the same configuration, and thus obtained elastic
scattering cross sections which decrease from 2.4
x10 i' cm at 1.0 eV to 1.8&10 "cm~ at 5.5 eV.
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Flo. 1. Elastic cross sections for electrons incident
on carbon atoms, compared with theoretical calculations
of Cooper and Martin (Ref. 4) and Robinson and Geltman
(Ref. 7).

As can be seen from Fig. 1, we obtain cross sec-
tions much less than these values, and further-
more they increase with energy. Thus, the effect
of inclusion of polarization terms on total elastic
cross sections is significant for low-energy elec-
tron impact on carbon.

The results of Cooper and Martin4 and Robinson
and Geltman~ are shown in Fig. 1. In these calcu-
lations, . a potential, which has asymptotic form
-er 4, was included through the use of semiem-
pirical parameters. Cooper and Martin4 used a
modified Klein-Brueckner model. ~ They deter-
mined the polarizability by requiring that e is the
eigenvalue in the solution of the bound state equa-
tion for the radial functions for C . In this equa-
tion, they assumed that the electron affinity is
known, and used the value given by the experimen-
tal determination of Seman and Branscomb. ~~ Rob-
inson and Geltman~ modified the Hartree-Fock-
Slater (HFS) model by including two terms which
have adjustable parameters. One term removes
the Coulomb tail in the HFS potential, and the oth-
er term introduces the effects of polarization.

No experimental measurements have been report-
ed for elastic scattering of electrons by carbon.
The theoretical calculations of Cooper and Martin4
and Robinson and Geltman' are in good agreement
with the results of the present analysis.

Elastic cross sections for electrons incident on
the ground 4S state of atomic nitrogen are given in
Fig. 2. The present results were obtained in a
similar manner to those reported for carbon. The
calculations of Smith et al.~~ did not includ@ any po-
larization effects, an/ the shape of their cross-
section-versus-energy curve is completely differ-
ent to that obtained in the present analysis. The
results of the theoretical calculation by Bauer and
Browne are also given in Fig. 2. They modified
the HFS model by introducing adjustable parame-
ters to account for exchange and polarization ef-
fects.

2 5 4 5 6 7 8 9 IO

ENERGY (eV)

FIG. 2. Elastic cross sections for electrons incident
on nitrogen atoms, compared with theoretical calcula-
tions of Bauer and Browne (Ref. 5) and Smith et al. (Rei.
21), and with experimental results: 0. Neynaber et al.
(Ref. 23).

The circles in Fig. 2 represent the experimental
results of Neynaber e] at. ,"who measured total
cross sections for the scattering of electrons by
atomic nitrogen for the energy range 1.6-10 eV.
They compared the number of electrons scattered
from a region, defined by the intersection of an
electron beam and a modulated molecular nitrogen
beam, with the number scattered when the nitro-
gen beam was partially dissociated. They then ob-
tained the atomic cross sections by multiplying the
ratios of atomic to molecular scattering cross sec-
tions by the molecular nitrogen cross sections
measured by Normand. '4 The shape of the cross
sections calculated in the present analysis is in
good agreement with the shape obtained by exper'i-
ment.

B. Photodetachment Cross Sections

In Fig. 3, we present photodetachment cross sec-
tions for the ejection of an outer-shell electron
from C, corresponding to the transition

C (ls'2s~2p~)4S+hv- C(ls'2s'2p~)SP+e

The solid and dashed curves represent cross sec-
tions calculated in the dipole-velocity and -length
formalisms, respectively. Curves A and C are
the cross sections we obtain when we use continu-
um wave functions, which are solutions of Eq. (3).
Curves B and D represent the results of Henry, ~'

who did not include any polarization terms in the
calculation of continuum wave functions.

The experimental results of Seman and Brans-
comb" are given as circles in Fig. 3. We note
that curve A agrees well with experiment, especi-
ally at energies near threshold, i.e. , the inclusion
of polarization enhances the agreement between
theory and experiment. The dipole-velocity-for-



2p

RONA', D W. HENRY

CV

E
lO

t I5
O

&72

Z'
O

IP
QJ

I

V)
I
I

v) I

C

Q) I

O I
CL

r~
o 5 /

ol I

l, 5
I I

2.O

OTON ENERGY (eQ)

FIG. 3 " d«achrn
curves wer

c ment cross s
re calculated

sections for

mation, and d
ghd pole-velo '

imation. Cur

city approxi-.....A,d. bt' d

q (3), ad
etaining all

circles re
ion terms [H

and D on ne-

represent ex er'
enry (Ref. 255)]. The

rn Ref. 22).
results of Seman and

N (1s~2s~2 p4)~p+ h v —N~I'+ h v- N(ls~2s22p~)~S+ e

Curves A and B e 'n e
a ion for electron af

esp ectivel y. hesha e s
r edly differe t

ed analytical
en near th

ss.

f

th
w ich are

and obtai

or ed here
corof5smsmalle tha

e plasmas
gf 2 wh

as state that M
c thth 'compared w

e ' crim ent. However, we
i a ivel

e een the value
ty.

or the elec-

malism eros c i
'th

ss sec i
ez er ose calcu

Crepresentationb', sznce these funo b't 1 unctions do not

ompare the esults o
, curve A) with

dM t' Rb'
Henr .2'

o inson an
y. The circles

Se an a d Br~ lt f
en results prov d

ranscomb. "
vi e good agreement with

ezperiment nea
ical c

ear threshold
calculations ha, but none of th

perimental re
produced the

e theoret-

esu]ts for ph t
shape of

The stabil't o .

the rangeenergies in t
ez

tionabl
y of the nitro

e, althou h
gen negative i

and Fogelet,
g experimental e

ion is ques-

ion. The i
"indicates the

ce of Boldt 26

electron aff
cult to dete t d

of this
e ion is diff.

e ezistence o

ra 1
y Bates and M

Its low
&nit .

due to '

po ation proce
&seiwitsch28

potentials of th
cedure, based

„used
iong of th

'
tom and sin

o ezcitation

de
e isoelectroni

gly and doubl

etachment pot
onxc sequence to

y charged

they obt
'

ntia] of negat-
~

o obtain the

ained 0
a ve iong.

ental results
s evident that

u ]t f
n proc d

d ]Qn

all atomic char
ons ezcept thos

sentative of
ge Q.P5-0. y5 V

culated 0.05

Photodetach
ron affinity fo

e repr e-
of the electr

. ev should be

se
c ent cro

or

nted in Fig. 5 f
ss sections fo N-

» the transitio
N are pre-

25

Cu

E2O
CO

O

l5
R
O
I-
O

IO

O

I

NT ANALYSISPRESENT

COOPER, MARTRTIN ~
INSON, GELTMAN~

IO

CV

E 8.
CO

I
O.

rn 6—
R
O

O
ILI
v) 4
V)
V)0
lK
O 2—

O
I.25 2 4 5

PHOTON ENERRGY (eV)
6 0

0
I I

2 5 4
EJECTED ELEGT (eV)LEGTRON ENERGY (eV)

FIG. 4. Photo detachm

Geltman (R fo intron and
circles re

e. 7), and

man and Br
present experim u s of Se

F!G. 5. Photodetach
ltd i h d 1 -velocity appro

'

ere c 1 lated fo
ec ively.

inities 0.05 and



172 LOVE - E NE RG Y E LEC TRON SC AT TE RING 103

IV. CONCLUSIONS

The magnitude and shape of elastic scattering
cross sections are radically changed when polar-
ization terms are included in the potentials. The
extension of the polarized-orbital method to atom-
ic nitrogen provides elastic scattering cross sec-
tions which are in good agreement with the experi-
mental shape, but the magnitude is about 509o high-
er than experiment.

The photodetachment cross sections for C are
in good accord with experiment near threshold,
but fail to reproduce the spectral shape in the pho-
ton energy range 1-3 eV. For N, the cross sec-
tions are in qualitative agreement with the experi-
mental magnitude for values 0.05-0.15 eV for the
electron affinity, but more experimental work is
necessary in order to determine accurately both
the electron affinity and photodetachment cross
sections.
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