Chapter 4

Elastic scattering of fast electrons by molecules
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Lo Introduction

The problems of scattering of electrons
from molecules are reasonably more‘difficult than the
electron~-atom problems, The internal degrees of freedom
of a molecule divide into rotational and vibrational
parts, in addition to the electronic part. For none of
these, do the exact wave functions exist for any molecule
(bf 9nd Hy ). The most striking difference is the axial
symmetry of molecular charge distribution, as against the
spherical one of an atom. Also an electron-molecule
problem is essentially a multicentre  problem, Special
theoretical methods are required for electron-molecule
collisions, A recent review mainly on lowsenergy
problems in this subject is by Lane (1980). A hydrogen
molecule being the simplest two-centre neutral systen,
offers a convenient means of study, Here we confine
ourselves to homonuclear diatomic molecules and in
particular, Hy, Other molecules are occasionally
mentioned, In the recent past, many theories of
electron-atom collisions are extended to electron-
molecule collisions also, To take a full advantage of
the progress in electron-atom theories, methods are
devised to reduce the molecular scattering problem to

a suitable atomic scattering problem, In the next section
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we discuss, the independent atom model for electron
s;attering from molecules, In the literature of the last
ten years for so, one finds many applications of this
model, With the experimentél results coming up, there

is a surge of activities in studying the scattering of
fast electrons by molecules, In the presegf‘chapter, the
e-H2>cross~sections are also calculated b& uéing a siﬁple
wave function of the Hp moleculef. We have also

mentioned in outline the elestic electron scattering

fronm 05 NZ;CO etc, molecules, We work in a, u. if :;M

;—' 1/”/

not specified. ' -

et

4,2 _ _The 7TIndependent Atom Model

g

If the different atoms o:’a molecules are
assumed as separate scattering centres, interference would
occur betWeen the electron waves scattered from the
indiv1dua1 atoms of a molecule. The nature of these
1nterference effects will depend on the structure of the
molecule. The diffraction of electrons is a powerful tool
of studying the molecular structure (Massey, 1969, see
also M, Chandra, 1979).

The independent atom model (IAM) for
elastic scattering 1is based on the following assumptions.

1. Each atom of the molecule scatters the
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incident electron as if it were free'and‘independent;
this meéans that we ignore the fact that the atom is
bound in the molecule and that an iﬁcident electreﬂ
would simultaneously feel the field of ether constituents

of the molecule, '

2. Multiple scattering effects ere
neglected Thus, an electron after hitting on atom, goes
to the detector directly without being scattered again
by any other atom, The scattering from the molecule is..
the coherent superposition of scattered anes #ﬁg@;eac' “*gw?
atom. The first assumpt}gg/ismbetter understoed in terms

of an optical analogy. The familiar two-slit interference

~ phenomenon of light will become the diffraction from a
singlehslit, provided the separation‘of the two slits is
quite large and the slit-width is small enoggh. For
electron scattering by molecules the 'slits! are the

atoms, the separation of the slits means the interatomic
separation and the 'size' of an individual slit corresponds
to the range of the potential of an atom. Thus, the

first assumption holds for short wavelength or high

energy electrons, The term 'high' will now be defined

in terms of interatomic separation or bond length and

the range of the potential due to an atom, Since the

wavelength is related to the wave number tﬁrough
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A = 2%/K;  we write the condition for the IAM to hold, in
the following manner,
2

Ka® > R o (4..1)

where 'a' is the range of the atomic potential and 'R!

is the interatomic distaﬁce‘ For a pdliZ?tomic molecule,
this must hold.for any pair of gtoms;-Let an electron of
momentum k, along the di?eCtion of unit vector .20'
(also the zeaxis), be incident on a molecule, having a

H

fixed orientation. Taking the nucleus of ith atom as the
origin, we write the incident plus scattered wave,

ikiz -1 ikir ‘
e + r e f(@) (L*qz)

see fig., 4.12a, NowAchange the drigin'to a point O;“
relative to which the position vector of the nucleus Ay
is r . Then the expression (4.2) changes to take into
accouit the phase change. We follow Massey (1969) to
write <for the scattered wave from ith'étom,vgs hereunder,
r;1 o170 eifﬂbuzggzitfi(e) O (4e3)

where, n 1s the unit vector in the direction of |

-—.0bgservation. Thus, the waves scattéred from diffe}énéhétoms
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in the molecule have different phases and amplitudes,’
hence the differential cross-section,

;
3

> k ©
I(e) = |z el (Ba g) s f (e) 1 (4ob4)
y i. :

Defining the internuclear separation, . o
=13 B - & - o (b5)

we have, from equation (4.4),:

-

o | ‘ 1 n_ - n))f._

4.6
1,3 - (4.6)

‘ Now, sznce the molecules are orlen‘ced at random relative
to the electron beam, we mst average out eqn. (4 6) over
all*:grientat:ions, of the molecgle for which pxgrppse we' must
consider 'each term separately. ‘C‘:hoosing’ (go’ - n) as the
polar axis, the average overall orientations, of the
vecf:pr r will be ' | |

=13

1 T T ‘
= Of ‘19’13 é a?in ;5 %

exp (iq r; 4 cos 913) dBi'j | | (4.7)
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Thus, the averaged DCS are -

—_ ' singr
™) = = £, f% L

£, 4.8
3 Bt TE (4.8)

Finally, due to vibrations, the separations ry 3 " are
not fixed, Let Pij (r) dr denote the probability that
the separation of the étoqic nuclei 1 and . J would be

between r ‘and r + dr. Thus, ’

T & 1 ' (pr). Sinar

Consider for simpliéity a homonuclear diatomic molecule.
' A simpie,‘thrcugh‘ndt régorous, assumption is ﬁp fixf
the nuclei at the;equilibrium‘separation R, i.e. 'Pij(r)
is replaced by the delta function {g(r;aj‘ and ﬁéﬁ-

arrive at, ' L «
(o) = ary(e)(1« SdR ) "~ (4.10)

where, I,(8) is the DCS of electron scattering by
an individual atom. The anisotropy of the molecule is
sin gR
inherent t factor + « This diffract
erent in the factor, ( 1 '?Efil' ) is di ﬂac ion
factor has a maximum value i.,e. 2 at q = 0, and it
oscillates about 1. For large 'q' it tends‘to 1. Thus

in this basic equation of . the IAM, the difficulties
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1ike, (i) multicentre nature of the problem and (ii)
problems(of an accurate molecular wave function are
removed, The problem is nbw essentially reduced to
determination of the atomic scattering amplitudes, for

which separate assﬁmptions may be required.

The IAM is a highpeﬁergy approximatioﬁ |
which fails to hold whenever the incident wavelength
is larger than the equiliﬁrium internuclear distance

Ry i.e., the validity criterian for the model is

A R ’ (4,11) .

For the hydrogen molecule, with R = 1.4 a,u., the’

IAM should not hold for inciﬁentlenergy'below‘270 ev,

In the table 4,1 we show this limit for several
welllkhowg molecules, For pol&atomic molecules (e.g. H,0)

we have considered the smal}est band.

One of the mosg.serious drawbacks of the
above model 1s that, it supposes the atoms.in the
molecules to be 'free', actually they are'bound', When
the atoms form a molecule thgre’is,a distortion in the
atomic charge and this can reduce the effective volume
and hence can lead to a smaller cross-section than would

be expected with the atoms scattering 'freely'. The



The Limit of Validity of the IAM for

Table 4.1

& few molecules

Molecule :
(internuclear : Limit
distance R) - 3
Hy (0.74 A) 270 ev
Ny, (1.1 4) 120 ev
| 0, (1.21 4) 100 ‘ev
LiH (1.6 A4) 60 ev
CN  (1.17 4) 110 ev
NO (1.15 4) 110 ev
HZO‘(Rmin = 0,958 &) 170 ev
05 (R4, = 1,28 A) 90 ev
(302 (Rmin = 1,16 A) 110 ev

185
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effect of molecular binding for H2 molecule is taken
into account by modifying variationally  the charge 2

of the 1S orbital e 2%

of the consiituent hydrogen .
atom. In Wang's (1928) treatment Z = 1.193 and in
Wienbaum's treatment (1933}, Z = 1.2005, both these

belng able to produce a satisfactory value of inter=-
nuclear equilibrium distance R, Accordingly, the first
change in the simple IAM eqn..(4.10) is to determine the
atomic scattering/amplitude, not for free atoms but for
bound atoms, by coﬂsidering’the valance distortion effect.

In an earlier work, this type of calculation was done by

Khare and Moiseiwitch (1965, 1966).

Consider now, the effect of exchange of
electrons, Again this has been analysed for H2 molecule
only., Srivastava et al (1978) have considered in the Hy
molecule, the two electrons with opposite spin to account
for the spin-singlet state of the molecule, Hence.rthe
scattering amplitude with exchange, due to one of the

atoms must be fa = £ + g and that due to the other

must be f, =1 - g, vwhere f and g are the atomic
direct and exchange amplltudes respectively. So, theée

authors obtain in the IAM, -

1 (o) =2 2% + lel® + (i2f® - jglf) B (41



187

However, in this treatment both singlet and triplet
scattering are allowed.” Now the ground state of H, molecule
being the singlet state, the singlet scattering would.gh%ws
leave the molecule in a triplet state, and the scattering
would not be truely elastic. Hence thisf\\way of incorpo-
rating the exchange is not correct, andionly triplet .
scattering is possible, Jhanwar. et al (1980 b) have

argued that both the target electrons belong to both the
miclei., Thus, the probability of an electron of spin say

ay being close to any one. of the twéﬂijnuclei must be
1/2, the two atoms in the H, molecule are identical and
the triplet scattering amplitude due to any one of them,

must be,
£, = £,(2) -3 g (2) (4a13)

Here, the argument 'Z' refers to the amplitude with
effective nuclear charge Z > 1, Thus, the IAM with a
properly incorporated exchange effect yields,

. 2, gin gR
I(e) = 2l5;(2) - % g )° @ + B (4.14)
It is thus seen that now the problem boils down to an

accurate description of the atomic scattering amplitudes

£,(z) and gg(Zz), In the last chaptér, we have obtained
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the amplitude of e-H scattering in the HHOB of Yates
(1979), we now combine the same with the IAM to obtain

the cross-sections of elastic e—H2 scattering. -

4,3  Application of HHOB to e-H, Elastic Scattering

The hydrogen atom is represented by the
orbital, | ‘

3 ~ZT J
vir) = (2 2 e -, (4.15)
The direct scattering @nmplitude consists of the first
Born term the second Born term of the HHOB and the third

Glauber term, i.e.

2(2) = £5,.(2) + i1In£{3 (2)
+ Re féég (z) + f45(2) | "(4{16)

The wave function parameter 'A' of the previous fdhapter

is now, A = 2Z, The above amplitude is consisten% ‘

through 0(k;2) » hence the exchange amplitude is ’
taken by using the first order Ochkur approximation, The
effects of absorption and the target polarization are

considered through thevimaginary and real parts of the
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second Born‘éterms, in egn. (4.16). We have calculatéd

the e-H, elastic DCS by considering three values of

the variational parameter Z i.e. Z = 1, 2 = 1,193 and
Z = 1.2005, and employing eqn. (4.14) (Joshipura:and

Desai, 1981). It is important to consider the calcuiations
with and without valance-bond correction, i.e; taking

2 =1 and Z 2 1, respectivély, because the cohclusions
derived can help us to predict with confidence in qaées
Llike 02, NZ’ etc, vwhere the valanoeéb&nd effects ére
hitherto not known., We have shown in table 4,2  the

DCS of e-H, scattering at 100 ev in the IAM by taking

2
the three values of 'Z'. As noted by Jain et al (1979)

the valance-bond correction (Z > 1) reduces the cross-

| §ectibns and brings a closer agreement with experiménts.
This effect persists even at high energies such as 700 ev.
At 200 ev and 5 scattering angie; the difference
between the DCS with and without the said correctibn

is more than 30 %. It is also quite éppreciabie at

large scattering angles, The choice of 'Z!' as 1.193 or
1.2005 has a small effect on the DCS which diminishes
with energy. As shown in fig. 4.2 the small difference
in DCS (at 200 ev) due to these two values éf VA

éppears at very small -and ‘at large angles., Also in table
4,2 the DCS of e-H, scattering at 100 ev calculdled in
the TAM with Z = 1,193 and 2 = 11,2005, are given.
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Lable 4,2

100 ev DCS at three values of 'Z' (TAM)

e i Z =.1 i Z = 1,193 i Z = 1.2005
5 15.98 . 8.9 9.3
10 9:26 5.6 5.4
20 3.16 2,1 2.0
30 1.19 ,  0.83 - 0.82
60 6.14 | 0.10 0.10

110 0.061 C 0,042 0.042
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In the range of intermediate angles, the difference
vanishes, hence, we take into account the valance-correction
and keep Z = 1.2005. At this stage, let us mention that

in the forward direction, q = 0, ylelds,
I(0) = 4| £;(z,0 =0) |® T (K

This equation together with the optical thegem can be
employed to éalcuiate the tctél collisional cross-seéctions
for the eiﬁz scattering, from the knowledge ‘of forward
elastic amplitudes fH(Z 0= 0) This is evaluated and
compared in section (4.9) of this chapter, Presently e

exhibit only the DCS of e-H, system.

Lok ‘Discussion of the Present IAM DCS

We have calculated the HHOB’ amplitudes
of ean., (4,16) with Z = 1,2005 and have obtained the DCS
of elastic scattering of electrons b& ﬁolecular hydrogen
employing the IAM via, eqn. (4.,14). In the table 4.3
the diffraction factors are shown at 100 and 200 ev,
Further in the table 4,4 our DUS are reported at 200 and
400 ev incident energf. This is followed, in fiés. 43
through L,6 by the graphical compafison of these =~ .
results with available theoretical and experimental data.

In these figures the rnumber in the bracket at the top
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Table 4.3
Independent atom model, Diffraction factors

at .
(1 + §l§§95 Y2100, 200 and 700 ev.

Scattering

angle edeg E 100 ev ‘E 200 ev S 700 ev

0 2.00 2.00 2,00
5 1.873 1. 966 1.88
10 1.915 1.858 -
20 1.641 1.512 0.90
30 1.322 1,124 -

€0 0.797 ~0,857 1,09
% = 1.067 - -

10 . - 1.15? 110 | -

120 . 1.16 - -
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The IAM results  I(8) /2 (1 + §l§§93 ) at
" 200 and 400 ev (Z = 1.2005)

LR 1)

I(e)/2 (1 + S&R

Qdeg : ‘3 '
: 200 ev : 400 ev
5 R 10.66
10 0.680 0.38
20 " 0.28 0.13
30 © 0,12 0,046
40 . 0.06 0.02 .
50 0.03 0.01
60 0,02 0,006
€0 " 0.01 0.003
100 . 0,006 - 0.0017
120 . 0.005 0.0012
130 0.00k4 0.0011

*values of - | £4(2) - % g (2) ®
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-

left indicates the value of our DCS at © = 0. Before #h we
discuss our resulis, we mention briefly some ¥ other theore-

tical calculations with which comparisons are hade,

Pirst of all, we refer to the work
of Jain et al (1979) who have used the exchange'framGWOrk
of eqn. (4.12) and‘have employed the EBS atomic scattering
amplitude with Z = 1,193 in the IAM. These results are
plotted as curve E in the gréphs (figé} 4,3 = 4 6). These
are not shnwn wvhenever they closely agree with other
results, Jhanwar et al (1980 b) have made two modifications,
i.e. (i) they have ShOWn the correct method.of including
the exchange as mentioned here, through egn., (& 14) and
(ii) the modified g Glauber agplltude, whichris more
accurate then the EBS one hés been employed, with
Z = 11,2005, (Please see curve C), The work of Jhanwar et al
(1980 a) represented by curve D and our calcu%tions‘
leading to curve B, in these figures are both discusséd
in the section (4.85. Our emphéais at present is on
the IAM, hence in this connecf;on} the noteworthy points

of discussion are enlisted in the following.

1. Although we have not shoﬁn expliciflyy
the results with and without the exchange, it is found

as one might expect, that the exchange effect is 1mportant’x(

%WM e TR BT SR
Céi:gé;IImZ;gimmWand logfzfgnergies, .
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2, The IAM formulation for e-H, system is
actually valid above, say, 200 ev, But the present results
confirm the earlier conclusion that it can give reliable
results even at 100 and 200 ev. It has been shown

(Jhanwar et al 1980 b) that the model - begins to qveréﬂ
estimate below 75 ev, This indicates that the breakdown
of the model is slow. Further, at high energies if is
quite reliable good.

3 It is our impreééion that the experimental
data for molecular hydrogen are more reliable than the
atomic hydrogen data, because of the purity and stability
of molecular hydrogen. Hence, these experimental results
can be considered as an excellent standard to Judge the
theofy. However, the measurements of Van Wingerden et al
(1977) and of Shyn and Sharp (1981) are somewhat at
variance, with each other, as may be seen from figs.

4o3 and 4.4,

4 At once, we observe that the characteristics
of the HHOB atomic scattering amplitude are reflected in
the e-H, results. At small and medium angles, the

present DCS are in a very good accord with experimental

as well as other theoretical data, For all energies,

whenever © > 600, the present DCS are overestimating.

The reasonlies in the behaviour of the second term
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O(kzz) of the real part of the present second Born
amplitude and it needs to be rectified.

2, The other calculations done with IAM show

a satisfabtory agreement with ﬁéasurements at all angles,
However, one point 1; worth,mentioning,'We have seen in
the precegding chapter that there is an appreciable
difference in the results of ﬁhe EBS and the MG theories,
for electron hydrogen atom scattering, at least upto 200 ev,
The UEBS calcﬁlationx(Byron et al 1982) exhibits this
difference even at 400 ev, But the difference in the EBS
and the MG results for the e-l, case is not that much,

A% least that is what appears from the published graphical
results of Jain et al (1979) and Jhanwar et al (1980 b).
These two groups of authors have taken the variational
parameter of the IAM X as 1.193 and 1.2005 respectively.
Our purpose in studying the DCS with both these values of
Z was (see fig. 4.2) to see if it makes a substantial
difference, Our fig. 4.2 shows that the difference is
only marginal. Further in these two calculations the method
of including theaigggﬁgésbis also different, but that
should not matter@é@x Thus, a substantial
difference must come from the higher order terms }ncluded
in the MG formulation.kBut as jﬁst mentioned, this does

not come out to be the case., The reason for this remains
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obscure,

6. Considering the e-H, measurements as
standard, the IAM can be used (Van Wingerden et al 1977)

to invert the data to obtaig e~H c¥oss~sections, However,
we find from eqn. (4.14) that because of the parameter

Z > 1 and also due to exchange term in the equation, the

‘result obtained upon 'inverting' the IAM, will not be

truelyk e-H DCS, All the same, 1t may not be very bad at
high energies. Ther;fore, we have tried to obtain the e-H
'data! from the e-H, data of Van Wingerden et al (1977)
in this way. Referring to fig.73.§ of chapter three the
results obtained in this way are ;nd;cated by dotted
circles. There is an underestimation at sméll angles
indicating the valance-bond effect, as just mentioned. The

agreement with HHOB is not bad at intermediate angles.

7o At 1000 ev and above (not shown) the

| difference between the first Born and the improved results

v

persists hardly upto 50' écattering angle, as expected.
This discussion naturally leads us to modify the present
calculations so as to yield better results, The modifi-
cations in the present e=H, calculations fall into- two
catagories, (a) the improvement of the atomic scattering
amplitude, and (b) improvements iﬁ the TAM formulation
itself, “
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4,5  The IAM with sn Improved HHOB Amplitude

' The atomic scattering amplitude in the -
HHOB can be improved by one of the methods discussed in
the last chapter, . Particularly, the behaviour of this
approximation being unsatisfactory at ;;rée anglgs,
we have corrected the same by replacing "Re 2' 'with

'Re £,#' at large angles, Thus for gq » k,, we take
Re 2 £ Re I, . | (4.18)

'This, as we have seen, is'plausible since the difference
between theée two terms lies in the fact that the :
average excitation energy, W =0 for ’Ré'fwz.‘Préséntly,
calculations are done with the HHOB corrected for 'Re 2!
and employed in the IAM; these are shown graphically at
"100 ev in the fig. 4.7. The correction proves to be
very good and the results are - satisfactorily in accord
with the data of Van Wingerden et al (1977). The ICS
obtained in this mahner will be quite reliable at all
renergies considered presSently: The other improﬁement

consists in writing the atomic scattergng amplitude:

as,

: 2) .
=, +iIn£l) +Re 1+ I £ 4o
MG B1 HEA ns oo (419
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‘érief;y, this amplitude surves three purposes simuita—
neously, viz. (i) it gives the imaginary part of the
second term which is finite at © = 0, (ii) it has an
inherent real part of the second term, O(kzl) to accognt
for target polarization, and (iil) the higher order terms
( n 2 3) of the Glauber series are also 1nclﬁded. This
expreséion differs from éiehfs (1977) modified Glauber
approximation basically in the manner of including the
second Born term. The amplitude of eqn. (4.19) is %ﬁeore—v
tically more satisfying. This approach can be taken up
within the IAM also, i.e. we can obtain the amplitude of
the eqn. (4,19), with the effective charge Z = 1.2005
for the hydrogen atom . and convert into elastic e~Hy
ICS, using eqn. (4.14). We may call them 'MG1! rééulfs,
as against the 'MG' results of Jhanwar et al (1980 b)
in the IAM, These two would differ slightly in the large-
-angle region. But comparing even the EBS (Jain et al 1979)
results and the MG results (Jhanwar et al 1980b) the
difference is hardly discernible, This fact discourages
us to calculate for the MG1' results., To see the effect
of higher ordef terms, we have(simply converted the e-H
results (2 =?§37 of the UEBS method (Byron et al 1982)
at 400 ev into the e-H, DCS. These are shown in

o

table 4,5, Note that after taking the valance-bond .correction,
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Table 4.5

Elastic e=H, DCS in the IAM using the UEBS

amplitudes (2 = 1)

o P T paect
: (ay sr ) :

20 3.95 = 01 3,28 - 01
4o 3,12 - 02 3.3 =02
60 . 9.9 - 03 1.0 - 02
8 3 -03 3.5 -03
1100 1,49 = 03 1.7 = 03
120 1,02 =03 - L-

140 7.5 - 0k -

160 5.8 = 04 -
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the DCS would be still lower than the data of Van Wingerden_
<, . -
et al (1977).

From the previous paragraphs, one can ,
appreclate the need of an accurate amplitpde of electfon—
atom scattering, to be used in the IAM, Apart fromtthis,
there are some other aséects of the formulation of the
independent atom model itsélf' ~which can be modifieh to
make it more realistic, Such modificati&nsdare described

in the next sectioﬁ,

4,6 Modifications in the IAM Formulation

A realistic indépendent-atom model for the
elastic:electronémolecule collisions. must include the

following physical aspects, .

{

15 The molecular binding or valance-distortion effect,

2, An accurate atomic ’scéftering amplituég, incorpora-~
ting polarization and absorption é§?2€¥::N

3. The exchange effect. ‘ |

4, The multiple scatfering effects,

5 The effect of intramolecular vibrations,

6. ﬁThe anisotropy of molecular potentlals,

Of these, the first three aspects are
already covered in our previous discussion. Although, in

(2) above, one must also include the effect of projectile
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~distortion, espectially at lower energies. Now, the two
points mentioned in (4) and (5) lead to changes in the
basic assumptions of the IAM itself,

(A) Multiple scattering effects

We now discusé the repéated interactions»of
an incident electron suf(essively with different atoms of
a molecule, Consider phe singie and double scattering from

two identical étoqs A and B, separated by R = [z, -1, |,
as shown in figs. 4.1(b) and 4.1(c). An incident electron
‘scatters from A to B, so that the incident waves on B
include the plane waves plué waves scattered from A to B,
and this consideration also applies to scattering from B~
to A, The total scattered waves consist of singly and
dqubly scattered electrons, negiecting further multiple
'scattering. We follow Massey (1969) to write for the

‘amplitude of the total scattered waves as,

3]
|

{8y 8,) £1+ exp ik (B, - 8;). R)

ik, R"~ =ik n:R

+ R e b (e MY g(n), B) R, )

-1k, 0 R - | - '
+ e 07 £(n -R) £( =R, 0} (4.20)

where, a, and n, are the ﬁnit vectors along the
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initial and final direction of the incident electron. The
first term of eqn..(hézo) shows single scattering. The
second ﬁerm ;orresponds toc en incident‘electron first
scattered from A to B along R and finélly from 'B'

it is scattered in the direction pn,. A similar situation,
starting from B, is represented by the iast term of (4;20).
The figét term of eqn. (4.20) givestt£é>;iggle scattering
amplitude of the simple IAM,. in terms of the atomic
amplitude E(ngy » By),y tees, ' B |

£, = 2f(n, , n,) cos (4. R/2) ” © (h4l21)
which 1§ads to the averaged DCS of egn, (4,10). Now from
(4,20) and (4.21), )

Do
s

-ik,R  =ik.n

N 2 i 2 ‘ - "13.
‘ \ |7 = 1fll * 2 Re f, £R11.e i (e . 1 q‘
‘ ] ikin R °
* * 3 B4R
£ ‘(_13,09 R) £ (..R_: n + © v
3% * ’ M ‘ ’ -— N : . ‘ :
£ (8r B). £ (R, BJY + O(R™D) (4.22)

~or

[FI2 = 10 + T (4.23)
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Thus, we have to evaluate the second term of (4.23) i.e.
81.’gThe evaluation of this double scattering term was
first attempted by Hoerni (1956) for' a hypothetical U,
molecule. Even for such a heavy molecule, the effgct of
intramolecular scattering was found to be negligible at a
very high energy of 40 Kev, iater Yates and Tenny (1972)
used the Glauber approximatioﬁ to investigatéﬁ the multiple
scattering effect 1n‘ e-N, é;astic scattering. In Eoth
these studies the valance bond effect was not takén

into account. Most of the recenﬁistu&ies (e.g. Jain

1982) are made on heavy(moleculeé like N,, in which cases,
it is nof possible, as it stands toda& to include the
valance=bond effect., Presently, let us work with the first
Born éppfoximation for simplicity but include the varia=-
ticnaliparameter 127  for the H, molecule, thus taking
the valance~distortion into account. The double scattering
term 6Ij consists of four terms, of whiéh a typical one

is written below, |

811 = =7 £(n,, n,) £, R) £(R, n,)
X cos (kR - }‘i a;+R ) ' ‘ (4o24)

This is obtained from eqns. (4.22) and (4.23). Now,

to obtain the DCS overaged over all orientations of the -
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P
#
15

molecular axis, we require, e.,ge.

o 2% =W £ )
511 = Tom@ of of aﬁR sin €y ae, £(m,,ny

£(nysR) X £(R, By) cos (kR = k;n..R)  (4,25)

Here, the angular Integrations are made difficult by the
three directions n,, n; and R required to be con-
sidered. The @ ~integration is possible to be done analy-
tically and the 6g-integration has been presently done
by us, numericallyi The present results aré shown in the
tables 4.6 and %:;7. The double scattering term O6I  is
tabulated f at 50, 200 ev in tables 4.6 and 4.7. The
single and double scattering contributions, to the e-H2
DCS ..are compared at 100 ev, These calculations lead to

the following conclusioﬂs.

1. The effect of double scattering (DS) is relatively
very small for the H2 molecule, e.g. at 50 ev, the DCS in
the forward direction is about 15 to 20 a% sr™1, while the
DS contribution is -0.,096 a2 Sr™'. The DS < effect is
practically nil above 100 ev 1i.e. the region where the IAM

results are quite relisable,

2. It is interesting to note that the DS contribution
is negative at 50 ev for all angles but has either sign
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Table 4,6

The double scattefing contribution in the IAM

for e-HZ scattering -

Scattering : ' :

angle : 50 ev H 200ev

deg f E :
05 - = (9.6 - 02) o 4,6 - 03\
10 L9 -02) " k203
20 - ,f’ - (8.8-02)  3.4-03
30 . . =~ (8.3 - 02) 2.6 - 03
ko = (7.7.- 02) 1.9 - 03
60 - (6.8 = 02) 1.3 - 03‘
80 - (6.5.~ 02) 9.0 = O4

100 ~ (6.6 - 02) 8.5 = O




Table 4.7

Comparison of the single (Ig) and double (ID)

scattering DCS (ag sr™1) at 100 ev

213

Scattering ‘ f T f
angle : S : ID
deg , ; (a) ; (b)
5 © 8,8+ 00 T =(9.6 = O4)
10 : 5.2 + 00 =(8.7 = 04)
20 2.0 +-00 . =(5.8 = 04)
3.7 = 01 ¥ 1,8 - Ob

60 1.0 = 01 + 1.5 - 04
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above 50 ev, In particular, at intermediate angles,
the contribution is positive. The relative magnitude of

the DS term is more appreciable:towards small angles.

3. It is thus seen that the DS contribution to e-H,
cross-sections is not appreciably large, and can be
neglected, But it is not the case with larger molecules
like Ny, Oy, CO etc. The task of calculating the DS
contribution in these molecules is quite involved. Let us

show here a simple method of estimation.

For cases like N,, O, etc, first we ignore
the valance-=bond correction. To estimate the DS contribution,
in the first Born approximation, we have to evaluate the
equation like (4.25), for which we need the first Born term
of the atomic scattering amplitude. qu, usin% ghe static
potentials of Cox and Bonham (1967); the first Born ampli-
tudes are easlly expressedt Thus, we need‘to evaiuateg for
a homonuclear diatomic molecule containing the atoms of
atomic number ‘'Z°,,

3 2n

162 [ J af sin ¢
$I1 = == z : : daf sin o, 4

@ + A @E + A @G + %)

ViV Ye = (4.26)
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where, considering the single and double scattering, -we
have to define properly the momentum-transfers Q49 35
aﬁd 93. This approximate procedure can also prove to be
simpler ugto molecules lilke 03, H,0 etc. Some relevant
detalls regarding the'multiple~ scattering are also

discussé& in section (4,10), ,

(B) The effect ofi: nuclear vibrations

Previously in section (4,2) we have assumed
the two nuclei of a diatomic molecule to be fixed at the
equilibrium separation R. However, this is unﬁhYéical.~The
effect of, molecular vibrations though veri%mall, can be
considered in the IAM in a.simple way by assuming the
vibrations of the atomic nuclei to be gimple harmonic, Thus,
from the eqn. (4.9) we are required to obtain for
harmonic vibrations,

ITog )R

- *
I(e) = B T3y
'

2 ,
- (r-R)
e ginar g4y (4.27)
. ar
where ® is related to the mass and the vibrational
frequency of the nuclei. It can be shown that this amounts
to replacing 'R' of the IAM formula (4,10) by the term

(R2 + (1/2 0)) V2, Here ‘o being large, the
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correction 1s quite small,

Khare and DeoRaj (1982) have used the
following formula in their treatment of e—062 elastic

scattering, to account for the nuclear vibrations, .

T = 1 Igl® + 3 g8
I(e) = . -
”'li-:-j::-'l_ i i#3 i 31

2 2 . :

e-lg ? /2 §in§§ri. (5.28)
with the symbols of Maséey (1969). This equation takes
into account the arf harmonicity of nuélearlvibrationéi

and hence it is more realistic., In these calculations,

it is difficult to Judge the role of molecular vibraéions
i.e. thelr relative effect on the & DCS, It appears from
the expression (4,28) that the effect of vibrations must
be large af‘small 'q'. AS yet, no systematic study has
been done. However, Hermann et al (1976) have noted that
the effect of nuclear vibrations is smaller than that of

experimental errors, for N,.'

4.7 e=H, Flastic Scattering Using Molecular Wave

Functions

We now turn to the collision theories treated

in the molecular frame-work, .If one wants to start with a
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molecular wavefunction‘tb calculate the scattering cross-
~-sections, there are at least two problems encountered.
Firstly, the exact wave functions are not available and
the existing accurate wave functions are often complicated
to work with., Secondly, problems are there Qith the -
multicentre nature of molecular systém‘itself, While

the first one is unavoidable, the second one is simplified
by the use of the one-=centre Qave function. Agains$Z here
our focus is on the H, molecule for which approximate
wave functions have been reasonably successful, The
accuracy of a wave functién liés in how closely it
predicts the ground-state enérgy and other properties like
the quadrupole moment, for éxample ﬁi;g— the H2
'molecule, the following wave functions arefEBiélééiééfEE”
‘hlghly accurate. (i) Twp-centre wave function of Kolos
and Wolniewitz (1965), (ii) the wave function given by
Davidson and Jones (1965) and (iii) single—centre

wave function of Hayes (1967).

Even the first Born~calculations.can be
difficult with an accurate wave function, Egrliér on,
zHara (1967) had used a simple two centre wave function
of HZ mainly for low-energy treatment. Liu.and Smith
(1973) and Ford and Browne (1973) used two-centre wave

functions to obtain the'fiféthorn approximation for the
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e--,I-I2 system, The highly accurate one=-centre wave function
of H, molecule given by Hayes (1967) is a 57-term
expansion in the Slater=type orbitals.xThis was employed
by Gupta and Khare (1978) to obtain the first Born e-H,
amplitudes, It is observed that a smsll difference between
these calculations and .the .ones using highly accgraﬁe two-
-centre wave function', just mentioned, is found; that too
only for small q (<€ 0.5 é;a ) beyond'Which there is
complete agreement, Here, we have ccmpafed the DCS-
obtained using Hayes' wave function (dﬁpta and Khare,
1978) with those using the IAM, both in the first Born
approximation (see fig. 4.8). The IAM first Born DCS, with
Z = 1.2005 are found to be higher then thoée obtained by
any molecular wave function)at’small 'q'. The difference
between the IAM and the DCS with Hafes' vave fnngt%on
persists upto=pearly g =4 a;1 » be&oﬁd which theve:c
is compléte agreeﬁent. In our present work the first

Born amplitudés of e;Hz scattgring calcdlated by Gupta
and Khare (1978) using Hayes' (1967) wave function are
utiliéed. Now, Jhanwar et al (1980 a) have determined

the exchange amplitudes for e-H, system with the sinéle—
-ceﬁtre wave function of Hayes, Further to acéount for
the target polarization effect a semiempirical potential
was employed by Gupta and Khare (1978). When one uses

such potentials, a clearcut advantage is that one does not
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have to bother about wave functions, A realistic polari—
zation potential must be dependent on the energy of

the projectile, Gupta and Khare (1978) obtained
satisfactory results with such a potential for the Hydrogen

molecule,

It is interesting to cbmpare the following
molecular polarization potential with the atomic one

given in chapter 3, through eqgn. (3.91).

2

_ gy T® @l r
Vgp (1) =gty - g
b (x* + da%) (x® + @)~
, o« r# (4.29)
P cos @ - 4.2
2 ( ) ;;%f;*;ﬁgs
where d, @3 and &, are related to the propérties

of the molequle,' The anisotropic term P, (cos 8) is
typical of any molecule, The absorption effect for Hy
molecule‘haé also been considered in the optical potential
formalism (Khare et al 1977) . There is hardly any attempt
to consider the projeétiie’éistortion in elastic e~H2

scattering at intermediate energies.

It is well known ?hat the real and imaginary
parts of the second Born approximaticn<corréspond to these
effects respectively; Thus, one must calculate the second
Born amplitude for the »e~32‘ problem which implies the

need of a wave function 6f the target. Now, with an
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accurate Qaveafunction, to calculate even the first Born
term itself is.an involved task, so that the secondE éorn
calculations would be well nigh imﬁractical. Fortunately,
simple and spherically symmetric wave functions for the HZ
molecule are available, and their use in the second Born
caloulations does not 1qtro§uce any serious errqr at the

energies of our interest,

4.8 The HHOB Amplitude Using Carter's Wave function

Let us now discuss the second Born amplitude
in the HHOB of:Yates (1979) for e-H, elastic scattering,
- employing the wave function of Carter et al (1958) given

by,
wel), T ‘ - I o
. . XN 1 * 27y \
with, g(ry = 1= C + Ce ) (4.31)
where, N = 1.,15098 C = «0.45073
o) = 1.07315 @y = 3.92868  (4.32)

Carter's wave function has already been employed (Jhanwar
et al 1980 a) to study the second Born approximatlon for
the e-H2 system; With this wave function the calculations

are similar to the e-He problem; However, the terms
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depending on the internuclear separation R can still
cause considerable trouble; we return to this point

shortly.

Now, considering the molecular midpoint
as the origin, the potential of interaction between a

projectile efectrdn and the hydrogen moiecule"is,

{

: 1
V(ry 2492y y R) = =
= iz - Rl2]
1 2 1

e e ST (4.52Y

Iz + Rzl 1=l [z -z

* B

where r; (1 = 1, 2) are the coordinates of the two

target electrons and i is that of the incident electron.
R is the inte:nucléar vectdf; 1nitial;y assumed to be
fixed, VWriting the wave. function of the target as in
eqn.(&;BO), let us attempt to evaluate first the imaginary

- part of the second Born amp'lif{'zde in HHOB 1i.e. eqn. (3;43)

of the previous chaptef,
(2 _ 4l

where, the gquantities
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7 = ¥, (g + pp) (4.34a)

and

¥, = V,(a-p*pn,)  (4,34D)

are the Fourier transforms of the potential of egn.,
(u.32)2 The Fourier variables are introduced in chapter

3. Further 1let us introduce,
R = B + 2 , (4435)

Now 1t 1s not necessary to write the explicit forms of
eqn. (4.34a) and (4,34b), The Fourier transform of the
first two terms in the potential, ean. (4.32), is given

below,

-1
f21® (p° + pg)

F(R) = x cos (p.&+ p, %) (4.36)
s . e

It is instructive to consider the first term in eqn,

(4433) that arises out of the product of these Fourier

transforms; we consider for example,
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1 . dp

e —
T 0%8®) (lg-pl® + 6

]

yul
JI azy az,

X {§(xyy :43'2)32 X 4 cos (;g,% + B -g- )

X cos (@-p)F-8% (4,87

3

THis is the m'nuclear term of Fourier transforms of
interaction potential, Referring to the appendix, we

find that the p~integral of the last equgtion is for more
difficult than the kind of integrals we have come across
in the HHOB theory of the electron-atom cases (see
chapter 3). In this ' type of calculations, whenever the
nuclear terms containing R are involved,this’ difficulty
is encountered. This amply speaks of difficulties in :
handling the molecular problems, which£§§§55§§3an axial
symmetry. Note that the IAM avoids this difficulty of
treating the R~dependent terms. Also note that the
difficulty wouid not arise with R = 0, i.e., in the b
He-atom (united atom) limit of the H, molecule. A
similar problem is discussed by Jhanwar et al (1982b).
They have started with a two~centre wave function for
the H2 molecule and éfter approximations, s resort is

taken to the He~atom limit., This problem is attempted



here in a different way,

Basically, consider the second Born
amplitude of the HHOB, for elastic scattering from

the ground state.

2) i © ig.r
- f( = t [adr e
HEA T ZmE, %) J9F

!
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@ . wif
© (ol F oa e " g

-,

int S . " cot ,
(1 +?'2'E; -Vsﬂg) <n [Vi-2,2) |0 (4.38)

where, | © > stands for the wave function of egn.

(44,30). Consider the matrix element,

0 |V (zy ) | > = <0 v 5,0 +7¢ | o

where VN = the nuclesr part of the interaction

potential (4.32),

And,

e

(4.39)

(4.40)

v- = the electronic part of the interaction potential.
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2 1
= z (4-41)
1=1 Iz - !—'.13 .
Note the Kronecker delta’function, 6n0’ with the

nuclear part, This term does not contain the ttarget
-electron coordin;tes, hence for n # 0, the orthogonality
of the target wave functions will leave that part of

eqn. (4,39) to zero. And this also abplies to the other
matrix element of egn. (4.38). There lies tpe tniék 1

If we drop the first term n-= Ob‘from the sum oyerf
states in the second Born amplitude egn, (K;3é), we can
get rid of the troublesome task of evaluating the
nuclear-coordinate terms., Bonham (1971) introduced this
procedure in a different.context. The idea perhaps,wgs
thaﬁ thg polarization of the charge-cloud-of the target

is a virtual 'excitation' and the absorption cqrrespéhds
to inelastic channels, hence in the sum over the stgtes,
n = 0 term may be dropped. Recently, Jhanwar et al (1980a)
have also omitted n = 0 term and have successfully obtained
the e-H, elastic DCS, However, n = O term corresponds

to 'static' contribution in the second Born%mpxitude

which can affect the large angle scattering.

Presently, our task is simplified by
dropping the n = 0 term from the sum over states. in the

eqn. (4.38), Our second approximation is now to define
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the average energy parameter_%hrough,
Bin = B = Wk (4 42)

For the hydrogen molecule, ¥ = 1,08 rydbergs. Die to
eqn, (4:42) the sum over in - egn: (4.,38) only affects the

matrix elements, so ﬁhat,

T <0 Ve (z, ©)| > <n V° (z-28)] O

- <0 (@m=w VE-zhz) o
L@ D | 0o [Pz-zh D 0 (4.43)

In arriving at this, the sum fﬁle has been employed.

Clearly then, we have to deal with the electronic terms
only. Further from eqn. (4.43) we go for the usual procedure
of the HHOB i.e. taking the Fourier representation etc.
described in the chapter thiee; The present second Born
amplitude splits up into real and imaginary terms, The

resulting ‘expressions are given below.

The expressions for the second Born terms in
HHOB, obtained using the wave function of Carter et al
(1958) for the H, molecule,
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_ HEA HEA ‘
Re FH?‘ = Re 4 + Re2, ' (4. 45)
B

where, Re 1 and Re 2 are the term§ of the real part of
the second Born term, respectively. of order “‘g/ki,
and 1/1:2 .

' mEa 8N 2 A - %1
- --g-—32NL}f P a, a. D; D s l = E[ (62 0)
Wk i=1,3 L 9 ETJ  pF g B1TC

j=1,3 ‘ *i' J

S NN D I AR SO IR S CLAE L AB L)) TS

. 2 . : a, °
Ret1=-21, %0 . (D) —ig
?t ki i=l,3 - N '(q §+ hi )
4 B :
32N : ' 1l- € .
+ . .Z a. a. D, D. I ( 0
k. i=l,3 1797173 AZ A% 2P .),,.
1 j=}-"3 ’ i d

-1, 6% 05 - 1, 6% A% )

+1, @05 | (4.47)
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oy .
Re 2 = - =z D, I (g% 0) = (-py)
ki =1,
a 1654 s
+ S5=% z a,a, D,D. (L/A5)
(a® %) wzk:i %8 i=1,3 17577y T
* J=Ls3
: 2 2 ,2y7
[12 (BR! )\i ) - 14_ {qy= }\5_’ }\j)j (4+48)
= 2 o
Her%, a, = 1, a; = c= az = 2@
9 a_
Further, Dy = 6 D = T

o
B

The bohétants of the‘wa%e function are from egn. (4:32),
The integrals I;» I, Iy and I, are defined by Rao and
Desai‘(1981); Presently +they are given in the appendix,

Haviné thus evalﬁ?%ed,fhe amplitudes, we
combine them with the exchange ampiitudeé tg' in the
Ochkur. approximation and we employ th§ accurate first Born
approximation obtained with the Hayes' (1967) wave function.
The DCS for a 'particilar orientation (gz; Pz) of the |
molecule are¥given ﬁy; o

2
1(6, B, 6z, Bg) = | Fg, = &+ Fyy | (4.50)
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Lastly, the DCS averaged over all the molecular

orientations,

I(e) = é% J”i(e, B, Oz Bg) sin eR"deR iy (4.51)

4,9 Discussion of results obtained with the molecular

. wave function

The elastic e-HZ DCS are obtained by us
(Joshipura énd Desai, 198%0) in‘thé'manner described, in‘
the range of energy from 100 ev to 1000 ev, Already in &
the figs. (4.3) through (4.6), the present DES are plotted
as curves marked 'B', Also in fig. (4.4), at 200 ev  the
DCS of JKS (Jhanwar et al' 1980a) obtained in a similar way,
have been shown by curve 'D', Additionally, our DCS are
compared with the accurate first Born(resultsiﬁﬁaées_wave
function) at 1000 ev in table 4.8. In that %abie, the data
of Wingerdén((1977) at 1000 ev are also given for comparison.
On comparing various results we find that,(i) the resulés
of JKS, curve D, are quite good at and above 200 ev (11}y
the present work as well as that of JKS fails to

incorporate the following two important aspects,

a) ' The term corresponding to ground state (n = 0)
as the Intermediate state is neglected. Although, it is

true that it leads here to simplifications, the neglect



Table 4,8

Elastic e-H, DCS (a> Sr™ 1) at 1000ev

using Carter's wave function
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[ 1]

Scattering : Present : First : Data of

angle : DCS ¢ Born H Wingerden
(deg) : : DCS :
0 2.3 + 00 1.9 + 00

) 5 1.4 + 00 1,05 + 00 . " 1.4+ 00

10 5.2 01" 5.0 =01 5.0 =01

.20 7.5 =02, 6,8 =02 16.7 02

30 2.0 - oéx B ;;gk - 02 1.8 = 02

60 1.7 = 03 . 1.4 =03 1,3 - 03
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of this term can affect the DCS especially at large angles,
We have already remarked about this prior te our derivation,
In fact in the electron-atom theories, (e.g. Byron and
Joachain, 1977) there have been attempts to consider the
separate ('on shell') contribution of such a term in the

second Born amplitude. This is done as given below,

n=0 _ # =

‘ n#0  _ n=0 " _

The symbols are self-explanatory,

Now, from our resulis of curve 'B', it is seen
that the DCS at 100 and 200 ev, near small angles tend to
underestimate the experimenta; data. At firét sight, it may
seenxéhat our results are good at large angies. But let
us recall that the usual HHOB theory overestimates at
large angles. Presently  this overestimation is diluted
- by the absence of the term n = 0. Thé results of JKS, on
the other hand agree with e#perimental data at él; angles,
while, from the precegd;ngaremarké, one §h§u¥d expect some

underestimation, in thqgg results also,
. P § .

b) In an EBS approach, ‘the amplitude musﬁ contain
the third order term i.e.,‘FG3, which is missing in both
the aforesaid calculations. In evaluating Fg, even ﬁith

Carter's wave function, the difficulties associated with the
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R =-dependent terms would also arise, Further, the contrie-
bution of the third and the higher order amplitudes is

negative and its inclusion can reduce the cross-section.

iy 2

This has been mentioned in our e-H! jcalculations also.

In view of this discussion, we conclude that
looking to the complexity of handing moleculer énisotropic
terms, the methods related to the IAM will continue to
play an effective role at intermediate and high energies,

4,10 The TCS, TECS and MICS of e-H, Scattering

In the casé of efH2 scattefing a good amount
of data for total cross-sections gTCS), total elastic
cross~sections (TECS) and momentuﬁ trénsfer cross-sections
(MICS) is available; For a most recent piece of work,
reference is made of Deuring et al (1983) for total e-H,
cross-sections. Once, the DCS are known, the other cross=
-sections -can be 9htéined by tgéir'definitions;vgiven
in the firsttchaptgr.vThe DCS provide the best test of
the theofy. Experimentally, the forward DCS' are not
obtainable. The TCS can tell us about fhe accuracy of the

imaginary part of tﬁe@fogmiﬁi elastic scattering smplitude
Further, the TECS depend on the DCS values néar the

forward direction, mostly within 10 = 200 scattering angle.
The MICS depend on the small as well as large angle scattering,
The tables 4,9 to 4.11 show respectively, the TCS,
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"Table 4.9

Total cross-sections (a2) _for e-H, _scattering

Energy ; Present ; Present ¢ Hoffman et al*
ev : results ¢ IAM :
P (a) : results ¢ (eXperimental)
: :  (b) :
. . -
100 - 12,0 - 10.8 (9.8)
| 9. 14
200 7.20 6.30 5.96
700 ., 2,30 - 2.,22 -

*100 ev experimental results of Dalba et al (1980)
(a) in’'Carter's wave function, see section 4.8
(b) IAM, see section % 4.3

+ quoted by Jhanwar et al (1982b)
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Total elastic cross-sections (x 10”16 cg&l

Energy ; Present results ; %iggerden ;ﬁggg?pand
ev % (@ T (b) % et al E
100 0.72° 0.85 0.88 9.77 
200 - 0,40 0.4 051 0.39
400 0.14 °  0.16 0.15 - -
700 0;085 " 0.085 0.073’ -

(&) in Carter's wave function, see section 4.8

(b) 1IAM, see section 4,3
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Momentum transfer cross-sections (xi10'16 cm?)
Energy ; Present results ; Shyn
ev : s - ¢ and
P (e (G chew
100 0.19 10.20 0.15
200 0.056 0.061 0.060
400 0,013 0.017 -
700 0.0077 0.0088 -
(a) in Carter's wave function, see section 4.8

(v) .

IAM, see section 4,3,
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The IAM results (ag units)
Energy ; Total ; Total : Total
ev ¢  CroSSw t  elastic t  inélastic

: section ~ :cross-section cross-section
H tot s . H
o Ye1 : Yinel

100 10.8 3,04 7.76

200 6.3 143 4,87

400 3.57 " 0.57 3.00

700 2,22 0.31" 1.91
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TECS and MICS of the present calculations, For the ICS,
we make use of a recent result (Jhanwer et al 1982b) which
relates the scatterigg amplitude of the H, molecule with
that in the united atom (He—atom) limit. The relation is

[

given by, ' ‘ A
H, : ) He : o
£go° = cos (g . R /2)_ 5, (2) (4.53)

This leads to the averaged DCS, for the H, molecule.
_ | e
ey = @) =@ (1+ -S-‘-‘-‘—SB-) (458)

‘Presently, vwe have calculated the forward scatterlng

: amplitude with the Hz molecule wave function by taking
"R= 0. Thé TCS are obtained via optical theorem. In the
tables 4,9 to 4.11 the. présent results under (a) employ
the molecular wave function and those under (b) employ the

" IAM (section 4,3) ‘calculations,

In the IAM the imaginary part of the forward
elastic e-H, scattering amplltude is obtained from the

atomic amplitude as follows,

In £{2) (q = 0) = Z%f (ln (42 k) =9) ° (4.55)
i .

The imaginary part next to this in the HHOB, is of order
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k13 and it does not have an appreciable contribution. All
the same, the higher order terms in the MG formulation can
reduce the TCS, especially at the lower side of the present

energy range.

L comparison of all these cross-sections is
made mainly with measurements of Van Wirgerden &t al (1977)
and Shyn and Sharp (1981), ‘The table 4.9 includes the
experimental values of Hoffman- et al (see Jhanwar etf al
1982b) = and Dalba et al (1980). Considering the small
differences in various data, we find that our results are
satisfactory.'Tﬁe results employing Carter's wave function
are at variance with the other results, The MICS are generally
used for low energy work and this quantity is quite small
at high energies, but since data at 100-and 200 ev are
available, the calculations are made for comparisén. ‘
Lastly, table 4,12 shows total cross-sections, together |

with kotal elastic and inelastic cross-sections.

4,11 Elastic Scattering of Electrons from Molecules

Other than H,

Apart from Hzlsome of the other molegulesifér
which the elastic electron-scattering is studied are, mé,
f02, Cco, 002, CHA, etc. Mention has been made abouﬁ some
of them in our previous discussion, Remarkably, for almost

all cases the Independent Atom Model has been used, This is
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necessitated by the problem of molecular wave functions

in the cases other than Hs. In principle the wave functions .
can be constructed by linear combination of atomic orbitals
but in practice, they are computationally quite tedious.
Even with the'iAM ‘the very first problem is of valance~-

bond correction, no simple method is known to account for

the valance-distortion. The valance-bond correction in the
IAM also implies consideration of terms in‘thé scattering
amplitude showing the overlap of atomic orbitals in the
“molecﬁle. The overlap integrais are difficult to handle.

And the situation worsens for'big moleculés with a relatively
small bond-length e.g. N,, for which the ‘overlap is -consider-
eble, Finally in such cases, thé multiple scattering is

also considerable., We know from the‘ e-H, results that
neglecf of the valance distortion leads to soméWhaflhigher
cross;séctions. The other corrections are certaihly more
effective in other molecules than‘in Hé; Keeping this in

mind we proceed for simple calculations,

The'amplitude (£37) of the electron-molecule
scattering is related to(the'cbrresponding élecﬁronpatom
amplitude w4}(:£‘A) for homonuclear diatomic molecuies,/\\

as given Below,

fy = 2cos (g 4 B/2) £, | {( 44.56)
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This can be used to estimate the total cro§é-sections.'From
our prévious results (chapter 3) for the fES of Carbon,
Nitrogen and Oxygen atoms, obtained with the Cbx~Bcnhamﬂ
potentials, we estimate the TCS of various relevent ‘
molecules. In general, these results can be expected to be
good at high energies, when the static potentials dom;nate,
" Towards lower energies thé present results are higher due

to reasons mentioned,

Take for example the e + LiH o scattering in
which multiple scatterlng maylbe smeall enough to be = neglected
at and above 100 ev. The TECS for LiH are shown in Table
'4.13. Here, the valance—correction for H—atom (z = 1,2QO5)
as done in thé H, molecule, is retained, in an aﬁtémpf to
" mock the effedct, Tﬁe total elastic cross-sections for - 0O,
molecule are shown in the table 4i1ks A comparison is
made with the results of Khare and Raj (1982) who employed
the # static and polérization*pqtentials‘along*with partial
waves in the IAM.’Also in the table 4.14 we have 'shown the
TECS of electron scattering by Ozéne gas, which is of
atm9sPheric);nterest.'In 03, the bond léngthris‘llarge S0
that the overlap may be small hence the simple IAM can be
expected to be more Jjustified (see also téble~4;1).,To our
" information, no data, either theoretical or experimental,

are available on e + O3 collisions, The table 4.15
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Table 4.13

Potal elastic cross=sections for e=LiH -

scattering ,
Energy f TECS
ev | ‘3 ( a:é)
100 11.5
200 5.9
400 2.81
700 157




Table L”o 14

Total (elastic) cross-sections §a21 using the TAM
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Energy : 0$ygen 0o : Ozon; 103)'j
T @ wm s @
100 bl - &
200 23 - 35
300 15.7 10,7 23"
400 12 ~8.5 18
500 06 . 7.2 4
700 7.0 - 10
1000 5.0 - 7.5

(a) with Cox-Bonham potentials
(b) Khare and Raj (1982)



Table 4,15

Total (elastic) cross-sections for N, and

CN (ag units )
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Energy : N2 : N2 : Cynogen
ev f (a) f (b) f CHN
100 42 - b
200 22 - é1
300 55‘ 0.3 - 14,6
400 S 1. 8,37 11
500 9.00 -7.15 8.8
700 6.5 - e6..3

1000 4,6 - Lob

(a) with Cox-Bonham potentials

(b)

Khare and Raj (1982)
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shows the TECS for the N2 molecule, for which the double
scattering effect is expected to be considerable., If I%
and Ia are molecular and free-atom crosé-séctiops

respectively, then from.eqn. (4.10),

T .
m _ sin dR .
zIa o ! -+ gkt - (4, 57)

Hermann et él (1976) experimentally obtained Im/ZIa

for Nitrogen at different, angieé and incident energiés.
They found that the ratio agreed with. the theoretical
value, eqn. (4 57) at high energies. At 100 and 200 ‘ev the
agreement was found only after 30. angle, showigg the
miltiple sqattérﬁng and'vaiancé-bonqKeffectS“ih NZ: In
table 4,15, we have estimated the TECS for e ¥.CN‘s§étem.
The Cynogen (bN) molecule is of astrophysical 1Atergst.

We have not found any data in this easé also for comparison.

It is instructive to draw an analogy between
the Born or the Glauber multiple scattering approacp and
the multiple scatiering within the molecule which we
discuss presently. In the former case, the projectilé hits
the saﬁe target ags repeatedly, and in the process:excites
its virtual states. The multiple or ‘1ntramolecular'
scattering in the present context, is a process in whlch

the projectile is tossed, so to say, repeatedly among the
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different atoms within the moletule, In our egn. (&;24) or
(4.25), the treatment is of first order for the atomic
amplitudes and of +the second order {double scattering) for
the intramolecular collisions; Hence, the virtual excitation
does not appear. Mention must be made of a recent interesting
analysis in this regard (Jhanwar .et al 1982b). Hefe;

" considering H, as composed’ of atoms A an@lB, the second

Born amplitude is obtained in the form,

H .
2 - :
_fBz = £y, * fpg * fap v fpy (4.58)

The first two terms represent the double scattering from
each of A and B, typical of the secondlsgfn term, Thgliast
two termg cérr95pond\to the"fintra molecular! or.douple
scattering (DS) between A and B in the second Born
agproximation. The following eqn. clafifigs‘fﬁe poiﬁ£ 

further,

s . 4k
fon = ' T -

» : . D
<0 b4 .ls_fl VA haé\} <n3 ,}E‘ *IB “3: "1'{"1‘ (4.59)
_ where, V, and Vg are the atomic potentials. This has
been evaluated, after approxiﬁations, by using the

Feynmann technigue.-Alternatively, we may employ the
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Green's function expansion.

Hayashi# and Kuchitsu (1976) employ static
potenéials and write the electron-molecule elastic scattering

cross-section as a multiple scattering series,

T(e) = Ig + Igg * Iég) + Iég) + I]gg) + ees (4.60)
Heré,‘ﬁhe first two terms are those of eqn., (4.10). The
subscfipt-'SD' stands for 'single-double' scattering,

'DD* for double~double scattering, etc.'THése authors find
that Iég), the leading cofrection reduces the cross-sections
by 20 to 60 % at 100 ev and 10 - 15 % at 500 ev for N,. On
the avefage, the IAﬂ DCS are found to be'reduced-by’1/35m

100 ev. These investigations are extended recgﬁtly by

A, Jdain (1982),- with both the short-range and the long range
potentials, for the isoelectroniclgystems N2 and CO betwéen
40-800 ev, Later, this method is also employed in the case
of e-CO, collisions (Jain and Tayal, 1982). Thé anlsotropic
part of the long range potential is not cénsiéered. The DS
contribution is found to be appreciable at and below 100 ev
and can be as high as 25 % of the IAM values. Aiﬂfbese
multiple scattering treatments dre excluding the valance~bond
correétion. In discussing the elastic scattering of electrons
from heavy molecules, we must mention a recent measurement

on 802 molecule in the range 12-200 ev by Orient et al (1982),
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4,12 Chapter Summary, Further Prospects

The present chapter has covéred?#Tthe study of
elastic electrop~scattering by moledules, in the energy
range 100-1000 ev., The study is carried out in two ways
viz.; using the indeﬁendent atom model and using a molecular
wave function, witﬁ an alm to bring about the merits and.
demerits of the two approaches. It can be noticed that sﬁch
a sﬁd&y is presently possiblé for e—Hé éystem.only. The
IAM is a high energy formulati&n and‘its suitability depends
on the interatomic separations in the .molécule. Therefdfe,
ve have estimated the 1limit of applicaﬁiiiiy of the IAM, for
a feW'ﬁolecﬁles; as regards - théAindident)energy. However,
for Hé ﬁolecule, the IAM results are found to Ee good‘even
at 100-ev. The most important correction to IAM for .fJ e-H2
scattering is found to be that due to valance-distortion,
Presently,,the HHOB amplitudes of ‘e-H scatteringiare«employed
with valance-bond correction, Z = 1.2005; All the charécteri-
stics of the atomic amplitude are reflected -in the TAM
results, Therefore, a correction required in the HHOB atomic
scattering amplitude is applied. With this, the IAM calcu-
lations can yield reliable results for e—Hzlsyétem, at
all angles .and energies, conéidered here, A simple cdlculation
of the double scattering within the molecule, is attempted.
For H,, this is insignificant, but the calculations: help



us in making predictions about other molecules., The second
important effect is that due to nuclear vibrations. It is

to be noted that in the whole study of molébular scattering,
covered in the thesis, the vibrational ground state has

been assumed{ At least for the e-.H2 case again, the effect

is unimportant,

If one proceeds, on the other hand, to calculate
the second Born amplitude using a molecular wave function,‘
then the double scattering is included in two ways, i;ei‘
it includes the repeated collisions with the same atom and

also the successive collisions with different atoms. Here,

e

e
i

~ We have showhg‘ . the calculation of the second Born amplitude
in the HHOB, egpioying Carter's wave function., The DCS
results are found to be satisfactory above 200 ev., Further,
the other cross-sections are also obtained and comparison

with the avallable data are made,

Finally, we have attempted the total cross-sections
for molecules like LiH, Ny, 054 CN and O3 from our previouss
results for the atomic cross-sections, The discrepancies in
our results are attributed to the valance-bond and multiple

scattering effects.

!

Towards further prospects in the treatment of

elastic scattering of electrons by molecules, we note the
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following

Te

3

The strength of the IAM depends on the atomic scattering
amplitudes used, In this regard the modified Glauber

‘formulation of Gien (1977) has been successful both

in the e-H and the e-H, scatterings, But the MG
formq;at{on needs a firm theoretical background ,
Ideally a theory should be able to 'generate' physical
effects of polarization, absorption and multiple‘
scattering without any problems .of divergence ete¢.:
Since researches are going on in this direction, -
accurate amplitudes thus obtained should be incorporated

in the IAM to derive the molecular cross-~sections.,

Atleast in the energy range 50-200 ev,:the projectile
distortion is considerable., For heavy targe%s the
upper limit can be higher.’Severai attempfs‘have been
made, (e.g. Junker 1975, Kingston and Walters 198b),
to éccount for this distortion in the case of e-H
scattering. The effect must be analysed explicitly

for molecular targets, For molecules like Hy, Np, etc.

we can try to analyse the distortion produced by £ the

long=-range quadrupole potentials of these molecules,

The simple IAM in the limit R - @ goes over

to the separated atom approximation. The actual
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molecule, say a diatomic one, is a system somewhere
between this limit and the other extreme, viz, .the
united atom limit, Considerations like this might be
guiding in defermining the valance-distortion effect

in heavy molecules, In ﬁhe absence of a thorough
analysis it is useful to be able to hav; é Semi-
empirical way of estimating the valance=bond corréctions

over the cross-sections, e.,g. in employing the atomic

 amplitude in the IAM, the polarization - potential of

" electron-atom interaction may be modified, say by

properly redefining the average excxtathn eneggy.
Also when . two atoms combine to form the molecule,
the electron-density distribution changes, hence the
parameters of Cox-Bonham (1967) static potentials
should be modified.

The IAM canbe extended to polar molecules llke 03, CN,
LiH, 802, etc. The 1nteraction between an electren and

a polar molecule may be expressed as

VvV = vst +° VL + v (4061)

pol

where Vst and V are the static and induced

Poi 5
polarization potentials, which may be treated in the

IAM, The permanent long-range dipole interaction'VL,

which carries the anistropic properties of the molecule,
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may be treated within the first Born or, the Glauber
approximation., Particularly, Lithium Hydridé being a
light molecule, only next to H,, the effect bf
multiple scattering may be neglected. Drawing analogy
from eqn:s (4514), ve dan write the IAM formula for

e + LiH scattering,

- ‘ z |
Ie) = (If; -7 gil * %y - 3 gﬂtz)*
. si ‘
(1+ SGal) e (4462)

The IAM will continue to play an important role in
studying the\scatﬁering of electrons by molecules,
It will also be worthwhile. to apply thié approach

for other projectiles such as positYons, proéons,

etc,



