MEASUREMENT OF ELECTRGN”ATO% SCATTERING CROSS SECTIONS

AT LOW ENERGIES BY PﬂOTOELECTRGN.S?ECTROSCGPY

by

K.P. SUBRAMANIAN _ !

‘A THESIS

SUBMITTED FOR THE DEGREE OF
DOCTOR OF PHILOSOPHY

OF THE -
GUJARAT UNIVERSITY

043

|

!
|

|!\

AUGUST 1987

|

B13474

PHYSICAL RESEARCH LABORATORY
AHMEDABAD 380 009

INDIA



To

My Peazents

C}OOOOOOOOO@‘D

LBOAATORY g

Dute. “&,W §

1 Qe G NI D BT h><>x
» . - .

< D H 7 . ( 2
/‘/ i \( J ’U : L IR

jsaee]

b .

« (] Mo, U

g mee No, [5&_ [f Piice, ) §
D o st e 04 S0 DXL DC0 B0 Q0 BTD



CERTTIFTICATE

I hereby declare that the work presented in this

thesis is original and has not formed the basis for
the award of any degree oY diploma by any University

or Imnstitution.

RK.P. Subramanian

Certified by:

NWW

Vijay Kumar
Ahmedabad.

August, 1987



STATEMENT

The basic aim of the work presented in this thesis 1is
to measure the electron scattering cross-sections for noble
atoms at low electromn energies.In this energy region,new
theoretical models for calculating the electron-atom
scattering cross-section accurately are mnow available in
literature with the result that a direct comparison of the
experimental data is now possible.Experimentally,low energy
electron scattering studies are difficult and somewhat
challanging. Not much data are available in this electron
energy region. An experiment has been designed and
fabricated in the laboratory to measure absolute total
electron-atom scattering cross-sections using a
photoelectron source., This is the first time when such a
study has been carried out using the powerful technique of
photoelectron spectroscopye. The electron scattering
cross-sections have been carried out for helium,neon,argon,
krypton and xXenon & seventeen electron energies ranging

from 0.7 to 10 eV with an accuracy of =+ 2.7%.

Basic experimental set-up consists of a monochromatic
VUV  photon source, beam—splitter, photoionising/scatt&ring
cell, electron energy analyser, electron detector and data
acquisition system. VUV photons from strong emission lines

are allowed to interact with source gas kept at low



pressure inside the ionising region.Noble gas atoms (argon,
krypton and xenon) - are used as source gas for the
production of photoelectrons.Photoionisation of source gas
leads fo the production of electrons with two energiles,
: 2 2.
corresponding to P1/2 and P3/2 state of the ion thus
produced. Using various combinations of of photon energies
and source gases,seventeen energy points could be generated
in the electron energy region ranging from 0.7 to 10 eV.
Photoelectrons thus produced are allowed to> undergo
scattering in the cell where target gas 1is introduced.The
photoelectrons are then energy analysed and the intensities
of photoelectron peaks are monitored as a function of
target gas pressure.Sometimes source and target gas are one
and the same. Total scattering cross-sections are derived
from these observations. the experimental set-up has been
described in detail in chapter 2 of the thesis whereas the

subject of electrom scattering at low energies has been

introduced in chapter 1.

An analytical method has been developed to compute the
scattering cross—sections from the observations for
attenuations of photoelectron peaks due to the introduction
of target gas in the scattering region.Two methods for data
analysis have been developed when source and target atoms
are the same and when these are different.These methods

have been discussed in chapter 3 of the thesis.

The major errors taken into account are errors from



pressure maesurement, thermal transpiration effects,
scattering in the accelerating region of the energy
analyser, uncertainty in the scattering path length,counting
statistics, forward scattering of electrons,gas impurities
etc. Coherent sum of all these errors acted as upper limit
to the actual error and it came out to be +5.3%.The
incoherent sum of all these errors represent the most
probable error which is +2.7% in this experiment.All errors
arid their estimated magnitudes Thave been discussed in

‘detail in chapter 4 of the thesis.

The total electron scattering cross-sections for helium
as measured in the present experiment are comparable with
those reported by other investigators using transmission
techniques and time-of~flight measurements and using
variational methods to express helium ground-state wave
function. The electron-neon scattering cross-sections also
compare well with the measurements made other investigators
and theoretical calculations wusing adiabatic exchange
approximations and R-matrix theory.In the case of argon,the
scattering cross-sections reported in the present work
compare well thosg measured by transmission techniques but
disagree in some limitted energy regions with measurements
obtained bby time-of-flight technique. There is a good
agreement between our results and those reported by
R-matrix calculations. Electron scattering c¢ross-—sections
for krypton and xenon obtained in the present work at

electron energies upto 5 eV compare well with the values



given by other investigators using transmission technique
but at higher energies, therg is a discrepancy between
different set of experimental data. Unfortunately, at
electron energies above 2 eV, the fesults reported using
different theoretical models for both krypton and xXenon
disagree to a large extent with the results obtained by
different experimental techniques. The results for the
present experiment have been discussed in detail in
chapter 5 of the thesis whereas conclusion and écope for

future work has been taken up in chapter 6.
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CHAPTER ONE

INTRODUCTION

1.1 Scattering cross—section

When a collimated beam of projectile particles 1is
incident on a group of localized target particles
(scatterers), the incident beam is scattered into different
solid angles by the scatterers. The assumptions made to

model this problem are the following:

1. The current density, JO, of the incident particles is

small such that the interaction among the individual

particles in the beam could be ignored.

2., The momenta of the incoming particles are sufficiently

low such that the de Broglie wave lengths associated
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with them are small as compared to the distance
between the scattéring centres.In other words,ccherent
effects due to multiscatterers could be neglected in a

single scattering event.

Schematic diagram of scattering is given in figure 1.1,
Number of particles scattered,dN,into a solid angle d-fu.is
proportional to the number of scatterers,n,currentAdensity

of the incident particles,Jo,and dn.Or,
AN = e, 9l N Tl d O

where & is known as the scattering cross-section.Obviously,
o~ depends on k,the energy of the particles in the incident
beam and is a function of solid angle variables 6 and §.For
a spherically symmetric potential, does not depend on the
azimuthal angle, and in such cases®&(8,f) = G (6).Dimension
of scattering cross-section is area,and physically it is
interpreted as the <c¢ross-sectional area 6f the scatterer

contributing to the scattering event.

1.2 Different types of electron collisions

We restrict ourselves to electron~atom or
electron~molecule collisions.Different kinds of collisional
phenomena can occur, depending upon the energy of the

\

electron beam as well as the nature of the target species.

e + A, ———3 A, + e
i h|
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p- 3w
where 1 and J represent the initial and final state of the

scatterer ,A.For atomic targets,these include

¢ + A —————3 A + e (elastic scattering)
. %
—_——3% A 4+ e (excitation)
: + , , ) ,
———— A+ e + e (ionisation)

e3> A (electron capture)

and for molecules

e + AB —— 5 AB + e (elastic scattering)

e, (AB)'c + e (excitation)
———) (AB)+ + e + e’ (ionisation)

) *
— > A+ B + e-

> A* + B + e [(dissociation)
—3 A + B + e -~
— (AB) (electron capture)
A cross-section Cg. could be attached to each of the
channels given above. Further classification of scattering

cross—section is given below:

1.2.1 Elastic collisions

When internal state of the projectile or target
particle does mnot change during the collision, it is
referred to as elastic collision. In other words,O}i is

called elastic scattering cross-section.However,in elastic
collisions, energy transfer among the scattering bodies is
possible through exchange of momentum. Though energy is
conserved din centre of mass co-ordinate of the system,

transfer of velocity 1is possible to the centre of mass.A
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of energy of the order B ys lost by the projectile

ffaction M

particle in the process of collision,m and M being masses
of projectile and target species respectively.For elastic
scattering of electrons with atoms or molecules, this

fraction is of the order of 10_"3 and could safely be

neglected.

1.2.2 Inelastic collisions

In inelastic collisions, the energy in the centre of
mass of the «colliding system 1s mnot conserved due to

internal excitation of dincident or target particles.Thus

ozj, where i# ] correspond to inelastic scattering
cross-section., Further classification of inelastic
cross-section is done depending upon the channel of

reaction during collisional process.These are rotational,

vibrational and electronic excitation cross—-section etc.

1.2.3 Superelastic collisions

In this case target is already in the excited state and
during collision, the projectile particle gains energy from
the scatterer. This often happens when electrons collide
with atoms in metastable state.Energy is transferred to the
centre of mass of the system from the internal motions of

the atoms,



1.2.4 Radiative collisions

This 1is gsimilar to superelastic collision,but instead
of traﬁsferring energy to electron,atom in metastable state
de-excites by emitting a quantum of radiation.Even though
energy 1s conserved in the centre of mass,this type of
collision 1is regarded as inelastic because of the change in
internal configuration of the atom.Sometimes while emitting
tﬂe radiation, the energy loss suffered by the target atom

is large enough to trap the incident electron and form a

negative ion.

1.3 Total scattering cross-—section

The quantity 5(e, @) discussed above is called
differential scattering cross—éection, and it wvaries at
different angles with respect to the incident electron beam
direction. Differential scattering cross-section integrated
over all solid angles 1s known as total scattering
cross-section, Qi..'Total scattering cross-section is also
classified in terms of different channels such as total
elastic scattering cross-section, total ionisation
cross—section etc.

Q,; = 5 OO, ) d.
All  these cross-sections summed over all possible channels,
including i-yi(i.e. elastic), is known as total scattering

Cross—-section,qQ.



In _general, various units are wused to represent

gcattering cross—sections and these have been reviewed by

Bederson and Keiffer [1971]. Normally, cross—sections are

2 , .
expressed in cm LAt times,they are presented in terms of PC,

the number of collisions suffered by an electron during 1

em travel at 1 Torr of pressure at 0° C.This qould be

2 ~-17 . .
converted to cm bys = 2.83 x 10 PC. - is also used
frequently 1in terms of ao,the first Bohr radius.

6‘(cm2) = Gfﬁai) x 0.880 x 10"16

- o‘(af‘)) < 0.283 x 107 1°

1.3.1 Relationship of Q with observables

Total scattering cross—section, Q, as measured in
transmission experiments,is derived from the attenuation of
the projectile beam after its ©passage through the
scattering medium. In the <case of measurement of total
electromn scattering cross~section, a well collimated
electron beam of initial intensity IO is passed through the
scattering medium inside a scattering cell.The attenuation
of beam intensity after passage through scattering medium
is related to the number density, n,of the target atoms
present in the cell,the path length travelled in the medium,
X, and the total scattering cross-section,Q,of the target

gas species.The attenuated beam intensity 1is given by



I = IO exp(~nQx)

This is known as Beer—Lambert law.

Eleétrons once scattered are deviated from the primary
beam and will mnot contribute tb the beam again. The
assumption here 1is that the electrons during its transit
rime are scattered only once .To ensure this,the target gas
pressure in the scattering cell has to be maintained at a
jow value, such that the mean free path of electron'at that

.pressure 1is larger than the path length of electrons in the

scattering cell,x.

1.4 Applications of electron scattering studies

Scattering cross—section studies have found
applications in almost all branches of physics.Historically,
this was one of the areas which has contributed immensely
to the development of quantum mechanics and many body
problems. Theoretical study of collisionai phenomena,even
today is an active field of research.As a result,new models
and techeniques are available to give better insight of
physics of collisionse. Since the advent of fast
supercomputers and new algorithms,the research leading to
numerical evaluation of cross-sections also has flourished,

yeilding more acurate data.

"Other areas which greatly depend upon some aspects of

collision physics are astrophysics, atmospheric physics,
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plasma research and applied physics which include gaseous

dielectrics,laser physics etc.

l.4.1 Applications to atmospheric physics and astrophysics

There are large number of applications of electron
‘collisions with atoms and molecules in both atmospheric and
astrophysics. It is almost impossible to enumeréte and
discuss all these applications.Only a few of these would be

taken up and discussed briefly.

In gaseous mnebulae, electrons are produced by the
interaction of stellar u.v, radiation with the major
constituents of the nebulae like hydrogen,helium and traces
of other elements. Typical values of electron density in

3 4 -3
gaseous mnebulae are 10 to 10 c¢m and average electron
. 4

temperature, Te is of the order of 10 K [Osterbrock,1974].
Electron-electron collisions, which are much faster than
electron-atom collisions are mainly responsible for setting
up of the Maxwellian distribution of electrons.However,free
electrons contribute to collisional excitation of low lying
metastable states of the ion.One such process leads to the
e . ++ 1 ;
formation of the metastable state 0 (D) through electron

s . . Y1 e s +- 1
collisions. Through inelastic collisions, the 0O ("D) gets

. ++ 3 4 . . .

de-excited to O ("P) state followed by radiative emission
of lines corresponding to wavelengths 4959 and 5007 8%

[Seaton, 1968]. These correspond to the green "mebulium"

lines first observed by Higgins in 1864,



In earth’s atmosphere, the production mechanism of
electrons is photoionisation of @gases by solar u.v.
radiation. To start with, these electrons possess & broad

e of energies.As electrons cool down through collisions,

rang
they cause excitation of neutral particles, and are
populated in metastable states. De-excitation of these

states is followed by the radiative emission.This results
in the illumination of sky,known as day~glow.Intensities of
day-glow for some line emissions have been computed by
Wallace and McElroy [1966], Green and Barth [1967] and
Dalgarno [1968]. Allen [1982] has given a detailed account
of emission lines 1important to astrophysics as well as

atmospheric physics.

In the earth’s ionosphere,the electron gas is heated by
elastic collisions with photoelectrons and superelastic
coilisions with metastable species. Because of high
efficiency of energy transfer in collisions of one electron
with another, a Maxwellian distribution for wvelocity 1is
rapidly established,characterized by a temperature Te which
will tend to be greater than neutral particle temperature
.

we The heated electron gas cools by a variety of collision

processes. One of the best ways for electron cooling is the
energy transfer of electrons in inelastic collisions with
heavy particles leading to electron-neutral scattering.The

total energy transfer rates in the upper atmosphere depend
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upon the number density of electrons,electron and neutral

temperatures and cooling rates for different mneutral
constituents of the atmosphere. ALl these <cooling rates
require electron scattering cross-sections and number

densities of the neutrals.

1.4.2 Applications to gaseous dielectrics and laser physics

The study of electron collisions with certain molecules
has applications 1in a special branch of physics known as
gaseous dielectrics., In this field, knowledge of electron
attachment (electron affinity) leading to the formation of
negative 1lons,slowing down of electrons through collisional
processes, and electron impact ionisation of molecular gases
is required to choose gases inside the devices like circuit

breakers,high voltage research equipments,transformers etc.

It can be seen that in a gas (ﬁumber density,N)
subjected to an applied electric field E,the free electrons
attain an equilibrium energy distribution f(&,E/N) which is
a function of the gas and E/N [Christophorou et al,1984].
For low wvalue of E/N, the number of electrons having
sufficient energy to ionise the gas is negligible and hence
the gas is an insulator. When applied electric field is
increased, f(¢, E/N) shifts to higher energy region
liberating electrons withy éufficieni energy to ionise the
gas, and the gas Dbecomes a conductor.This phenomenon is

known as electrical breakdown in gases.

»



The most efficient way tb prevent electrons from
initiating‘ breakdown is to remove them by attachment to the
gas molecules forming stable negative ions.Due to increase
in inertia, negative ions show slow response LO applied
electric fields. Thus electron attachment cross-sections at
various energies has to be known for the proper choice of
the gas inside these devices. Role of buffer gas is also
important in gaseous dielectrics.The buffer gas maximises
the efficiency of electron attachment of gas by scattering
them into an electron energy region in which the

electronegative gas attaches them efficiently.

Collision physics has found vast application in the
field of lasers. Since the discovery of lasing action 1is
gases (He-Ne), a large number of lasing atoms and molecules
have been identified so far. This has resulted in the
development of mneutral atomic lasers, ionic lasers and

molecular lasers.

In order to obtain stimulated radiation from a gaseous
medium, a mnecessary (but not sufficient) condition is that
population inversion takes place when the upper—laser-state
density (divided by its statistical weight) 1is greater than
the lower-~laser-state density (divided by its statistical
weight),., The laser radiation takes place when the stimulated

radiation 1is greater than the combined losses in the
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gaseous medium. These logses include diffusion of the
excited molecules to' the walls,collisional and radiative
decay of the excited species, absorption in gas and
transmission losses throﬁgh the mirrors and windows.The
common methods adopted to excite the gas medium in the
laser are gas discharge, electron beam and electron beam
assisted gas discharge. Thus scattering cross-section data
in selective excitation channels become very relevant in
laser physics. Several reviews are available in literature,
in which the role of collision physics in the operation of
various lasers has Dbeen discussed in detail [Phelps,1974,

1979; Bekefi, 1976;Cherrington,1979;Rhodes,1979;McDaniel and

Nighan, 1982 and Christophorou,1984].

1.5 Survey of theoretical methods for

cross—section calculations

There are quite a few theoretical methods available in
literature for the calculation of electron scattering
cross—-section for atoms at low electron energies.A few of

these methods would be discussed in this section briefly.

At this point, it is necessary to define low energy
Scattering explicitly.In electron scattering with atoms,the
complete energy domain may be divided into three regions,
viz., low, intermediate and high energy regions.Though there
is | no clear demarkation between these regions, the

classification 4is done in accordance with the physical



- 13-
considerations like . the open channels involved in the
process, electron residence time in the vicinity of target

atom etc.Another procedure of classifying collision process

Q

is Dbased on comparing the velocities of incident electrons
(free electrons) to the velocities of bound electrons in
the target atom.This will decide the extent of correlation
effects to be incorporated in the model potential.Normally
upto a couple of tens of eV energy of incident electroms,it
ié ‘considered as low energy scattering,a few tens to a few
hundreds intermediate and above it,it is considered as high
energy scattering. For low energy collisions,exchange and
correlation effects are important,and these inclusions make

the calculation of cross-section complicated.

Scattering cross-sections are generally computed from
the phase shift of the wave function of the incident
electron. In low energy scattering, partial wave analysis
glves a direct relation Dbetween the phase-shift and
cross—gection, For the sake of completeness, method of
partial waves would be described briefly, Other methods
discussed in this section for the calculation of
cCross—section are close-coupling approximation, R-matrix
theory, polarized orbital method and lastly wvariational
methods, A detailed account of various theoretical methods
for scattering problems are given by Callaway[1980].A brief
discription of wvarious theoretical techniques is given by
Sheorey [1976].These techniques would be discussed briefly,

and their wusefullness under different conditions would be



N

pointed out wherever possible.

1.5.1 Potential scattering - method of partial waves

'The wave front of the incoming projectile particles is
represented by plane waves and the scattered wave front by
gpherical waves modulated by probability amplitude,fk(e)

. : :\{“ )
R SEY )

e . jﬁ@)@i;;: .

7 -
In the case of potential scattering,angular momentum is a
conserved quantity. Therefore, if we analyse the incoming
plane waves in terms of spherical waves with quantized
angular momentum, the effect of scattering would be an
introduction of phase~shift in the radial part of the wave
function. Decomposition of plane waves in terms of spherical
partial waves 1is achieved by a unitary transformation in
Hilbert space. It could be seen that,the radial part of the
wave functions are spherical Bessel functions and angular
parts are Lagendre polynomials.For plane wave advancing in
z-direction,

gtkT cosb ;)_;gzlﬂ) ilFl(kr)Pl(cose) — - =05)
For r-yoo, the Bessel functions have the asymptotic form
sin(kr - ;%X),and after scattering,due to the introduction
of phase shift,

.Fl(kr):hJ sin(kr - lg + él)

Probability amplitude can be derived as

e A 94 . .
fk(e) = (2ik) E:(21+l) (e 1@,_1) Pl(cose)‘“"“o”g)
=0
and scattering cross—-section
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I

. 7)

I
Q=52
k™ g

Thus it 1is <clear that phase shifts completely determine

(21+1) sinzél

scattering cross-section.For low energy scattering,only few
partial waves are to be included,as the contribution from
higher order terms turns out to be insignificant.This
theory has successfully explained many early observations
in collision physics,such as cross—-section minima of noble
gases with higher mass number at low energieé,which is

popularly known as Ramsauer-Townsend effect.

1.5.2 Close—-coupling approximation

There 1is a «close connection between the electron plus
target atom/ion collision problem and the problem of
calculating bound state wave functions of neutral atoms or
positive idions. In this approximation, only a few atomic
eigenstates 1in the expansion for the total wave function of

(N+1) electrons are retained.

For a target atom with nuclear charge Z and number of

electrons N,the nonrelativistic Hamiltonian 1is
)

S — 2 27 & A
iz, = -3 vr o+ 2Ry vy - e = (108
i i)
ZoN refers to positive ions, Z = N for neutral and Z<N

denotes negative ions.

The Schrodinger equation for such a bound system is

ﬁ(Z,N)\;/i = Ei(Z,N)k]—’i(l,Z,...., N) - e o Uq)

which gives infinite number of bound states converging to
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nearest dlonisation 1imit, Emﬂz, N). For E>E, we have one
electron in the <continuum and a positive ion core with
(N-1) electrons., This dis identical to scattering of the

electron in the continuum with a (N-1) electron target atom.

The Hamiltonian for scattering with N electron target

atom could be written as

. Nl o 2z 2 | 0)
- — Rl . e x\ J
H(Z,N+1) = Z(Vi R ORE D B g
U g i ey 1]
and the Schrodinger equation is

H(Z,N+1)'\S/"(N+1) = E‘\I/"(l,Z....,N-Fl) S e e e - U"')
To solve for’iy‘,q%Fis expressed in terms of the core wave
function \¥ and free electron wave function Fi<rN+l) summe d
over all open channels and a few closed channels of the
target atom.,
avs = 7N S L
D) ALY, (1,2, N)F, (ryg, ) - ()
where ¢ﬁ‘ antisymmetrises total wave function in space and
spin co-ordinates.The total wave function is expressed as a
linear combination of core and free electron wave functions.

Applying variational principle

CPIH-E> = 0 I o (113)
a set of coupled integro-differential equations are
obtained for the radial wave function F(r) and its

coefficients. In their review article on numerical solution
of  such integro~differential equations, Burke and Seaton
[1971] have given the details of the radial equations and

of the numerical methods employed to solve them.

This approximation describes well the strong
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transitions between low 1lying states,well separated from

energy, from all other states and is one of the best method

for low energy scattering studies.However,efficiency with

which a particular problem is done depends on the number of

terms in the eigen function expansion and the proper choice

"of correlation function.

l1.5.3 R-matrix theory

The R-matrix theory was originally developed for
application in nuclear physics [Wigner, 1946; Wigner and
Eisenbud, 1947] and later on has found tremendous
application in atomic «collision theory.In this methbd,the
configuration space for the (N+1) electron-atom system is
divided into two Tregions: an inner region, 0<r<a, where
elegtron correlations are strong and difficult to treat and
an  outer region, a<r<w where the final state wave function
is usually analytically solvable.In the inner regions,the
wave functions are slowly varying functions of energy.These
two regions are investigated using different theoretical
d4pproaches and the wave functions are matched on the
surface of the sphere of radius a’ Electron exchange is
important din the inner region,whereas it could be neglected
in  the outer region.The boundary radius a is chosen to be
large enough such that all ionic <core functions are
effectively =zero for r>a. In outer regions,the collisions
are described by coupled differential equations (rather

than integro~differential equations), which often have
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analytical solution, or at least a solution achievable by

numerical techniques [LeDourneuf et al,19771].

The wave function as well as its derivatives are
matched at the boundary r = a,or in other words,i1f the wave

function is to satisfy the boundary condition,

a__du _ . Clei4)
u(r) dr

where u(r) 1is the radial wave function describing the

motion of electrons and b is an arbitrary constant which
may depend on the channel quantum number.The R-matrix is
~defined in terms of the logarithmic derivative of radial

wave function on the surface of the inner region.

R-matrix theory yielded good results for low mass
number atoms in low energy regions. Extension of this
technique 1is possible to non-spherical and multicentre
scatterers such as molecules [Shneider, 1977]. Recently,
R-matrix theory has been applied for positron scattering
studies in hydrogen and nitrogen molecules [Tennyson,l986].
Algorithms and computer codings for numerical caléulations
using this technique are published by Berrington et al
11974, 1978]. However,there are discrepancies in the results
obtained using this method in atoms with larger mass-number,
€specially towards higher energy (~I10eV).It is possibly due

to the complexities in the inner region,
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1.5.4 Method of polarized orbitals

A thebretical description of low energy electron-atom
collislon must make allowance for electron exchange and for
the distortion of the target atomic electron wave functions.
The polarized orbital method originally proposed by Temkin
and Lamkin [1961] idincorporates both these aspects.A brief
account of this method is given below, where specific
application of this method to electron~-hydrogen atom
collision is described. Recently, method of polarized
orbitals has been applied to many electron atomic systems

such as mneon [Dasgupta and Bhatia, 1984; McEachran and

Stauffer,1985].

The total wave function “@(xl,rz) for electron-hydrogen
scattering system may be written as

_t
Yy, xy)

is the exchange operator of electrons l1(atomic)

i

5 T
(1+Py ) [ () + %K (x),x,) Flx,) 1 - (1i5)

~

where P12

and 2(incident). The sign + shows singlet or triplet state
of wave functions and F(r), @0 and F are target atom and
incident electron wave functions and fX represents the
change in the hydrogen atom wave function when it is
perturbed by the presence of the incident electron fixed at
r, (r2>rl). The approximation here is that the velocity of
incident electron is much less than orbital velocity of the

target atomic electron. Therefore,the atomic electron gets

sufficient time to readjust itself in the presence of the
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field of incident electrbn,or the process 1is adiabatic.

could be reduced to first order equation as

_P,g((as 9,.) '

<T:./\ (:G ) i"—) = ~- &l \{‘ ’ \{"L ) a
wheie )=l R AY o (ib)
= O , i:j <1 J
o e, - firs

Using variational principle
¥ ciley w1 Ak =0
55,«{1 (H-8) P 7t d )
one obtains the integro~differential equation for the

scattered wave function

BT v an7)

(>

Here oo represent long range static polarization potential.
Also, there are additional non-local terms represented by
kernal K? (dynamic polarization) and exchange term

1

represented by K The approximation in which the dynamic

1°
. . P . . '
polarization part Kl is mneglected 1in known as exchange

adiabatic approximation.

The polarized orbital method has been extended to
include full perturbation due to the distortion of atomic
target. Thus quadrupole terms are also included in the long
Tange part of the potential.Allowance for non-adiabaticity
by inclusion of terms arising from first order correction
due to finite velocity of incident electron also has been
made. The results obtained by this method compare well with

the results from other methods, especlally in low energy



region.

1+5.5. Variational methods

An  important theoretical technique,which is regarded as
being the most accurate available for the calculation of
low energy elastic scattering,is the variational method.For
example, the S-wave phaseshifts calculated for

»eiectron—hydrogen scattering by Schwartz [1961] wusing a
variational method are <considered as the most accurate
available, even today. A brief account of the variational
method for elastic scattering by a potential u(r) which

satisfies the boundary conditions

J\t e F- - Q Z - .

Y70 ) } . »K\le)
and Le v uy)y = O

Y-y

(Z being the nuclear charge),is given below.

The radial Schrodinger equation for the problem is

f‘:— = O . N
; IR ) 2 fa»(\'l(()
whete - €D ) e

S Y >

The solutions Fl(kr) satisfies the boundary conditions

Ro) = O
| LI S o PR gw)@s(m-“—ﬂ)}' [~20
and LE F(k\() - k L Aen ( . ) - Aan Yf 2
VT
where tan 61(k) is the scattering phaseshift.
Consider a trial solution Ft, not mnecessarily the
solution of ¥ = O,but satisfying the boundary conditions
s
F(o) =0 t ( -
N S k= IEY N s (kY- L { T 'Q’l’)
and ?".; (k‘) S~ S\-ﬂ(‘?\\( 2 ) - A (s 2. )
t - Q0

For such a wave function it can be shown that

S [KESTaIFY + A ] = 0 o (i)



It may be poinfed out here that addition of arbitrary
wave functions to Ft,which vanishes at the boundaries r = 0
and @ does not alter the variational condition (1.22).Thus
the short-range effects such as electron exchange and/or
electron correlations may be allowed for by adding such

functions (i.e. which wvanish at Dboth boundaries) to the

trial function.

There are different procedures to obtain the scattering
phaseshift,AtaThe RKohn phaseshift [Kohn,1948] is given by

G\Y\ SQ‘\ w tof\ E\)g - <Ft\I\FL‘> N (i'ZB)

Further details about variational methods are discussed by

Demkov [1958] and Moiseiwitsch [1966].

The matrix variational method, which is essentially a
generalization of the Kohn variational method to
multichannel problems,has been used to accurately calculate
low energy electron scattering by complex atomic targets.
This work has been largely done by Nesbet and his
collaborators. The method has been reviewed by Nesbet [1980]

and Callaway [1978].

Accurate s—-wave and p-wave phaseshifts have been
calculated by Nesbet [1979] for low energy elastic
Scattering of electrons by helium.For higher partial waves,

the Born approximation was employed. The <calculated
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cross-sections for energy below 19 eV were estimated to be
within 1Z of the ekact results, and this serves as a
calibration standard for other theoretical techniques as
well as for experiments.A detailed comparison of these and
other theoretical methods with our observations will be

presented in chapter 5,

1.6 Survey of experimental methods

Experimental methods for the measurement of electron
scattering cross-section could be broadly divided into two
groups. These are transmission experiments and swarm
techniques. The approach of these two methods is entirely
different. In Ramsauer type of experiments,an electron beam,
after proper energy selection, is transmitted through the
scattering medium ana quantities like number of electrons
scattered into different solid angles, attenuation of
electron beam etc. are measured as a function of electron
Energy. Scattering cross~-sections are directly deduced from
such observations. On the other hand,in swarm technique,
effect of applied electric and magnetic field on the
Passage of electrons through a medium is studied, and
macroscopic transport properties are measured.

Cross-sections are derived from such measurements.,.

A third method is that of crossed-beams which is
Substantially different from the other two.In this method,

incident as well as target particles are prepared in the
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form of ©beams and are crossed mutually.Interaction region

is defined by the crossed volume.Particles scattered into

various angles with respect to either of the beam direction,
transmitted dintensity of incident beam etc. are measﬁred in
these experiments.One obvious advantage of this method over
the others is that this offers possibility to undertake
scattering experiments on target particles prepared in
selective states such as excited states,ionic state etc.
Also, spin aligned studies of either projectile or target
~particles, scattering by transient species etc. are possible

using this method.

Some of the transmission methods like Ramsauer method,
linearised Ramsauer method and time-of-flight technique
have been described briefly in this section.In some of the
sophisticated transmission type of experiments,the target
particles are prepared in the form of beam to cross it with
the interacting electron beam. Such methods have not been
described separately but while discussing various
transmission methods, mention has been made, wherever
possible, when the projectile and target particles are used
/1n the form of Dbeams. A brief description of the swarm

experiments has also been made in the section.

1.6.1 Ramsauer’s method

Ramsauer’s method 1is the pioneering effort to measure

electron scattering cross—section quantitatively.Originally
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developed to study the .energy distribution of electrons
from metals due to the interaction of u.v. radiation,this
method was later extended to measure electron scattering
cross—sections in gases. The schematic diagram of the

experiment used by Ramsauer and his co-workers [Ramsauer,

1921] is shown in figure 1.2.a.

Metal photoelectrons were ejected from zinc cathode C
by drradiating it with a mercury arec light source.The
ejected electrons were confined in a spiral orbit by
applying an external magnetic field,B,perpendicular to the
plane of the diagram. Region E, where slits 8, to sg are
arranged on the circumference of a circle discriminates
energy of the electrons admitted into the scattering region.
S is fhe scattering region.Electrons scattered inside the
cell S go to the wall,and S records scattered current IS,
while A records direct anode current Ia.The magnetic field
has two-fold advantages; firstly, it assists in
energy-selection, and secondly,it provides remarkable energy
resolution through momentum discrimination of elastically
and inelastically scattered electrons (except for
elastically forward scattered electrons).,

At pressures Py and Py in the apparatus,if IS and I
. s

1 2

and Ial and Iaz are the currents detected by S and A,then

P - - =P
L Sl = \—LSI 1 —LC(\ ) _
_ - - - P %
[‘31 = (~ _Lrj'}” + Lo ) g‘
of Ls Clor o+ Ly ) e-r-- (- P, ) X
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Fig. I-d a RAMSAUER’S METHOD
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where d; is a parameter directly related to cross-section

and x 1is the distance between slits S6 to S7 along the

electron trajectory.

Inspite of the limitations of the experiment, like
presence of scattering gas in energy selection and electron
production regions, this experiment provided good results.
Later on these limitations were taken care of by Ramsauer
and Kollath [1929] and Rusch [1925].Using this technique,
they were able to establish low energy cross—section minima
for heavy noble gases (Ar,Kr and Xe),postulated by Townsend
and Bailey wusing swarm measurements in argon [1921,1922a,

l922b) 1923]. This phenomenon is popularly known as

"Ramsauer-Townsend effect'".

The Ramsauer method was improvised and perfected by
several investigators in this field. Notables among them
were Brode [1925], Normand [1930],Bruche ét al [1927] and
later on by Golden and Bandel [1965] .Brode s apparatus
could be operated at elevated temperatures (AJ4000C) and
this rendered study of cross-section in some metal vapours
Possible.Other modifications were improved electron sources,
introduction of the concept of differential pumping and
More reliable techniques for absolute Pressure measurements.
Schematic diagram of the modified Ramsauer apparatus used
by Golden and Bandel [1965] is shown in figure 1.2.b.The
whole apparatus was machined from a single block of metal

and coated with colloidal graphite to minimize the problem
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bf contact potentials. Thermionic electrons with
pre—acceleration grids were wused, thereby rendering more
electron energies accessible. The electron production and
éﬁalysing regions were differentially pumped using two
 “geparate pumps; thus écattering of electrons in the
analysing region was minimized. Finally the ©pressure
 measurements inside the scattering cell were accomplished
by a Shultz-Phelps ionisation gauge calibrated ggainst a
standard gauge, These improvements made the observed data
more accurate and reliable.,Recently Dalba et al [1979] have
.used a similar kind of apparatus for the measurement of
scattering cross—section in helium, with a modified

scattering cell geometry, so as to minimize detection of

multi-scattered electrons from the cell,

1.6,2 Linearised Ramsauer method

In this «c¢lass of experiments,instead qf using magnetic
field for energy selection a pre-monochromatised electron
beam is passed through a linear scattering cell,where
electron scattering takes place.Major improvements acheived
in wusing this method are ilmproved electron optics,studies
of scattering at different angles and post-scattering
energy analysis of electron beam. Present~day linearised
devices have the capabilities of measuring temperature as
well as temperature and pressure gradients in the
Scattering cell. Data provided by these experiments are

Precise and free from systematic errors.Stein et al [1978]
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using a Dbeam transmission technique measured electron-atom
gcattering cross~sectiong for helium and neon at low
electfon energies.The same experimental set-up was used for
positron-atom scattering, by replacing the electron source
with a positron source and the requisite optics [Kaupilla
et al, 1977].A large number of other investigators have also
used linearised Ramsauer techniquej;a few amongs; them are
Nickel et al [1985] and Blaauw et al [1977, 198C] who
measured electron scattering cross-sections for helium,neon,

argon and xenon for electron energies greater than 4 eV and

for helium for electron energies greater than 15 eV

respectively.,

1.6.3 Time-of-flight methods

One of the recent advances in the electron scattering
studies is the advent of time-of flight scattering
spectroscopy. There 1is an ever increasing demand for the
high resolution electron beam scattering experiments to
test wvarious theories,especially in the low energy region.
Also, to study phenomena like resonances in scattering,high
/feeolution experiments are indispens@gble. Time~of-flight
Scattering experiments supercede earlier ones in energy

resolution,especially at low electron energies,

Another obvious advantage of time~of-flight
Spectroscopy is that, the electron energies are sharply

defined. In electron monochromators, electron energies for
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 scattering studies are obtained by tuning electric or
magnetic fields, thusv invoking Eigh degree of uncertainity
in energy. In other words,the energy of electrons supplied
by the monochromator is dictated by passive vaiables like

voltages on deflecting plates or current in magnetic coil.
On the other hand, in the time-of-flight technique,the
électron energy is derived by accurately measuring the time
taken by the electron to travel across the flight length,L.

Thus energy 1is derived directly from parameters which are

fundamental by mature.

In a time-of-flight spectrometer,the electrons before
entering the scattering cell are chopped by a chopper wheel
at a repetition frequency,fgate = é,where T is the period
(first time-mark). In some spectrometers, bunches of
electrons are produced from metal surfaces by irradiating
it with ©pulsed u.v. source.These electrons proceed towards
the detector and arrive at different times depending upon
their energy. Another synchronous gate (second time-mark)
enables the detector for detecting electrons for a
specified time interval. To avoid frame overlap,one has to
ensure that the beam gate period T, is larger than the
longest particle f£light time tmaX.This process 1s cyclic
and hence this method is a pulsed experiment.This makes the
signal level very low,and this 1s one of the drawbacks of
this type of experiment. Scattering studies are done by

introducing gas into the scattering cell. Scattering

cross—-gections are <calculated by monitoring reduction in
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’intensity of the electron beam.

Detailed vreview for this technique is provided by Raith

[1976]. Using this method, Ferch et al [1980] and Jomnes

[1985] have measured scattering cross-section for molecular
hydrogen. Ferch et al [1985b] have used this technique to
investigate Ramsauer minimum din methane. Land and Raith
[1974] have measured resonances in oxygen -molecule
scattering cross—-section, while Charlton et al [1980],
Kennerly and Bonham [1978] and TFerch et al [1985a] have
measured scattering cross-sections for argon and helium,for

~helium and for argon respectively.

l1.6.4 Swarm experiments

In swarm experiments, the scattering cross-section is
worked out from the macroscopic observables, viz. the
transport coefficients of a gas.These kinds of experiments
are particularly wuseful in measuring mean energy loss
suffered by slow electrons with gas atoms or molecules.This
type of cross-section 1is termed as momentum transfer

cross—section.

In swarm experiments, transport parameters of an
electron. beam under the influence of electric and magnetic
fields are measured.Electron densities are controlled to be
sufficientely low so that space-charge effects can be

Neglected.The observables are:
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1. The electron drift velocity, W” along a uniform

electric field,E,

2., The ratio of Qi,where Dy 1s the diffusion coefficient

3

perpendicular to the electric field and F is the

mobility.
3. The ratio of %%~ where Wy is the electron drift

velocity at right angles to crossed uniform electric

and magnetic fields.

The cross~sections are related to transport coefficients
through collision terms in the Boltzmann equation.In his
review article, Allis [1956] has summarized the application
of first order ©perturbation theory to the solution of
binary Boltzmann collision integral, in the presence of a

weak electric field,

The schematiec diagram of a drift tube 1is shown in

figure 1.3.a [Crompton et al, 19657. Wy 1s measured from
direct time-of~flight measurements. %ﬁ 1s obtained using

Townsend~Huxley method which consists of measuring the
ratio of total current traversing a region of uniform
magnetic field to a fraction of current which has drifted

¢ff due to collision. %ﬂ is measured Dby observing the

i
assymetry in current collected by the splitted anode A
(figure 1.3.b) caused by E X B drift.These observables are

related to momentum transfer cross—section OET and the



Fig. '3 a SCHEMAT|C DIAGRAM OF A DRIFT TUBE
SWARM EXPERIMENT
( CROMPTON et al [967)
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Table 2.3 Characteristics of Mullard CEM-B419BL

Channeltron

1. Maximum operating voltage

2. Normal resistance

3. Gain ( @ 2.5 kV )

4, Noise ( @ 2.5 kV )

5. Pulse height distrigution
distribution ( @ 10~ gain and
1000 pepes ) ‘

6. Maximum effective cone diametrear

3.5 kV

5 X 109 ohm

1.1 X 10

2.0 p.p.s

9 mm

Note : The observed noise was about I

10 sec.

count per



a comparator.

The output end circulit alongwith a ripple filter
circuit for the +3 KV power supply were housed near the
channeltron in the vacuum system. The negative pulses
developed at the rear end of the channeltron were
capacitively coupled to a high input impedence charged
sensitive preamplifier,whose fall time was fixed around 1 k
sec. The preamplifier output was further amplified through a
capacitively coupled amplifier, whose gain was adjusted in
such a way that the variable threshold discriminator cut

off noise and gave clean TTL compatible pulses,

2.6 Vacuum chamber

The vacuum chamber which houses the complete experiment
to measure the electron scattering cross-section is shown
in  figure 2.6.It consists of three stainless steel chambers

of almost the same size.,.

The photoelectron spectrometer was housed in the middle
chamber, which was 45.7 cm long and 35.6 cm in diameter (18
and 14 inches,nominal).The inner and the outer cylinders of
the CMA were mounted on a 3/4 inch thick stainless steel
flange which separated the first from the middle chamber. In
other words,this flange separated the beam splitting region

and analysing region.
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The first chamber which was in between the light source

and photoelectron spectrometer was 40.6 cm long and 35.6 cm
in diameter (16 and 14 inche;, nominal) and housed beam
splitter assembly. This chamber was evacuated by a diffstak
pump [Edwards MK2 160/700P] With. a pumping speed of 700
lit./sec. and backed by a two stage rotary pump [Edwards
EDM 20A]. The diffstak pump was connected to a 15.2 cm (6
inch) diameter side arm on the chamber.A 25.4 cm (10 inch)
diameter port _was provided diametrically opposite.to the
diffstak pump to have easy access to the inner parts of the
system. Two ceramic feed-throughs were also provided in this
chamber for electrical connections to the inner electrode
of the spectrometer. Other ports available on this chamber
were one for photomultiplier housing (beam splitter) and
two each for gas introduction and absolute pressure
measurement in the system. The accelerating region was
connected to the beam splitter region with practically no
impedance in between and therefore this line acted as the
first stage of the differential pumping fof the analysing

region.,

The third chamber was 40.6 cm (16 inch) long and 33 cm
(13 inch) in diameter.This housed the detector system,and
was connected to the middle chamber through a rotatable
flange. A 25.4 cm (10 inch) diameter side port was provided
on which a diffstak pump [Edwards MK2 250/2000P] was
mounted,backed by a two stage rotéry pump [Edwards E 2M 40].

This diffstak pump pumps the analysing as well as the
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detectiﬁg region and acted as the second stage of the

differential pumping.

2.6.1 Design of vacuum system

Various parts in the vacuum system were designed,so as
to obtain various dynamic differential opressures in
different parts of the system. This was achieved by
computing conductances of the differential pumping lines
alongwith the pumping speeds and matching these with the

throughputs.

Using different formulae for conductances [Dushmann,
1962; Gutherie, 1963] of various pumping lines of different
geometry and conductances of slits and apertures the
pumping speed for the two diffstak pumps to be used with
the system were calculated.This was done when the ultimate
vacuum of lOm6 Torr was required with no source and target
gas in the ionising region and § X 10_5 Torr when
source/target gas was present in the ionising region with
50}1 of pressure (ly~= 10~3 Torr).For a known pressure of
gas in the ionising region, the pressures in the
~accelerating and analysing regions were computed by
comparing throughputs of gas.In the viscous flow region,the
formula itself contained the average pressure of the
conducting line. In such cases,the pressure was calculated
iteratively, until calculated values of pressure were

self-consistent.



The vacuum system has been designed in such a way as to
have a pressure difference 15 to 20 times less in the
accelerating region and 200 to 250 times less in the
analysing region as compared to pressures in the ionising
region which could wvary from 1 to 50 microns.A comparison
of pressures in the ionising and accelerating regions for
helium pressures ranging from 1 to 50 micron in the
ionising region is shown in figure 2.7.It has to be pointed
out that,both these pressures were measured absolutely.Also,
it has to be mnoted that the pressure in the accelerating
region was measured at a point immediately above the slit.,
Therefore, it may show slightly higher pressure than the

average pressure in the accelerating region.

2.7 Pressure Measurement

A wvariety of vacuum gauges were used in the present
experiment. These were thermocouple gauge, penning gauge,
ionisation gauge and MKS Baratron capacitance manometer.
Each of these had different functions and served different

purposes.

All other @gauges,except MKS Baratron,were not absolute
gauges and these were used to estimate the order of vacuum
at different parts of the experimental chamber. The

measurement of pressure by these gauges depends on one or
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other ﬁréperty of the gés used,and hence are non-standard.
Thus, the measured vacuum,using pheée gauges tended to vary
from gas to gas under identical physical conditions.
Therefore for measuring absolute pressure,these gauges have
to be calibrated for each sample gas used in the experiment,

which is very tedious.

The pressures in the ionisation/scattering region had
to be measured absolutely and accurately.This was solely
because the number density of target particles in this
region was required to compute electron scattering
cross-sections. This was derived from the pressure measured
absolutely. A calibrated MKS capacitance manometer was used
for this purpose (MKS 1Instrument, BH 1). This was a
differential gauge and therefore the reference side of the
gauge had to be evacuated by an o0il diffusion PUMP
Sensitivity of this gauge was 10—6 Torr, provided the

reference side was evacuated to 10-’7

or 10~8 Torr.Since in
the present work pressures strating from lO“4 to lO"2 Torr

had to be measured, the reference side was maintained at

around 10“6 Torr.

The same pgauge head was used to determine the absolute
pressures in the dionising as well as accelerating region,
The connection diagram of the MKS Baratron is shown
schematically in figure 2.8, A, B, and C were greaseless
shut-off wvalves made of glass (Rontes,N.J.).To start with

valves A and B were closed and balancing valve C was open.
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Both sides of the Baratron were brought to a vacuum of 10
Torr, and adjustments were done in the meter so as to obtain
null reading in the read-out wunit in the most sensitive
range of the meter. The meter is set to be balanced now.
Balancing wvalve C was closed,and absolute pressure either

in  ionising or scattering region was measured by opening

valve A or B.

For better performance and stability of the sensor,the
head was maintained at an elevated temperature of 318 K,

This facility was provided in the unit by the manufacturers.

2.8 Data acquisition system

The data collection was automated by using a
microcomputer controlled multichannel analyser (256
channels) thch was made in our laboratory.Functions of
this MCA were to select data collectioﬁ mode through
external commands, acquire data, display data on a CRO,
generate a stair-case voltage and print out the data on a
teleprinter. The block diagram of the data acquisition

System is shown in figure 2.9,

The MCA consisted mainly of two units: i) a
microcomputer and ii) an interface unit.The microcomputer
Was programmed to function as an MCA,with 256 channels for

: o 16 .
data storage and 2 counts storage capacity per channel.It

used a teleprinter to read in commands and print out data.
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The interface consisted of .a pulse counter,a timer and
three digital to analog converters (D/A). The computer
controls the timer to generate a pulse of predetermined
width. This gate pulse enables the counter to count the
incoming serial pulse data from the experiment.At the end
of this gate pulse, the number of counts were stored in
respective channel memory of the microcomputer,The channel
number was advanced and a fresh trigger pulse was sent to
the timer. The channel number was fed to a precision D/A
converter which produced a d.c. voltage proportional to the
channel number fed in and this output served as the
staircase voltage for the experiment.A fast scan of each
channel data alongwith its corresponding channel number was
continuously fed to two other D/A converters which produced
X and y sweep voltages for an external CRO,thus producing a

steady display of spectrum.,

A level-shifter amplifier was used to shift the level,
VO, of the staircase and to amplify/attenuate the voltage
stepsize LAVBVO could be set any where between +30 and -30 V
and [V could be chosen in any stepsize ranging from 2 to
200 mV. Apart from these two functions,the level shifter
amplifier inverted the staircase,thus producing a negative

staircase, which generates the photoelectron spectrum in the

increasing order of energy along the x-axis.
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To start the data coliection, initial voltage VO and
voltage stepsize, V were fixed manually through the level
shifter amplifier., The teleprinter commands were given to
the microcomputer to select the data collection time per
channel (gate), number of scans required and mode of
collection of data.Gate could be set from any of 0.,1,1,10,
20, 100, 200 and 300 seconds.Number of scans could be chosen
from any number greater than O and less than IOO?and in
mode of operation, channelwise addition or subtraction of
data was possible in successive scans.Once data collection
started, the staus of spectrum was displayed simultaneously
on the CRO. Acquisition stops as soon as all the commands
were fulfilled. It was possible to abort or suspend data
collection during acquisition, preserving the current
contents of the memory. Some of the other commands to the
microcomputer were to erase the memory (refresh),enhance or

truncate the display,print or punch out the data etc.

At  the end of each run,the data was either printed out

or punched on a paper tape.

2.9 Operation of the photoelectron spectrometer

The ©photoelectron spectrometer was operated in two
different modes. These two different modes were achieved by
applying the staircase voltage won different parts of the
electron spectrometer. These modes were called “grounded

mode’ and “accelerated mode’ .



As the mname suggests, in the grounded mode,the inner
electrode was grounded and the scanning voltage was applied
on the outer cylinder of the CMA.The initial value of the
negative stalrcase, V@, was chosen in such a way that,even
the electrons with least energy in the spectrum were
focussed away from the exit slit of the inner cylinder.
Voltage stepsize AV was appropriately chosen. Witb the
increase in scanning voltage (in negative direction),the
photoelectron spectrum built wup 1in increasing order of
electron energy. The collection efficiency of the
spectrometer operated in grounded mode was found to be low

for electron energies 1less than 2 eV,but above 2 eV,it

remained almost constant,

In accelerated mode, the staircase voltage was applied
on the inner electrode and a constant negative bias voltage,
V’, was applied on the outer cylinder of ~ the CMA.This
voltage, V', was so chosen that even the electrons with
maximum energy in the spectrum were focussed before the
exit siit on the inner cylinder of the CMA.This bias
voltage was derived from a nickel-cadmium battery alongwith
%multiturn, precision potentiometer.If the staircase voltage
is positive, then 1t will retard,and if it is negative,it
will accelerate the electrons in the accelerating region.
~Thus in this mode of operation of the spectrometer,the

spectrum built wup in the decreasing order of electron
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energy, i. e. higher energy component of spectrum appeared
fi%st followed by the lower energy component.The collection
efficiency of the spectrometer, operated in this mode,
increases phenomenally below 1. 5 ‘eV and above 1.5 eV,it
assumes almost a constant value.Advantages of accelerated
mode over grounded mode were large collection efficiency at
low electron energies and maintaining the same energy

resolution throughout the photoelectron spectrum.

A third method tried out was a combination of the two
methods discussed above.In this method,the scanning voltage
was applied omn the outer cylinder and a constant boost
voltage, derived from nickel-cadmium battery,was applied on
the inner electrode.This shifted the whole spectrum through
a definite energy value.This method was used especially in
the region of 1 to 2 eV.This was the region,where it became
difficult to choose the grounded mode or accelerated mode

because of collection efficiency considerations.

However, it must be pointed out here that,the results of
the present experiment did not depend on either the mode of
operation or the collection efficiency of the spectrometer.
The spectrometer was used 1in any of these three modes
frequently, so as to get large photoelectron signal in

respective electron energy regions,
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2

»9.1 Performance of the spectrometer

Figure 2.10 shows the photoelectron spectrum of argon
and nitrogen using 58.4 mm Hel radiation for
photoionisation. In the photoelectron spectrum of N2,
vibrational levels corresponding to AZWQ_ state of the
molecular ion Thave only been shown.The spectrometer was
operated in grounded mode for both these spectra., The

resolving power achieved,on average,was better than 100,

2.10 Scattering by target atoms

Before the photoelectrons produced in the ionising
region by the dinteraction of VUV photons with source gas
emerged out into the accelerating and analysing regions,
they were allowed to travel in the target gas medium.The
target gas for scattering studies could be the same as the
source gas used for the production of photoelectrons itself,
or any different gas.In both these cases,scattering takes
place, resulting in change of the amplitudes of the peaks in
the photoelectron spectra at different gas pressures.But,

since the production rate of electrons is also involved

when source and targelt gas are the same,the pressure versus

intensity curve of the photoelectron peak differs
drastically from that when source gas is different from

target gas.
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2.10.1 When source and target gases are different

In this case,the partial pressure of the source gas was
kept congtant throughout the experiment.When target gas wag
introduced into the ionising region itself,it did mot vary
the - electron production rate.Any decrease in amplitude of
the photoelectron peak was due to the scattering of
electrons by the target gas present 1in the scattering
region. Scattering due to source gas itself was small,and
moreover, it did not ©propagate into the derivation of
scattering cross-section for the target gas.The curve for
intensity of a particular photoelectron peak versus target
gas pressure will be an exponential curve, and the
characteristic slope of such a curve would depend on the
scattering cross-section of target gas species at that
particular electron energy. The variation of amplitudes of
photoelectron peak of argon (2P3/2 state of ion and 736 &
Ne I radiation) with increase of helium gas pressure in the

scattering region is shown in figure 2.11

2.10,2 When source and target gas are same

In this case,the pressure of the source gas itself was
varied to study the scattering cross—-section in the source
gas. Photoelectron production is related to the pressure of
source gas present in the ionising region.Therefore,at low

gas pressures,amplitude of the photoelectron peak increases
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Fig.2:12  VARIATION OF Ar ZF’B/E PEAK WITH ARGON GAS

PRESSURE IN THE SCATTERING REGION
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'ylinearlyi.with source gaé pressure. At higher&pressures,
because of scattering of electrons by source gas itself,
there was a departure from linearity in the intensity
versus pfessure curve .At very high pressures,the curve even
dropped down . It 1is possible to calculate sgscattering
cross—sections from such departure from linearity of the

curve., Figure 2.12 shows the wvarlation of 2P3/2 peak of

argon due to 584 R He I, with the increase of argon gas

pressure in the scattering region.



CHAPTER THREE

METHOD FOR CALCULATION OF SCATTERING CROSS—~SECTIONS

As described in the previous chapter, the electron
scattering cross-sections for noble gases meaéured using a
photoelectron source have been calculated from the observed
attenuation of peaks in the photoelectron spectra,occurring
due to the introduction of target gas in the ionising
region. Two different analysis procedures have been used

depending upon the nature of the source and target atoms,

The present method 1is very much different from the
method adopted by RKumar and Krishnakumar [1981b] for the

measurement of electron scattering cross-section of
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molecular hydrogen. This method would be described here
briefly to bring out the basic differences in the

procedures adopted in the two cases.

In their experiment, seven discréte electron energies
from 0.02 to 1,14 eV were available at which
electron~hydrogen cross~section were measured.The electrons
were produced by the photoionisation of hydrogen molecule
by Nel (736 X) photons and the electron enefgies
corresponded to the difference of photon energy and the
ionisation potentials of vibrational 1levels of V' = 0 to
V' = 6 of the ground state of the hydrogen ion.In this case
the source and target gas were the same.Photoelectron
spectra were recorded at various pressures of hydrogen,but,
unfortunately, the pressures were not measured absolutely in
the ionising region.The pressure versus intensity curve for
the photoelectron peak corresponding to V' = 3 level of
ground state of the hydrogen molecular ion is reproduced
here in figure 3.1.It can be seen that on the iow pressure
side, the photoelectron intensity bears almost a linear
relationship with the pressure of the target gas in the
ionising region. However, at higher pressures, because of
"scattering in the same region,there is departuré from the
linearity, and at still higher pressures,the amplitude of
photoelectron peak gets reduced. This 1is represented by
curve III in figure 3.1. Curve I is extrapolation of the
linear part at low pressures and it represents the number

of electrons available for scattering,IeO.However,curve 1
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has to be modifiéd by a.small amount,taking into account
the variation of photon intensity due to its absorption by
target gas., Curve II in figuré 3.1 is obtained by applying
the said correction on curve I, Ieo and I8 which are the
initial and final intensities of the photoelectron peak are
extracted from curve II and curve ILIL respectively as shown
in the figure. These values of Ieo and Ie were used in the
Beer-Lambert law and relative cross-sections were computed.
The cross-sections were then made absolute by nofmalizing
at a single electron energy,where absolute cross-sections

were available from other experiments.

This method had a few limitations.Firstly,the electron
scattering cross-sections for only a few gases could be
measured, whose cross—sections are sufficiently large so as
to show appreciable departure from linearity in the
curve III, mentioned earlier. Secondly, any change in light
intensity during the experiment directly reflected in the
measured values of cross+section. In view of this, an
analytical method was developed to calculate the scattering
cross—sections in the present experiment. This method
incorporates correction for the peak amplitude due to the
possible variation in light intensity during the experiment.
Two different methods have been adopted;one when the source
and target gases are different and the other when they are

the same. Both olf these methods are described in the

following sections.
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3.1 When source and targét are different

In this method the gas usea to produce photoelectrons
for scattering studies was different from the target gas
under investigation.The partial preésure of the source gas,
P/ was maintained at a low and constant value throughout
one set of data collection., Thus the number of electrons
available for scattering was maintained constant throughout
one set of observation.Target gas was introduced into the
ionising region and the partial pressures of the target gas
were measured absolutely as Pl’ Pz..... by measuring the

total pressure. Reduction in intensity of the photoelectron

peak were also subsequently measured,

7
The reduction in the amplitude of the photoelectron

spectra due to the presence of target gas species in the
ionising region is related to the initial intensity,Ieo,by
Beer-Lambert law. The decrease in intensity of the electron
beam, dIeO, due to 1ts passage through an.infinitesimal
distance, dx,is proportional to the intensity of the beam at
the position x,I(x),number density of scattering medium,n,

and the total scattering cross—section of the scattering

medium,Q.

-dI = I(x)nQdx
or Log(Il) = -nQx -+ C
Applying Dboundary conditions le=0 = Ieo and le=x = Ie,the

above equation can be written as

I, = Lo, exp(-nQx) s ---o (3.1)
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This law 1is wvalid only for isotropic and homogenous
scattering medium.Another conditiop to be satisfied for the
validity of this law 1is that, electrons in the beam are
scattered only once during their passage through the

scattering medium.

The following set of parameters are used in the course

of derivation for scattering cross—section:

Pl - Partial pressure of source gas inside the
ionising region.
Pl’P2'°' - Partial pressures of target gas inside the
ionising region.
Py - Partial pressure of source gas outside the
, ionising region.
PysPoeer - Partial pressures of target gas outside the
ionising region.
QS - Total scattering cross-section for
the source gas.
Qt - Total scattering cross—section for
the target gas.
ag - Ionisation cross—~section for source gas.
67 - Ionisation cross—section for target gas.
ks - Photoabsorption coefficient of source gas.,
kt - Photoabsorption coefficient of target gas.

The number density of gas inside the ionising region is
expressed in terms of TLoschmidt’s number n_ and measured
0

pressure expressed in Torr,

]D

n = o




where n_ - 2.688 X 10 %¢m™.

For two pressures of the target gas P1 and P2,the

observed Intensities Iel and Ie2 are gilven by

[-1e  (p'@y P a !

Ten = Leo <« ""‘r - =
o =N —;,] ) . N
Leo 0 Levw exﬁﬂ[, = (Pd, o+ Fﬂﬁlt{]

where x = 2,37 cm,the physical path length (see figure 3.2).

Tes Leos 76

The wvariation in Ieo could be due to variation of light
intensity (or source gas pressure) or due to the absorption

of VUV photon in other parts of the system,

In figure 3.2, photoelectrons produced in the shaded
area along the photon path (extended length = AQ) are only
admitted to analysing region, and finally registered as
signals. Number of electrons produced in this region is
related to number density of source gas,n,average photon
intensity of VUV photon in this region,(IA>,ionisation
cross—section of source gas,sg and the extent of length, 1.
It is assumed that the photon intensity does not vary over
the distance A1, which is essential for writing down the
expression

Teg = 'n‘<1>> 6, AL

which gives

T LT
Yeor ~ t N N
oo B e ~HL33)
AV Lta ), .
The photon absorption is also governed by Beer—Lambert law
I, = Ly exp C-ne L]

where G; is the photo absorption cross-section,I is the

Ao
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incident intensity of the ‘photon -beam measured at the
beam~splitter and 1 is the "effective pathlength" from this

point to the ionising region represented by shaded area in

the figure.

Since ka =0 X ﬁg,we can write N
<1»>’ = Lo @KV L wﬁz (Pﬁ *—FQ ) _%%%QEQLTKLLJ
£ '5_;\>l = Luea “=P Cu%v U)'Q’“* FIQ') —% SEA FL/Q‘)'J
ot ALy Den o TRe G0 G- b, Crpepf G
——<' = 3 | 76% ‘ :
th>‘& AC 2,

where ll and 12 are lengths shown in fig.3.2.

In  section 2.6.1,the variation of pressure outside the
ionising region with respect to wvariation of pressure
inside has been investigated, and it has been established
that the relation is linear in a wide range of pressures.It

has also ©been established that p = aP,value of “a’ being

0.124 in the pressure region from 10—3 to 5 x 10-2 Torr.,

Using this in the equation (3.4),
Iy o D exp [~ e (R abie L, )J (3-5)
.L >‘>‘L B 1 NO2 6

Using equation (3.5) in (3.3) we get

Pl...[:‘_‘_w LQE\'J'“ 'QL\)] co (5 ’ L’)

Teol L Dher oy [ ke
Tece I)\QQ_ 7 60
Substituting (3.6) in (3.2) we get
Ler Lyon e X p L“(Jj P )éﬂ Q, X4~R6“\|%ﬂj )
Leo Loroz 760 -
or - - L - ARy i
{y | fe2 e ‘ I L M@ X+ R (O\Q‘TLU --G5)
= ler Ty - VAT
It must be pointed out here that,though absolute values
of I cannot be determined by the beam-splitter,the ratio

O
i>05/1%cz could be determined from the beam~splitter



readings.

The correction term kt (all -+ 12) could be neglected in
cases where the energy of the photon beam is such that it
cannot dlonise the target gas (for example ,Nel 736 R line in
helium). In other cases the absorption coefficients are
taken from literature and necessary corrections were
applied. The ~values wused for absorption coefficients in
various cases are presented in table 3.1.References are

also given there,

The logarithms on L.H.S of equation (3.8) plotted
against (Pl—PZ) are straight lines as suggested by equation
(3.8). The slopes of these lines represent the scattering

cross—sections at different energies.

3.2 When the source and target gas are same

In  this method,source and target gas are the same as in
the case of measurement of electron cross-~sections for
argon when source gas for producing photoelectrons 1is argon
itself. The set of parameters used in the course of
derivation for scattering cross~section i1s same as used in
section 3.1, except that no primes (’).and sub/superscripts

are used to differentiate target from source,

In  this method the observed intensity of the peak in

photoelectron spectrum is decided by two competing



Table 3.1 Values of absorption coefficients for
. noble gases in VUV region

Target vVuv Absorption Reference
gas photon coefficient
-1
(2) (em™ )
Heldium 584 o
736 -
744 -
Neon 584 - 141.2 Ditchburn [1960]
736 -
744 -
Argon 584 983.0 Cairns and Samson [1965]
736 940.0 Rustgi [1964]
744 940.0 "o "
Krypton 584 900.0 Metzger and Cook [1965]
736 1050.0 " " " "
744 1050.0 " " " "
Xenon 584 650.0 " " " "
736 1175.0 " " " n
) 744 1175.0 n " " 1
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processes, Vize electron pfoduction rate and electron
scattering. Production rate 1is linearly proportional to
number density of gas atoms (or pressure), wh?re as

scattering 1is related to inverse of exponential of pressure.

Actual detected intensity is product of these two.

,_ . -dF
l. &X VvV @
‘where JW is a parameter involving the scattering

cross~section.

For such a function,there exists a critical pressure,PC

where %%? =0,and this corresponds to the turning point of
ar lee
I versus P curve.One of such curve (HeIb584 R in argon) is

shown in figure 3.3.It could be noted that,PC is depending

upon the scattering cross-section.

To get an analytic expression for scattering
cross—section, we exactly follow the analysis on the same
lines as given in the previous section.For two pressures P1

and P, in the ionising region

2 _ - ’
det - Lee  ex P L~ (‘E"‘g> e & XJ
Teo Leo . 760

which is same as equation (3.2) in previous section.In this

case, Ieol and Ie02 are very much different in values,

because electron production rates are altered because of
variation of source gas pressure in the ionising region.The

terms Ieol and IeoZ become pressure dependent such that

Lect P LIy,

Tb\'; - P,:V /\ \-—/\7 e
To get the‘ratioQQQ kg we proceed on the same lines as done
‘ \&)\>'L_

earlier.

IQC‘ Pl \ 2G (?‘/\\D {:—R (.?i—P)ﬂ) ((”\Q‘f '/{)L)] - (3"05)

1 @p 2 sDL i NE L
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Fig.3:3 SCATTERING OF PHOTOELECTRONS
IN ARGON (Ey= 5.283 oV )
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Substituting this in equation (3.9) and finally in (3.2) we

get ” o |
:_e\ = E‘— LZ{E_' exp I ”(E’,:f’:\ %“CQT 4+ R L&Q\"‘ﬁz)j:l )
Lea Po Toaew - 6o
r B ’ - o
) {4 ( fez PoThen Y P - LY\cQI, + R (al ’Q'z,)J = (Bt
T oley Fa R 6o

Here also graphs Dbetween the logarithms on L.H.S of
equation (3.11) versus (P1~P2) are straight lines,the slope
of the curve being related to the scattering cross—seétion.
But, it must be mnoted here that the arguments of the
logarithm contain pressure of the source/target gas as a

variable.

All parameters Iel’ IeZ""’ Pl’ P2.... the ratios

7’ ’

and a were accurately measured din the

/1

I)Ol AOZ'.-”

experiment. Various 1lengths x,l1 and l2 are known from the
geometry of the system. Relevant photoabsorption
coefficients are taken from literature.The formulae (3.8)

or (3.11) were used to find out the cross-sections

depending on the two cases.




CHAPTER FOUR

ERROR ANALYSIS

The errors in the present experiment for the
measurement of electron scattering cross—section can be
conveniently classified as multiplicative, additive and
shape errors.A close inspection of Beer-~Lambert law

Ie = Ieo exp [-nQx]
which is the law governing the total scattering,reveals
that errors arising from uncertainty in pressure,
temperature or scattering path length fall under
multiplicative ervors, whereas errors because of counting
statistics, drift in source gas pressure and variation in

light intensity during the experiment come under additive
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erros. The shape errors are mainly caused by forward
scattering and multiple scattering of electrons in the
scattering cell.Other sources of errors like gas impurities,
scattering of electrons by ionic species and uncertainty of
electron energy also contribute to shape errors,though in a
small way.Coherent sum of all these errors would act as the
upper limit for all errors in the experiment.The incoherent
sum is obtained by adding squares of all errors and taking
square Troot of the sum., This would represent the most
probable error in the experiment.In the following sections,
a complete description of all these errors would be given,
so as to find out the upper limit estimate to the actual

error and the most probable error in the present experiment,

4.1 Pressure measurement

The total error in the pressure measurement could be
attributed to errors due to instrumental calibration,
reference pressure and drift in null reading of the

pressure meter.

4,1.1 Imstrument calibration

The gas pressure was measured absolutely by means of an
MKS Baratron capacitance manometer (310 BH~1).This had a
sensor head <capable of measuring to a maximum of 1 Torr
absolutely, provided the reference side of the head was

evacuated to a high degree of vacuum.In the experiment,the
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usual faﬁge of pressures.to be measured absolutely was from
107 to 2.5 X 10w2 Torr. The system error given by the
manufacturer was + 0.15%2 and 0.09% at these two extreme
ends. As an upper limit to the actual error,+ 0.15% was
chosen as the error due to the instrument calibration in
all pressure ranges (i.e. about IOm3 Torr) and this value

was used to calculate the most probable error.

As it was not possible to measure gradients aloﬁg the
scattering path due to other considerations (like problems
of contact potentials inside the scattering reglon),it was
minimised in the following way.The conductance of the gas
feeding 1line to the ionising region was chosen to have a
largeﬁr value than that of the slit around the ionising
region. This apparently helped to reduce the pressure
gradients from the gas dinlet ©port to .the exit slit.This
particular <consideration alongwith vigorous differential
pumping above the slits of the ionising region,brought the
pressure dinside to an equilibrium value with negligible
gradients. It may be pointed out here that the source and
target gases were pre-mixed (immediately after the fine
control valves) to avoid any anisotropic composition of gas
mixture inside the ionising region,when source gas used was

different from target gas.

By wvirtue of balancing valve (see figure 2.8),it was
possible to obtain null reading din the MKS Baratron

capacitance manometer before starting the experiment.After
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the expériment also, the sensor head was balanced to make
sure that mnull reading did not drift much.Therefore,error

due to the drift in mnull reading of the Baratrom

capacitance manometer could be ignored.

4.1.2 Reference pressure

The reference side of the MKS Baratron was continuously
evacuated wusing an oil diffusion pump (pumping speéd 170
lit.Secml) with a liquid nitrogen trap.The vacuum obtained
in the reference side was always better than 10_'5 Tort
(usually ranging from 5 to 7 X 10'.6 Torr). Since the
pressure measured wusing this gauge was always greater than
10_3 Torr,which was at least two orders of magnitude larger,
the errors introduced ©because of reference side pressure

were negligible,

4.2 Thermal transpiration

The temperature of the <capacitance manometer sensor
head was maintained at 318 K,while the temperature of the
scattering cell was usually room temperature ( 300 K).Thus
we might expect the pressure in the scattering chamber to
be slightly less than the pressure indicated by the MKS
unit head due to thermal transpiration effects.The effects

of thermal transpiration in the present work have been
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calculated on the lines suggested by Edmonds and Hobson
[1965]:
1/2

P L I I I R R I I I I R I Y (4-1)

P - (Ts/lm> m

where Ps and TS were the pressure and temperature in the
scattering region, Pm, pressure indicated by the MKS sensor
head, and 'a' is a constant which depends on the geometry over
which the temperature gradients occur.For an ideal aperture.,
ac~1l, but in practice,it may have a value slightly greater
than unity.From equation (4.1),we find that the pressure in
the scattering chamber has to be revised upwards by 2.97%.
This Pressure correction has been made in all our
measurements and scattering cross—sections have been
calculated accordingly. The only other error which occurred
was due to the uncertainty in temperature in the scattering
region. This could be as high as leC and the corresponding

error in determining the pressure is estimated to a maximum

of +0.47%.

4.3 Uncertainty in scattering path length

The scattering path length in the experiment was the
distance between the centre of photolonising region (shaded
region in figure 3.2) to the exit slit.This distance was
exactly measured from the geometry of the scattering cell.
Even though the angles involved in 1its structure were
accurate upto fraction of a degrec,allowing jlo variation

in the angles, it was found that the calculation of
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scattering path length woula vary only by +0.7%Z.Further
uncertainties are due to extension of the photon beam along
the gas column (represented by 1 in figure 3.2) and finite
width of the photon beam in the ionising region.Geometrical
calculations showed that, the error introduced due to the
extension of photon beam in the gas column was +0.26% and
due to the finite dimension of photon beam,the introduced
error was +l1.1%. Thus, total wuncertainty in determining

scattering path length was chosen as +2.1%.

4.4 Counting statistics

Since electron counting is basically a statistical
process, it will have a Poissonian distribution., This
introduces an wuncertainty of f'N to the actual number of
counts N.To reduce this uncertainty,it is advisable to have
large mnumber of counts.Usual number of counts per channel
at the electron peaks were of the order of IOQ.The limiting
factor for this was the storage capacity per channel in the

. 16

MCA, which was (2°7"~1).(In some cases overflow spectrum at

the peaks also were recorded,thus allowing maximum number
17 .

of counts wupto (2°'-1) ). When the signals were weak,

collection time/channel was chosen to be high enough to

give number of counts of this order.

The spectrum recorded with no @gas present in the
ionising region was taken as the background level.Usually

these were metal electrons, and were subtracted from the
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photoeiectron spectra~étriCtly speaking,area under the peak
(between rising and ,falling edges of the peak above the
background) represent the intensity of electron at that
particular energy. But assuming that the peaks were
triangular in shape, and maintaining constant energy
resolution of the energy analyser during one complete set
of data collection (to maintain the base of the triangle
constant), the height of the peak would exactly represent
the intensity. Both these methods were tried out and no
appreciable difference was observed in the results.In each
case, the resolution of the spectrometer was so chosen,as to
have at least a few distinet points around the peak,to
decide the ©position and intensity of the peak without

ambiguity,

Drift in source gas pressure also changes the initial
intensity of the electrons.To overcome this problem,source
gas was introduced into the system at least one or two
hours before introducing the target gas.This helped the

source gas pressure Lo get stabilized,

The third problem was the variation of VUV photon
intensity during the experiment.Though,the variation could
be monitored by means of beam-splitter,it was necessary &o
have further check on the data.At each pressure point of
the target gas,minimum three readings of the same electron
peak were taken. If the level of disagreement of this data

was greater than 1%,then the data was rejected.



The total uncertainty due to counting statistics was

estimated as +1.5%7.

4.5 Forward scattering

An  error, inherent to all transmission experiments,
results from the failure to sufficiently discriminate
against electrons scattered by the sample gas in the
forward direction. TForward scattering can lead to a
significant reduction in the measured cross-section.This
error is maximum, at higher energies,where inelastic and
elastic scattering are dominated by small angle scattering.
Usual procedures accepted to quantify the forward
scattering experimentally are by varying the acceptance
angle of the detector [Jones and Bonham,1982;Jones,1984] or
by changing the electron beam direction through small
angles [Blaauw et al, 1977] .Alternately,forward scattering
could be estimated by modelling.Blaauw et al [1977] derived

the cross-sections from the equation.

) AG”L@:6)] . (42)

1z o oo {-na@lL +n(ldn) 20
£ = exp L “if T
I2
where T is the ratio of electron intensities with and
1 .

without gas in the scattering cell,L is the scattering path

length and other parameters have usual meaning.

In the ©present experiment,it was difficult to vary the

acceptance angle of the detector or to change the direction
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of the electron beam. Since the electron energy domain is
low (elastic limit)v for all target atoms under
investigation, the error arising from forward scattering
also would be low.An error of +0.5% was attributed because
of forward scattering which 1is much higher than the
attributed error in this energy range by other

investigators.

4.6 Multiple scattering

It has been discussed earlier,that for the validity of
Beer~Lambert law, the pressure of the target gas must be
sufficiently 1low as to avoid the effects of multiple
scattering of electrons., The limit of pressure comes from
the consideration of wmean free path of electrons in the
medium. To ensure that the electron is not scattered twice
in the scattering cell,one has to make sure that the mean
free path is greater than the dimension of the scattering
cell. However, in the experiment to observe apprecilable
reduction in the intensity of =electron peak, it was
necessary to go beyond the pressure limit prescribed by the
mean free path considerations.Therefore,it was necessary to
check for the effects due to maultiple scattering.Figure

(4.1) shows the graph plotted for In EE&E‘EMQ

- ] versus
Ler daca -

(P1~P ) (see equation (3.8)) for a few electron energles in

2
helium and neon. The target gas pressure was varied from 0

to a maximum of 2.5 X 10~2Torr. As suggested by equation

(3.8), they are straight 1lines and the slope represents
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total scattering cross-section at that energy.If multiple
scattering were to happen,the points,especially at higher
pressure side,would tend to deviate from the straight line.
Therefore, these plots suggest that the errors due to

multiple scattering were negligible.

4.7 Scattering in the accelerating region

The electron scattering was also present in the
accelerating region; The magnitude of scattering in this
region was compared with scattering in ionising region by
comparing the "effective path length" (the product of
pressure and physical path length) in these region.For a
target gas pressure of 2.5 X 10,2 Torr din the ionising
region the pressure measured immediately after the exit
slit of the ionising region was about 2 X lO—3 Torr,and in
the analysing vregion pressure was about 8.X lO-_5 Torr.
Because of surge of gas through the slit,the measured
pressure of 2 X 10_3 Torr is much higher than the average
pressure along the electron path in the accelerating region.
This is because pumping through the slits of the inner
cylinder of the CMA assits differential pumping in the said
region, over and above the differential pumping through the
accelerating region. It is expected that the average
pressure from the exit slit to the slit on the CMA is
slightly greater than lOnaTorr. A comparison of effective
path lengths showed that the errors because of scattering

in this region amounted to +0.67%.
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4.8 Gas impurity

The gases helium, neon,krypton and xenon were obtained
from British Oxygen Company and argon from Indian Oxygen
Ltd. The purity specified by the manufacturers was 99.95%.
Care was taken to maintain the purity of gases.The gas
handling system was completely made of metal, and was
evacuated before the experiment. Further purification was
done by passing the gas through a cold trap Dbefore
introducing to the system.A liquid nitrogen trap was used
in the case of helium and neon,where as argon,krypton and
Xenon were passed through a trap cooléd by alcohol-accetone
liquid nitrogen slurry (temperature —SOOC). Therefore,the

error due to the sample gas impurity was negligible.

4.9 Scattering due to ions

Photoionisation of gases results in the generation of
positive ions.As the electron scattering cross-sections are
generally higher (10 to 100 times) for ions than neutrals,
this can introduce error in the measured cross—-section.An
estimation forv positive ion number density was done from
the intensity of photon flux incident on the source gas,the
number density of target particles in the ionising region
and the photoionisation cross-section at different photon
energies. It was assumed that ions were again converted to

neutrals after the collision with the walls of the



4.1 Table of all contributing errors in the experiment
for the measurement of scattering cross—-section.

Pressure measurement

Thermal transpiration

Uncertainty in scattering
path length

Counting statistics

Forward scattering

Scattering in the accelerating
region

Coherent sum : + 5.37%

Incoherent sum : + 2.7%

..

e

{4

I+

0.15%

0.4%
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ionisation chamber. Thus the Life time of ion was the time
taken by them to reach the walls.By this method,the ratio
of ionic species in equilibrium with the neutrals,to the
neutral species could be determined.This ratio was found to
. ~4 =5 .
be wvery small, of the order of 10 to 10 ".Since the

fraction is very low, the error arising because of

scattering due to ions could be safely neglected.

4.10 Uncertainty in incident electron energy

Photoelectrons are produced by photoionisation of noble
gas atoms by VUV resonance lines,and their energies could
be fixed with high degree of accuracy.Because of this,the
uncertainty in fixing the electron energy is almost

negligible.

The coherent sum of all the contributing errors
discussed above was +5.3% and it acted as the upper limit
estimate of the actual error in the experiment. The
incoherent sum (square root of sum of squares) of all these
errors was found to Dbe +2.7% and it represented most
probable error in the experiment.All the errors discussed

above are given in table 4.1,



CHAPTER FIVE

RESULTS AND DISCUSSION

The electron scattering cross—seétions for noble gases
have been measured at seventeen electron energies ranging
from 0.7 to 10 eV using a photoelectron source.In the case
of helium and neon,source gas was always different from the
target gas and equation (3.8) was wused to calculate
scattering cross—sections.For cross-section measurements in
the case of argon,krypton and xenon source and target gases
were different in some cases,and were same in the other.
Both equations (3.8) and (3.11) were used to compute the

scattering cross-section,wherever applicable.

The wvariation of amplitudes of photoelectron peaks

could Dbe demonstrated by the semilogarithmic plots for
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1n[§2¥&® (for source gas different from target gas) or
le) Doz
1in Eﬂﬂiﬂﬁ](for target. and source gas same) against (lePz)
Jeit Tnoa b,

of equation (3.8) or (3.11). Such plots in the case of

helium and neon have already been shown in previous chapter

(Figure 4.1). Similar semilogarithmic plots in the case of
argon, krypton and =xenon at a couple of representative

energies are shown in Figure 5.1.

In this chapter, results obtained for electrom
scattering cross-sections of noble gases would be presented
and discussed in detail. The results as obtained in the
present work would also be <compared with those reported
from other experiments as well as from recent theoretical

calculations.
5.1 Helium

The total electron-helium scattering cross-sections as
measured in the present experiment are shown in Figure 5.2,
for seventeen electron energies ranging from 0.7 to 10 eV.
The results of the present experiment are shown aloqgwith
those reported by Nesbet [1979],Stein et al [1978],Kennerly
and Bonham [1978] and Nickel et al [1985] .Error bars at
only three energy points thave been shown,so as to give a
fair idea about the accuracy of the experiment at different
electron energies. Nickel et al [1985],using transmission
technique, have made scattering cross-section measurements

at five energies only between 4 and 10 eV.Their reported
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values .of scattering .CrOSSWSGCtiOH agree favourably with
the results reported in the present experiment.Kennerly and
Bonham [1978], using time-of-flight technique have reported
data at thirteen energy points between 0.5 and 10 eV,with
an  estimated error of + 3%.Their measured values below 2.5
eV are higher than those reported in the present work while
at electron energies larger than 4 eV,their cross-sections
are smaller.Using transmission technique,Stein et al [1978]
have measured electron-helium scattering cross-sections at
ten energy points between 1.5 and 9 eV.The results obtained
by Stein et al are comparable with the results reported in
the present work, in this energy region.Andrick and Bitsch
[1975] have computed total electron~helium scattering
cross—-sections between 2 to 19 eV by experimental
investigation of differential cross-section,and subsequent
phase shift analysis. The values reported by them also
compare well with the results reported in the present work.
However, these values have not been shown in the figure for
lack of space.Also shown in the figure 5.2 are the results
of wvariational calculations by Nesbet [1979] at a large
number of points between 0.5 and 10 eV.These are very
accurate computations obtained using variational principle
to calculate S and P-wave shifts and taking into account
dipole and quadrupole polarisibilities.,Thesge calculations
are accurate to within the quoted error limit of + 1% and
these are considered as the best known so far.Results of
the present experiment match favourably well with the

values reported by Nesbet.The scattering cross—sections asg



Table 5.1 Total electron-helium scattering cross~sections
A comparison of results obtained in the present

work with those reported by Nesbet[19797].

Electron Electron Scattering
Energy Cross-sections in 82 ‘ Difference
(eV) Present work Nesbet (1979) %

0.73 6.04 6.105 - 1.06
0.91 6.16 6.115 + 0.74
1.09 6.09 6,110 - 0.33
2.00 5.94 6.027 - 1.44
2.18 5.90 5.985 - 1.42
2.67 5.79 5.890 - 1.70
2.85 5.77 5.855 ~ 1.45
3,23 5.69 5.770 - 1.39
3.41 5.68 5.735 . - 0.96
4.59 5.48 5.465 + 0.27
4,77 5.33 5.430 - 1.84
5.28 5.28 5.310 - 0.56
5.46 5.23 5.275 - 0.85
6.55 5.08 5.040 + 0.79
7.22 4.94 4.895 + 0,92
7.78 4.81 4,785 + 0.52
9.14 4,57 4.540 + 0.66
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measured in the ©present exberiment at seventeen electron
energies are summarised in table 5.1 alongwith the results
of Nesbet [1979] and the percentage differences between the
two cases has been tabulated as a function of the electron
energy. The difference in the two cases varies from +0.9 to

~1.8 percent,which is well within the stipulated error bars.

5.2 Neon

The total electron-neon scattering cross-sections were
measured at seventeen electfon energies below 10 eV,and the
results are presented in figure 5.3 alongwith measured and
computed cross-sections by other investigators [Stein et al,
1978; O0'Malley and Crompton, 1980; Nickel et al 1985,and
McEachran and Stauffer 1985 ] «Nickel et al have reported
cross-sections at only five energy points between 4 and 10
eV, while Stein et al have reported only four values between
3 and 10 eV, McFEachran and Stauffer [1978,1984,1985] have
used the method of polarised orbitals using adlabatic
exchange approximation, with the polarisation potential
scaled to the «correct asymptotic form.They have reported
values at six points between 0.5 and 10 eV,and the reported
values agree very well with the values measured in the
present work., O‘Malley and Crompton [1980] have derived the
total scattering cross-sections vmeasured by them wusing
Modified ZEffective Range Theory (MERT) .They have reported
cross—sections only below 2.3 eV.0ther measurements are due

to Salop and Nakano [1970] and Kauppila et al [1981],both
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Table 5.2. Total electron

scattering cross-sections for

neon as measured in the present experiment.

Electron
energy (eV)

Electron Scattering
Cross—sections(x )
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being transmission techniques,.Dasgupta and Bhatia [1984]
have computed «c¢ross~sectlons using the method of polarised
orbitals. The above vresults are in good agreement with the
values reported in the present work in the energy region
between 0.7 to 10 eV. Fon and Berrington [1981] using
R-matrix calculations reported cross-sections at only two
energies at 5 and 10 eV respectively,and their values also
compare well with those reported by other investigators.ln
general, there 1is a good agreement in the values for
cross-sections for neon in the low energy region. The
scattering cross—sections are measured 1in the ©present
experiment are given in table 5.2.It may be pointed out
here that the cross-sections reported by Salop and Nakano
[1970], Kauppila et al [1981],Dasgupta and Bhatia [1984] and
Fon and Berrington [1981] have not been included in figure
5.3 so0 as to avoid any possible overcrowding of data points

at different electron energies.
5.3 Argon

The total electron~argon scattering cross-sections
measured 1in the present experiment are shown in figure 5.4
at electron energies vranging from 0.7 to 10 eV,alongwith
error bars shown 4t two representative energies only.Alsc
shown in the figure are the measured éross—sections
reported by Jost et al [1983],Nickel et al [1985],Ferch et
al [1985a] and Charlton et al [1980] and theoretically

computed values by TFon et al [1983],Dasgupta and Bhatia
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[1985]..and Haberland et al [1986].However,cross-sections
obtained by Kauppila et al [1986, 1977] have not been
included 1in the figure for 1aék of space.Also,the results

reported by Bell et al [1984],McEachran and Stauffer [1983]

and Yau et al [1978,1980] could not be shown in figure 5.4.
The cross—sections obtained by McEachran and Stauffer
[1983] (treating adiabatic approximation only) are higher
by about 6 to 35% at 3 to 10 eV respectively as compared to
the results obtained in the present experiment.Yéu et al
[1980] also computed electron=—argon cross-sections using
frozen core method and perturbed core method [Yau et al,
1978]. The results agree quite well with those reported in
the present work upto 5 eV,but at higher electron energies
there 1is a discrepancy,as high as 35% at 10 eV.Bell et al
[1984] and Fon et al have computed the CIOSS*sections.using
R-matrix theory and the values reported by them are very
close to each other.For this reason,the cross—section data

of Fon et al only has been retained for further discussion.

The scattering cross—~sections for argon as measured by
Nickel et al [1985] have ©been reported at five energies
between 4 and 10 eV.However,cross~sections at only three
representative energies have been shown in Figure 5.4.The
values of cross—-sections by Nickel et al and Jost et al
[1983] reported at large number of energy points are
comparable to the results obtained in the present
experiment within the stipulated experimental error.The

cross~sections measured by Charlton et al [1980] using



Table 5.3. Total electrom scattering cross—sections for

argon as measured in the present work.

Electron Electron Scatterﬁng
energy (eV) Cross—-sections(A")

0.73 0.96

0.91 1.20

1.09 1.54

2.00 3.09

2.18 3.66

2.66 4,60

2,85 5.23

3.23 5.90

3.41 6.04

4,59 8.41

4,77 ! 8.81

5.28 9.58

5.46 9.96

6.55 12.93

7.22 13.90

7.78 15.41

9.14 : 18.45
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timewofmflight techniqué in' the energy range between 2 and
10 eV are in good agreement with our results in the energy
ranges from 2 to 3.5 and fromv6.5 to 9 eV.However,in the
energy region between 3.5 to 6.5 eV,the cross-sections
reported by Charlton et al are higher to a maximum of 12%
at 5 eV. Upto 5 eV,the measured cross-sections by Ferch et
al [1985a] are in good agreement with our results,but above
5 eV, the results reported by them are lower to the extent
of 10 and 15% at 6 and 8 eV respectively.,The theoreﬁically
computed cross-~sections using R-matrix theory [Fon et al,
1983] and polarised orbital method [Dasgupta and Bhatia,
1985] at electron energies 3 to 10 eV match extremely well
with the measured values in the present work.Haberland
et al [1986], using Kohn-Sham type one particle potential
model have calculated cross-sections for argon at two
points below 10 eV. The cross—sections computed at 5 eV
matches quite well with that obtained in the present work,

while the cross-section at 10 eV is quite low.,

The values of scattering cross-sections for argon asg

measured in the present work are glven in table 5.3,
5.4 Kxypton

The total electron scattering cross-sections for
krypton as measured in the present experiment are shown in
figure 5.5 for electron energies ranging from 0.7 to 10 eV,

The results of the present experiment are shown alongwith
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the - values of the measured cross—sections reported by
Dababn eh et al [1980] and Jost et al [1983] and
theoretically computéd results by Sin Fai Lam [1982],Fon et
al [1984] and Haberland et al [1986]. Sin Fai Lam has
computed the «cross-~sections taking into account direct and
indirect relativistic effects of core electron motions as
well as the polarisation effects.In figure 5.5 we have not
included the results computed by McEachran and Stauffer
[1984], treating exchange exactly and including only dipole
part of the polarisation potential.These values are much
higher than the values reported in the present work,with a
difference of about 15 and 40% at 2 and 10 eV respectively,
Using time-of-flight spectroscopy Gus’kov et al [1978] have
measured Ramsauer-Townsend maximum for krypton below 2 eV.
In the present experiment,the energy range was not suitable
to idnvestigate Ramsauver~Townsend minima 1in noble gases,
therefore a direct comparison with the reported values by

Gus’kov et al seemed to be difficult.

The total electron-krypton scattering cross-~sections
obtained in the present experiment are in excellent
agreement with cross-~sections measured by Jost et al [1983]
and Dababneh et al [1980] in the energy region upto 5 eV,
The wvalues of cross-sections measured in the present work
are lower by 6 to 11% at electron energies betwean 6 and 10
eV as compared to those reported by Jost et al and by 5 to
4% as compared to values measured by Dababneh et al,The

agreement between the measured results in the present work



Table 5.4. Total electron scattering cross-sections for
krypton as measured in the present work.

Electron Electron Scattering
energy (eV) Cross-sections(8%)

0.73 0.74

0.91 0.90

1.09 1.19

2,00 3.54

2.18 4,17

2.66 5.79

2.85 6.36

3.23 8.33

3.41 9.14

4.59 13.10

4.77 13.84

5.28 16.12

5.46 17.31

6.55 20.17

7.22 22.20

7.78 23.29

9.14 25.20
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and theoretically computedv values by Sin Fai Lam is
reasonably good wupto 2 eV, but at higher energles,the
cross-sections computed by Sin Fai Lam are very large.The
theoretical computations by Haberland et al [1986] have
been made only at 5 and 10 eV using one particle potential
model. The cross-section at 5 eV agree very well,but at 10
eV, the computed cross-section is much less than the values
reported in the present work. Results of R-matrix
calculations by Fon et al [1984] indicate that the shape of
the cross-section curve reported by them in similar to that
obtained in the present work. But, the values of
Cross—sections reported by them are systematically large by
more than 30 to 18% at energies between 1 to 10 eV,as

compared to those obtained in the present work.

The values of cross—sections reported in the Present

work for krypton are given in table 5.4.

5.5 Xenon

The total electron scattering cross~sections for xenon
measured in the present experiment are shown in figure 5.6
for electron energies ranging from 0.7 to 10 eV.The results
of the present work are shown alongwith the measured
cross—sections reported by Jost et al [1983,1984],Dababneh
et al [1980] and ©Nickel et al [1985] and theorctically
computed <cross—sections by Sin Fai Lam [1982] and Haberland
et al [1986].The previously measured cross-sections by Jost

et al [1983] were later on revised by them [Jost et al,




e
FAY

LY
B i3

£
O
>

O

! T

XENON

'{‘37

Jdape

o

' i V i ¥ i

JOST et al (1983 )
DABABNEH et al (1980)
NICKEL et ol (1985)

SIN FAl LAM (1882)
HABERLAND ef ol (i1286)
PRESENT WORK .

v
Q
=
‘% o o
N
¥ a

0 0 4

*
D
o

X P p X

g<do

4o

FI16:5,0

ELECTRON-JENON SCATTERING CROSS SECTION

AS A FUNCTION OF ELECTRON ENEREY
pELow 10ev ’



~111-
1984]‘.and only the feviéed values of cross-sections have
been dncluded in figure 5,6f As in the case of krypton,
Gus ‘kov et al [1978] have made measurement only below 2 eV,
and the results are not shown in Figure 5.6,because the
energy range for comparison 1s too small, Similarly,
cross—sections calculated by McEachran and Stauffer [1984]

have also not been shown in the figure,as the reported

tross-sections are much larger than the measured values

obtained in the present experiment.

Nickel et al [1985] have made cross—-section measurement
only at five energies between 5 and 10 eV,whereas there are
eight values of cross-sections measured by Dababneh et al
at electron energies from 2.8 to 10 eV.Jost et al [1984]
have reported large number of data points in a wide range
of energy. The scattering cross—-sections obtained in the
present work are in fairly good agreement with those
reported by Nickel et al and Dababneh et al throughout the

energy region varying from 0.7 to 10 eV,except for a small

i

region between 5.5 and 7, eV, where the cross-section
values reported by Dababneh et al are smaller.There is an

excellent agreement between the «cross-~section valuesg

®

reported by Jost t al [1984] for electron energies less
than 5.5 eV, but at higher energies the values reported by
Jost et al are higher by 6 to 9% at energies between 6.5
and 9.5 eV.The theoretically computed cross-sections by Sin

Fai Lam [1982] compare well with those reported in the

present work only upto 2 eV, but at higher energies the



Table 5.5, Total electron scattering cross-sections for
xenon as measured in the present experiment.

Electron Electron Scatterjng
energy (eV) Cross—sections(A”)
0.73 1.10
0.91 1.28
/ 1.09 1.90
2.00 9.58
2.18 11.69
2.66 16.01
2.85 18.28
3.23 22.13
3.41 23.91
4.59 35.57
477 36.47
5.28 39.09
5.46 40.86
6.55 42.33
7.22 41.38
7.78 40.54
9.14 39.27
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values“differ by a large amount.As in krypton ,Haberland et
al [1986] have reporped cross~sections only at 5 eV and 10
eV, but the values for cross~sec£ion lie very much below the
values obtained in the present work.There is in general,a
large discrepancy between the results reported Dby

theoretical computations and experimental techniques.

The wvalues of scattering cross-sections for xenomn at
seventeen electron energies ranging from 0.7 to 10 eV are

being given in table 5.5.



CHAPTER SIX

CONCLUSION AND SCOPE FOR FUTURE WORK

6.1. Conclusion

From the results discussed in chapter 5,1t is evident
that the wvalues of scattering cross-section for helium and
neon, as measured in the present experiment compare well
with those reported from other measurements and theoretical
calculations. However,not much work has been done to measure
the electron scattering cross~sections for these gases at
electron energies below 2 eV.In the case of helium the only
recent measurements reported are by Gus’'kov et al [1978],
Kennerly and Bonham and by the authors of the present work.
In the case of neon also,only a few recent measurements for

the scattering cross—sections have been carried out at
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electron energies less than 2 eV. These include the
investigations by CGus’kov et al [1978],Salop and Nakano
[1970], 0’Malley and Crompton [1980] and by the authors of
the present work.In the light of this argument,it 1s clear
that more measurements of electron scattering

cross~sections for helium and neon are required in the

electron energy region below 2 eV.

A different picture emerges in the case of argon,
krypton and xenon.Except in the case of argon,the agreement
in the wvalues of scattering cross-sections as given by
different theoretical calculations and measurements is,in
general, not as good as it was in the case of helium and
neon. In the case of argon, the computations by R-matrix
method and polarised orbital method wused by TFon et al
[1983] and Dasgupta and Bhatia [1985] could faithfully
repfoduce the measured values of cross—~sections in the
electron energy region Dbelow 10 eV,The situation in the
case of krypton and xenon is somewhat different.Firstly,not
enough work has been done to compute the scattering
cross—sections at low energies. Secondly, from whatever
little is available from literature, it appears that the
theoretical wvalues of cross-sections computed by one method
do not seem to agree with those computed by other methods.
Also, there is, in general no agreement between the
cross—sections reported Dboth by experimental methods and
theoretical techniques., In view of this,it is stressed that

more theoretical work needs to be carried out in this
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direction.

From the results discussed in the last chapter,it is
clear that the values of electron sgattering cross—~sections
for mnoble atoms as measured in the present experiment may
be the best as compared to those reported by other
investigators. Firstly, the accuracy of the measurement of
+2.7% as estimated in the present experiment is definitely
better than that reported by many other investigators.
Secondly, the number of energy points at which
cross—sections have been wmeasured in the present work,is
much larger than that reported in a few other experiments.
It may be pointed out here that at low electron energies,
the photoelectron source 1s Dbetter than the conventional
electron gun source is at least two respects;the energy of
the photoelectron peak is defined with larger accuracy and

the energy spread of the peak (FWHM) is much smaller.

6.2. Scope for future work

The present experimental set up can be used without any
modification, to measure electron scattering cross—-sections
for mnoble gases at very low electron energies,say below 1
eV, At very low energies, this method may be preferred to
other conventional methods because of the reasons discussed
in chapter 1l.In the case of helium and neon,measurement of
scattering cross—sections (below 1 eV) at a large number of

points would help to establish the scattering length
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precisely., The scattering length is obtained by
extrapolating the scattering cross-section to zero energy
axls. Scattering length is of interest,since it represents
Zero energy scattering phenomena. The most accurate
evaluation of scattering length for helium has been

computed by Nesbet [1979] with an estimated accuracy of

io&s%@

For argon, krypton and xenon, the measurement of
scattering cross-sections at larger number of energy points
below 1 eV would help to determine the Ramsauer-Townsend
minima accurately. Different experiments carried out so far
have established that the minima occurred between 0.5 and
0.9 eV for mnoble gases, but further investigations are
needed for the precise determination of locations as well
as for the measurement of value of cross-sections at the
minima. It would be interesting to measure the scattering

length for these noble atoms also.

To undertake such an experiment, one should have a
powerful VUV 1light source with a larger number of wave
lengths availlable in the desired energy region.A synchroton
radiation source - is the ideal one capable of providing VUV
continuum, However, in the absence of continuum VUV sources,
many-lined source, emitting a very large number of closely
spaced emission lines would be a @good substitute, A
thyratron~triggered sliding spark discharge lamp 1is

available in our laboratory.This provides a large number of
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vuov liﬁes corresponding to emission from multi-ionised gas
atoms used inside the light source.Since there are a large
number of closely.lying emission lines,a VUV monochromator

has to be used with this light source.

The scattering study of some molecular gases is also
extremely interestinggRecently,some of the molecular gases,
for example methane [Ferch et al, 1985b] haye been
identified to be exhibiting Ramsauer-Townsend phenomena,On
the other hand,low énergy scattering cross-section data for
02, N2 etc. are very much required to model cooling of
electron gas in the earth’s ionosphere as well as to
estimate the heat budget of the upper atmosphere.Also there
are a few molecular gases,whose cross-section data at low
electron energies are of much importance to the branch of
gaseous dielectrics and laser physics. The cross-section

data of N is particularly dimportant to collision

2
physicists because of the resonances obpained in the
Cross-sections at electron energies between 1.8 and 3.6 eV
[Chandra and Temkin, 1976]. Thesge resonances have been
studied experimentally by Golden [1966] and Jost et al
[1983]. In addition to this,a weak resonance below 1.8 eV,
not predicted by theory,was also obtained by Golden but has
not been identified by Jost et al.There 1s a controversy
about this weak resonance 1in molecular nitrogen, This
structure may be spurious as suggested by some.Another

suggestion is that, it may be due to resonant superelastic

collisions with vibrationally excited N2 Present in the
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