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ABSTRACT
The fundamental concepts of polarized electrons and the
mathmatical formulations of the scattering of these electrons
from spinnless atoms are reviewed.
The Theoretical investigations were made of thefasymmetry

of the_scattering_qp_the,gg;ﬁg

Atomic data for a single scattering process were used to

“calcéulate “asymmetryand - intensity

scattering angle for multiple collisions. The specific
influence of a solid was taken into account., The asymmetry of
the scattered electrons into a wide solid angle was calculated
and a comparison with some experimental data for the scattering

of polarized electrons of energy Ep from 100 to 500 eV was

made.

Satisfactory agreement has’ beén obtained between

calculated and experimental resulfs, i’/ ..0f 1 Lt DT
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INTRODUCTION & .

Polarization effects in élastic‘élédtfbh‘édafférihﬁ &ére
predicted for the first time by Mott [1,2], where the
scattering process is described on the basis of Dirac egquation.

In conventional electron scattering experiments, spin
dependent interactions are often masked by the much stronger

coulomb interac@ion. They can, however, be unmasked by

PR IR

collision studies with polarized electron [3]. Investigation

“sarried out on the last two decades have estaBlishéd - that iy’

participation of spin state in the interaction of electrons
with a so0lid can provide additional information on the
scattering mechanisms, characteristics of the potential barrier
at a solid vacuum interface and physicochemical properties of
the surface [4,5,6].

The study of polarized electrons scattering is widely used
at present for investigations of magnetic, electronic and even
geometrical properties of the surface of solids {7]. This
knowledge 1is very important for the development of new
electronic devices, but the exact mechanism of the interaction
of polarized electrons with the surface is not well known.

The results of the scattering asymmetry exhibited by
elastic scattering of polarized electrons of primary incident
energy(Ep) less than 500 eV from the surface of polycrystalline
gold is presented. The choice of polycrystalline gold as a
target is due to the fact that {8]:

1) it is a heavy material and has a strong spin-orbit
interaction,

2) easy to fabricate as opposed to crystalline material,




2
and inert to contaminate in vaccum, and

3) the observed effects are not modulated by diffraction
as in crystalline solids.

Chapter I introduces fundamental concepts of polarized
electrons that are scattered not only by coulomb scattering
forces but also by spin-dependent forces. Chapter II covers the
scattering of electrons from the spineless atoms, where the
spin-dependent effects are caused by the spin orbit

interaction. The spin polarization in the elastic scattering

processes, arising from the Bpin-orbit doupling also’dissl
The mathematical expressions of the differential scattering
cross sections, the asymmetry of scattering polarized electrons
and the polarization of the beam scattered electrons acquired
after scattering by free atoms are included in this chapter.

Chapter III deals with the theoretical investigation of
the asymmetry of scattering polarized electronsgs by a solid
material (in particular gold). Based on the adopted model of
multiple scattering effects, the asymmetries and differentiél
cross sections for n(nz2) fold multiple scattering was
calculated and finally obtained the asymmetry of the scattered
polarized electrons for the investigated substances. In this
analysis, theoretical values of the differential cross sections
and asymmetries of elastic scattering by free atoms were used.
All the calculations were carried out by standard method of
numerical integration on a computer. A comparison of the
calculated results and experimentally measured values{9] of the
scattering asymmetries have been done for polarized electrons
Ep < 500 eV.

Finally, concluding remarks are presented.
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CHAPTER X

1. BASIC PRINCIPLES AND THE THEORY OF ELECTRONS SCATTERING
AND

POLARIZATION

1.1. The Spin Of The Electron

The concept of spinning electron was first suggested by
Compton in 1921. Shortly later in 1925, Uhlenbeck and Goudsmit
proposed the electron as a point magnet with intrinsic spin in
ordexr to clarify the anomalous Zeeman effect. The main result
of the arguments were [10].

1) The electron must have an intrinsic spin %B. Hence a

single electron atomic levels must be characterized by

half-integral angular momentum.

2) The electron magnetic moment arising from the spin

must have a magnitude equal to the Bohr magneton

€h
= e 1.1
Hg e ( )
where m is the mass of the electron and ¢ = -e 1is its

charge,

1.1.1. Electron wWave Function

When an electron is in a magnetic field, it occupies two
spectral lines ([Zeeman effect], so that its spin angular
momentum has two values, 3h or -%ﬁ. Due to this fact in
measuring any component (for instance the Z- component) of the
spin angular momentum of an electron one can obtain only the
two numerical values %ﬁ or —%E.

This means that the values of %¥h or -3h are the sole eigen
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a) For A = +1, one obtains from egn. (1.12)

b . canleie (1.13a,
a 2
b) and for \ = -1
b ot P gie (1.13b
a 2

The probability, therefore, that the electron will take up
the spin angular momentum %h in the new system is pos?%uf, and

that it will take up -%h is sinzkV-.

A=1:a-= cosg , b= e”‘snig (1.14a)
A=-11: 3= 51n§ , D= -cosge-'“” (1.745
&

Therefore , the spin functions which diagonalize ? . ®with

eigen value *1 are

cos%
A= +1 vy = ‘ 9
e?sin—
2

sinﬂ-

A=-1 1 = ﬁz
-coswz-e“"

These are a complete orthonormal set of spin functions.
For ¥, -0 the function *X reduces to ¥,.0ne can immediately
see that the solutions (1.13a) and (l.l14a) are none other than
the scolutions (1.13b) and (1.14b), respectively, for the
direction -& which is described by the angles n-\%,® +m. Thus
it is sufficient to use only the solutions (1.13a) or (1.14a).

If electrons are in the same spin state the system of

electrons is said to be in a pure spin state [4,10].
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Fig 1.1 Spin direction

ngvbescription of Polarization of Primary Beam in Texrms

f the Density Matrix

e idEg e e A N I 1 R e HIERSRRRL T ‘ ST

Definition : An ensemble of electrons is said” to
polarized if the electronsspin have a preferential orientation
so that there exists a direction for which the two possible

vr
spin states are not equally populated [3,4].

Nt - Ni
NI -NI

where Nt and N{! are the numbers of the electrons with spin
parallel and anti parallel and anti parallel of the two
possible states.

If all spins have the same direction one has the extreme
case of a totally polarized ensemble of electrons. If not all,

but only a majority of the spin has the same direction, the

ensemble is called partiallylgolarized. Fig (1.2) illustrates

A &H & A
) - 4 $ P'—‘ 1
J
>E
A A ¥ -
1 [ fD: 0‘66
v )

Fig.1.2 Definition of electron polarization




11
the case of total and partial polarization (for transverse
polarization case). Let the pure sgpin state of the electrons is
given by |%|. From quantum mechanics approach polarization is

defined as the expectation value of the Pauli spin operator

B =< =<xldlx f , A (1.15

~ with this definition, the components of the polarization are

B=<3> =<x|diyx> . Ar.is
eital .
Jar*sbN il Sl
fail |3
= a'b + ab'=2Re(ab') = sind cosg (1.16)
RN
. L 1D
P, =la"',b ]i iaJ
= i{ab"-a b} = 2Imta’'h) = sinlsing (1.17)
p, = a‘,b*]f
= a‘'a-bb' = cosy (1.18)

It can be seen from these eguations that the polarization has
the direction % , ¥ and the degree of polarization which is

defined by

P=\P.+pl+pPi=1

This is reasonable , as it was assumed that the electron spins
can be described by a single spin function ]i] { pure state )
gso that there is only one spin direction in the beam, namely
that in the direction ¢, (¢ specified in egn. (1.14a).

If the state X = |tJ is not normalized, a sensible

extension of the definition ( 1.15) 1is
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B . Lxlaly> (1.19°
< x>

Thus the magnitude of the components of'g'remains between 0 and
+1.

The definition of density matrix is stated in order to
describe polarization interms of density matrix. For a single

( pure ) spin state [%|, the density matrix is defined as {13)

aa' ab'
.o - (1.20a)
I P N
This matrix is defined as the spin - density matrix for the .
beam.
The intensity of the beam |a|? + |{b|? which may be written
< x> o= trixyx’) = Trip) = U (1.20)

where Tr denotes the trace or sum of the diagonal elements of
the square matrix §. For normalized pure state tr(§) = 1

Together with the intensity, the three components of the
polarization ( 1.16 - 1.18) define the observable properties of
the beam. All may be represented simply in terms of the density
matrix.

The spin orientation is represented by a density matrix
with the two rows and columns, corresponding to two pure states
of opposite spin direction (e.g. up and down). Using (1.6) and
(1.20) one sees immediately that these equations are correct.
For example, one gets

ab* 1ai?

o (1.21
'bi%2 a'b

o, |
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B X, v - X, Wy (1.2)

where 8@ the density matrix of individual system which are in
pure spin states X".

Following the same procedure as the previous egns. (1.21 -
1.25), there is no difficulty in showing that the mean values

of the gquantities U,'ﬁ are given by

U= tr(p) , B = tr(gp) : ~ (1.28;

and that

p = V(I + B.3) (1.29

In the above consideration it was assumed that the states
X" were normalized, the relative proportions of the single
states were taken into account by using weighting factors. One
can also start unnormalized X". Then weighting factors are
unnecessary, since the relative proportion of the n" state is
already expressed by the unnormalized amplitude X", it is given

as

<x(n) x(n) S

2: Cy fm iy by (1.30)
n
In this case the polarization is

. (x(m 6 x(n)>

P = E” (1.31)

(R | o ()
3o <My

and the density matrix has the form
p=>,p"

Then, eqns. (28) and (29) may be re-written as




le

B tr‘??’ , and (1.32)
Er(p)
p = VeItr(p) = VaIU (1.33

If the beam is unpolarized, P = 0 so that

— 1 1
p = =TItr(p) = -=TIU
2 (p) 2

possessed a spin angular momentunm 5 (which could take an
quantized values of h/2 along any axis) and a magnetic moment

—
ﬂyrelated te S by

—

- €S .
_ 1,34
K mc ( )

with the electron charge ¢ = -e.

Suppose that an electron moves with a velocity v in
external fields F and E: the equation of motion of the spin
angular momentum in the rest frame is

[15?

4) = | x B (1.35)
dt resc frame

where B’ is the magnetic induction in the rest frame of the
electron.
For a coordinate system moving with the electron, with

terms up to the order Vz|c?, the magnetic induction is given by
B"=(§—lc’x5:) (1.36

Then, egqn. {(1.35) becomes

———— -
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=
txy

=fix (B -

ol

(gg‘ (1.37

dt

]resc frame

On the other hand the interaction energy of the electron spin

in the magnetic field is given by

U’——ﬁ§’=—ﬁ(3~lc”xé) (1.38)

. _§ ]
In an atom the electric force ¢TF can be approximated as

the negative gradient of 3 spherically symmetry average

potential energy UW(r). For one - electron atom this is of

course exact.

Thus,
ﬁ:eé:——gem:—gﬂ(r) (1.39)
r ar r dr
where U(r) = ev(r) |, V{r) is the electrostatic scattering
potential of the electron.
Then the spin - interaction energy egqn. (1.38) can be
written as
v S5 B+ L (g 2 dulr) (1.40)
mec meee r ar

where.f = m(?xv) is the electron’s orbital angular momentum.
This interaction energy gives the anomalus Zeeman effect
correctly, but has a spin - orbit interaction that is twice too
large.

The error in eqgn. (1.40) can be traced +to the
incorrectness of eqn. (1.35) as an eguation of motion for the
electron spin. The left hand side of egn. (1.35) gives the rate
of change of spin in the rest frame of the electron.If a
coordinate system rotates, then the total time rate of change

of spin, or more generally, any vector G is given by [16]

3
H

f
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(d_c) ] (1@] 6. x G (1.41)
dt non. rot dt Irest frame

—y

where W, is the angular velocity of rotation found by Thomas
when applied to the electron spinyegn. (1.41) gives an equation

of motion

d§) _ = ( € =/ _ ~
as -3 %[ £ 5B »(,)) (1.42)
(dt non-rot p . S e e it

The corresponding energy of interactions is

-

.U=U’.+ Bp. S (1.43)
where U’ is the electromagnetic spin interacticn egn. (1.38) or
egqn. (1.40)

For electrons in atoms the acceleration is caused by
coloumb (screened) fields (1.39), and thus the Thomas
precession [16] 1s given by

B = - L‘ ] dy(r)
2ccmrdr

It is clear from egns. (1.43) and (1.42) that the extra

contribution to the energy reduces the spin-orbit coupling,

yielding :
U= —E S.B ¥ S-L dl[(.l’) (1,45)
2me 2mic?r dr
or _ L.
U=aS.B+E(r)S.L
where
~€ 1 dulr)
g = — p r =
2me (1) 2mic?r dr 3

—» —r
The term aS.B is known as exXchange interaction, and
- -9 R R N .
’%OS.L is the spin orbit interaction
5 is the spin of the incident electrons and T, its orbital !

angular momentum with respect to the scattering center. i
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wl
For a spinneless ( unpolarized) scattering atom B = 0,

egn. (1.45) reduces to

11 dulrn) 3y
2mic® r dr '
or

1 1 advi{r) 3.7
2m2C-2 r dr '

8} =

SO

(1.46)

(1.47)

50

where V,, is the spin-orbit scattering potential.

From this result one can learn that - the. scattering-

potential of an electron during its moti
consis£s ;fréhéﬂeledffOéEatic éﬁdﬁfﬁé spin orbit
for unpolarized target) V = V, + V, respectively. Since V_,
contains the scalar product L.S , it has different signs for
electrons of the same orbit but different spin directions. As
Fig. (1.3) shows, the resulting scattering potential will
therefore be higher or lower for spin-up electrons (eft) than

for spin-down electrons (el), depending on which side of the

atom they pass [3,4,7].

Fig (1.3) Potential curves with (...) and without (——) spin

orbit coupling for electrons with spins up t and down 1{.
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CHAPTER II
THE EFFECTS OF POLARIZATION IN ELECTRON SCATTERING FROM
UNPOLARIZED TARGETS

2.1 The Relativistic (Dirac) Wave Egquation

As 1is well Kknown, Dirac was able to show that it is
impossible to find a wave function for an electron that is
invariant with respect to Lorentz transformation, and which is
linear in the time differential, unless the electron be assumed .

to have a fourth degree of freedom [13]. In analogy to the case

electron beams can be polarized by sdattering

and the angular distribution of scattered electrons depends on
the state of polarization of the incident beam. These effects
can be treated by the Dirac equation, which is the basic
equation for describing the electron, including its spin and
its relativistic behavior (10].

The schrddinger wave equation is known as

Hy = in g‘*’ (2.1)

[}

where H is the Hamiltonian function and Wis wave function.
In classical mechanics, in the ©presence of an

electromagnetic field, the Hamiltonian is given by

where H and P are operators with

o O = .
H = ihz , P = -itV 2.3
3t ’ (2.3)
€ =-e and V,X' are the scalar and vector potential,

respectively.
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For a free particle, the Hamiltinian (egn. (2,1)) reduces to
H = P2/2m (2.4)
By applying eqn. (2.4) to a wave function qJ(r,t) , one obtains

the Schrodinger equation

i’n%}t{ Sind g v 3 (2.5)

2m

To consider the relativstic case we start with the relativstic
energy law to get the corresponding Hamiltonian for .a.free.. ..

particle and is given by

.‘fz.é)

H2 = clp? + mic
( m = rest mass of electron). By substituting the operators
(2.3) for P & H , one obtains
2
(ve - 2L a——l—)¢=0 (2.7

where X = h/mc is the compton wave length.
If one substitutes (3— eﬁ/c) for P ($'= canonical momentum) and
H- eV for H correspondingly, it follows (2.6) for the

relativistic case ,

(H - €eV)? = (cP - €A)? + m?C* (2.8)

or H:c\‘(_ﬁ—%j)hmzcuev

By interpreting H & P as operators, one obtains a wave function
for an electron in an external electromagnetic field (the Klein
- Gordon equations )

To avoid the difficulty of using relativisitc equation,
[i.e. egn. (2.6) or egn. (2.8)]), Dirac splitted up the egquation
into a product of two linear expressions and of considering

these individually. The equation
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3
(2 - CQ(EZ P2 - mc?) )y =0 (2.9,
=

( =P, P, P, components of the momentum operator }, which

y!
follows from the force~ free of (2.8) can be expressed in the

form

(H-C (Y, a;P, - Bmc) (H+ (CY aP; +Pme)] §'=0 (2.10)

a, and B, are to be determined later.

If. one .wants to.

qns.(2.9) . an

identical, one must require that

aa; + o = 28
alr + Ba, =0 Where ( i,i’ = xX,v,2) (2.11)
A2 =1

This can easily be seen by multiplication. Solving egn.(2.10),

one can have

[+ C (Y. u.P.+ Pmc)) y =0 i2.12)

. Or
H= -c (3 oPf + Bmc)

or the corresponding equation with the plus sign. The
linearized equation (2.12) has the advantage that it is of the
first order in 73/ 3t just as the Schrédinger equation. The
derivatives with respect to the space coordinates are of the
same order, which is necessary for relativistic covariance.

Dirac has shown that the matrices ¢, must have at least
four columns in order to satisfy egn.(2.11). But, even then
these matrices are not determined uniquely. Dirac assumed them

to be of the following form.




0001 0 0 0 -§
0010 00 i o0
6, = W, =
* lo1o0o Y lo-i0 o
1000 i 000
00 10 100 0
0 0 0 -1 01 0 0
0 = B = (2.13
2711 0 0 0 P=loo -1 0 )
0 -10 00 0 -1

In the presence of an electromagnetic field, eqn (2.12)

becomes,

%E) £ Pmcl+ ev
with

o - e i

@ = a,d + a7+ o,k
Thus the Dirac equation in the presence of electromagnetic

field is, if one arbitrary chooses the right factor of

eqn. (2.10) ,

[P, + @2 + a,P, + a2 + Prc] Y o= 0 (2.15)
where ,

~ih 0O €V oy O €A
ot o ae e v Rutoivg s = Lete

Since the expression (2.14) contains the operator a, whose
representatives (2.13) are four row ; four column matrices,
Dirac assumes that the wave function Y is determined by the

matrix

v,
L P
= 2,16
¥ ¥, ( )

v,

According to this theory the electron is determined by four

wave function
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¥,(x, v, 2, t) , where (A =1,2,3,4)

The probability that an electron will be in a volume element dT

at time t is

4
;iwllz ds (2,17,
=1

Egn. (2.15) représents a system of four simultaneous first

order partial differential equation :

v Pyt me) Yy v (P - 1P Yy + Pyl = 0
By me) @yt (Py v IR - By =0
(P, —mc) Yy + (P, ~ IP) Y, + Py, = 0

(P, —mc) Y, + (P, + iR}y, - Dy, = 0 (2.18)

First, if one wishes to find a pericdic sclution, P, must be
replaced by ( E-(eV)/c). E being the energy of the electron.
Secondly, if we assume that the veloccity of the electron is
small ( V << ¢) compared with that of light, so that

E -mc2 << E 4+ mc?
then one can see that q% and ‘F4 both satisfy Schddinger’s
equation. Further more if qf’ is a solution to the

Schrodinger’s equation, an approximate solution of (2.18) is

U, = Ay’

§, = By (2.19)
Y, = -[P{P, - iP,) + AP,]V¥//2mc

¥, = -{A(P, + iP,) - aP,)V¥'/2mc

A and B are arbitrary constants , and P, , P, , P; are operators
in egns. (2.18) and (2.19). The components VY, ?@ are much
smaller than 1#3, KPQ and can be neglected in the expression
(2.17) for the charge density. Thus if (2.17) is normalized to
unity, and if the four functions also to be normalized, one
must have this approximation

. *

AA + BB =1




R R N G T R R S T R S b N T T 2 L A R R

25

Thus, with this approximation, expression (2.19) becomes

¥ o=y - (2.20)

b » © ©

From here, the spin part of the appropriate eigen function in

the .rest frame is given by

{(2.21)

By referring to the results of sec.1.3 for the two components
spinors, the components of the spin function for the direction
‘9,(P which is defined in the rest frame are connected by the

relation
ij = tan% el (2.22

The exact solution of egn. (2.18) representing an electron
moving in free space (V = 0) with momentum ( p,,p,,p,} and

energy E has been given by Darwin [19] and is

y, = -[AP, + B(P, - iP)])S/(mc + E/C)
¥, = -{A(P, + iP)) - BP,)S/(mc + E/c) (2.23)
¥, = AS
Y, = BS
where P2 + P2 + P2 = E2/c?-m2c?.

here S denotes exp{i { Px +Py + p,z - Et ]/ﬁ } and A and B are
arbitrary constants.

The wave function describing free electron in the Z - axis
of propagation can be taken as

Y, = a1 exp(Kz - wt)

where a, is arbtrary constant which must be determined
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Substituting S = expi(P,2-Et)/h into egn.(2.23) and using the
relations E = hw and p, = ©hk , one obtains by comparison

a, = - AkKhc/(mc2 + E) , a, = BKhc/(mc2+E ) (2.24)

a3=A !a4=B
From here, one can see that a, are not all independent, and
from the result of (2.24), the general form of the plane wave

is found to be

cP, 0
Bmc? cP, -
v =la 0 |+B| E+mcZ| |eitkz-wt) (2.25)
1 0
t 0 1

This wave function (egn. (2.28))is not an eigen function of I,
and Z, except for the special case P, = 0. On the other hand it
is an eilgen function &, = ho,/2 with the eigen value ( h/2).
Hence, it can be seen that in the relativistic case, it is
only in the rest frame of the electron that one can speak of a
transverse spin direction of the plane wave ( 1i.e. spins
perpendicular to the direction of propagation ). Only in the
rest frame can one assign an eigen value to the spin operator i

in an arbitrary direction lﬁ,(Pas in eqgn.(2.21) (4].

2.2. The Scattering of Electrons by a Central Force
2.2.1. The Differential Cross - Section @
The scattering of relativistic electrons with spin by a
central field will be consider . The electrons will be taken as i
an incident plane wave in the Z - direction. In analogy to non
- relativistic scattering theory, the solutions to the Dirac

equation with the asymptotic form is given by[4,12]. !
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¥, —=2 a etk + U, (0,¢) elkir-? (2.26;
for the four components of the wave function {( A = 1,2,3,4),

The first and the second terms of expression (2.26) represent
the incident and scattered wave, respectively.
Generalizing the differential elastic scattering cross

section obtained from the Schrédinger theory one finds

4

;‘ U, (0,¢) ;2
do (er¢) = o(e’¢) - =1
da Y la(8,9) |2

For normalized wave functions , the denominator in(2.27)is 1.

(2.27;

The quantities a, are not independent [ see solution
(2.24)). This help us to simplify the expression (2.27).
Referring from the solution (2.24) for a plane wave with

arbitrary spin direction, which shows that

A _khe | % (2.28
a, E+mc? a '

m:

The same relation exists between the U, for asymptotically

scattered wave. Thus egn. (2.27) becomes

U, 2+ iy, 2+ U, 2p2 + U 2P
C((B,d)) - 3 4 3 4

2 2 = 2 2
a, 2+ a, *+ a, Ind + a,. in?

U, “+. .0, ¢ [1+m?]
cay ¢+ ta, t (1 o+ m?)

= 2 ‘ (2.29)

L3

L=

In the following, the scattering of electron waves whose
spins are in the +2 or -2 direction 1is considered. If the
solution to the scattering problem is known for these two basic
states one can construct all other cases from them,.

In the case in which the spin of the incident wave in the
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+Z direction, its wave function from last section is

¥,

Ve = |, leikz (2.30)
¥, 1

“]‘,4 O

The small components 1Ptand ‘*@, due to their dependance
on the "large" compenents ¥; and 4& (egn. 2.28), yield no
additional information as is shown clearly by (2.29); they are
therefore need not be considered further. To Solve the
scattering problem for solutions of the Dirac equation with“the

asymptotic form

f._(e,q))] o lnr
g, 0, ¢)| 1

e« (2.31)

Yy 0

wg} Iqx?[l

this takes account of the fact that the second conponent of the
wave function is no longer necessarily zero after scattering as
the spin may change its direction due to spin-orbit coupling.
Thus, g, is called spin -flip amplitude.

Analogously, for the incident wave with the other spin
direction ( spins anti parallel to the direction of motion), a

solution with the asymptotic form is given by

[th
v,

To obtain the function f,,f, g, and g, use may be made of

9,(0.9)
£,(6.¢)

0
1

ik
e (2.32)
r

Tow ! elikz 4

the sets of solutions found by Darwin of the eguation (2.18)
with the scalar scattering potential V a function of r only and
the vector potential zero. The groups of solutions are given

as [13)




“I"B = (l+1) GI(I)PI(COSB) ‘ Td = "Gl(r) Pll (COSO)GN’ 3 {A)

¥, =16.,,(r)P,(cosB) $, = 6., (1) P} (cosB) ei®
(2.33)

G,(r) P} (cosB)e i | Y, = (1+1) G, (1) P, (cosB)
-G_,_, (1) P} (cos (8) e ¢ ¥, = 16, (r) P} (cosH) } )

I
il

v,
¥,

1]
!

For the two cases, (A) referring to electron with spins

parallel and (B) with spins anti parallel to the direction of

incidence.

Where P, and P! are the Legendre polynomials and associate

Legendre functions, respectively , and G, is a solution of the

simultaneous equation

11E , eV dG, 1
=1Z + & v omelr, o+ - =G; =0
h[c c ]1 dr r !
aOF, 2
—ig - mC]G; + — l*“:‘ﬁ =0 {2.34)
h| ¢ ar -

and G,;, is a solution of a similar pair of equations with -1-1

in place of 1.

By eliminating of the function F,, one obtains

dZGl 2 ') dG; PN 1«
R 4 - <=l 221G =0 2.35
dr * (r a} dr " \ep r? ' I “i ( )
where, o = 1/h(E/c + ev/c + mc) , 5 =1/h (E/Cc + ev/c - mC)
a! = dafdr

Substitution of G = a" L/(r) r' brings the eguation into the

Schrddinger form of the radial part

dzL/drz+[ Kz -(1(1+1))/rz- U(r)]L, = O (2.36)
with
2EeV | €22 (1+1) «f 3’2 !
-U = - - ; 2.37
1 (1) e | 1e r o« Y ( )

K2 = (E?2 - mRct) /h2c?
A similar result follows for L,, with -1-1 in place of 1.

Of the terms appearing in the expression {(2.37) for Ufr},
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the first two are independent of the electron spin and are
typical of the Klein - Gordon equation for a particle without
spin. The remaining terms are a consequence of spin-orbit
interaction depend, not only on the potential, but also on the
force and its radial derivative.

As with the treatment of scattering in the Schrddinger
theory, the solution of the radial differential equations for
potentials decrease faster than r' have the asymptbtic form

G, (r) T==(Kr)™t sin(Kr - (Ix/2) + 1)) © (2.38)
G.py T7® (Kr) ™ sin(Kr - (In/2) +n_;,
Since 1(1+1) remains fixed as 1 - -1-1.
Let us construct from the particular solutions (2.3334),
(partial waves), a solution which has the required form

(2.31). This can be done if they are combined as follows [13]

kol

Y ((1+1) MG, « le™i2G . )i! P, (cosB)
i=0

1

v,

o

W, = Y (-e™6G, + e "G, )1 1P (cosb) et (2.39)

b~
—

From these and previous results one can obtain

£,(0,¢) = 2: (1+1) (2™ - 1) + I(e?Mi+ - 1] P, (cosB) (2.40)
g,(8,¢) = E: Y, g*Mnlpl (cosh) e fd

The solution of the scattering problem is thus reduced to a

calculation of the scattering phase*h. These depend, as in the
non-relativistic case, on the energy of the incident electrons
and on the scattering potential ( scattering substance). Hence

the scattering amplitudes f,(®,¢) and g,(0,¢), apart from
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depending on the scattering angle, also depend on these two
variables.
For the case (2.32) of anti parallel spin, one finds, by
a similar procedure, that
£,(6,¢) = £,(8,¢) = £(9) ,

and that

g2(61¢)

where, g:(8,¢) = g(8) e®

- g(e) e® (2.41)

The physical gquantities which can be measured in a
scattering experiment are determined by a scattering amplitude
ﬁﬁffé) and g{8) , where f(8) is analogous ﬁo tgécéégéfz;iﬁdfn
amplitudes known. from the scattering theory based on
Schrddinger’s equation, and g{©) describes the change of spin
direction during the scattering process.

Now the general case of arbitrary initial spin direction

is treated in which the incident wave is given by

oo 10
oirz
0 1

Where A and B, according to egn. (2.22), specify the spin

AL QJ .
e = |2 (2,42)
B_r ‘c'iJ

ei}(: -

direction in the rest frame. Using egns. (2.31), (2.32), (2.41)
and (2.42), one obtains by coherent superposition for the

asymptotic form of the scattered wave as

giks £, gikr g,
r gl r f,

Thus, from (2.29) the differential cross section is given by

U
Uy

eikr  [Af - Bge i

Bf + Agel®

e.ikr

(2.43)

r r

1U3§2+ rU4%2
laiz + iBi2

' : ' \| -AB'ei® + A*Be it
=iz + igl2+ (fg' - gf )[ 4 ;‘2 " 3515 ) (2.44)

o(0,¢) =
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Egqn. (2.44) shows that the scattering intensity generally
depends on ¢, illustrated in Fig. (2.1) for s(6) > 0, and A =
B = 1. For this condition the differential cross section is
a(8,¢) = (|[£]2 + lg|2) (1 - s(8)sing )

Ean. (2.44) can be re-written as

i, . (A'Be it - AB'ei¥)
a(B,¢) = (|£]2 19;2){1 » 5(8) TCIATE + TB% (2.45)
where ‘
|
i
- i(fg' - £*g) y
5(0) = Ifﬁ+fgﬁ (2.45*

Known as Sherman function

lal ™

(151°%051%) (1+5(8))

1% 18o® 276° 3407

— P

Fig. (2.1) Dependance of the differential cross section on

the azimuthal angle(p.( for s{(8) > 0 and A= B = 1)

2.2.2 Dependance of Differential Cross Section on
Polarization.

The change of the density matrix due to a collision
process is considered. The effect of collisions on a spin wave
function such as eqgn. (2.42) is to change A and B to new values
U; and Uy of egqn. (2.43), respectively. This may be represented

as a transformation of X to X' spinor.
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X = [%[ of a pure initial state spinor, and
u Af - Bge 1% ,
X =7 = I ) of the final state spinor.
U, Bf + Agei®

This can be represented mathematically as, transformation

A

£ -ge-i¢ : .
/={ ge o = st (2.46)

ge it £

§ is defined as the spin scattering matrix so that

f -ge

S = ,
geit ° f

apart from normalization factor

It is a function of the scattering angle ©,¢ as well as the
electron energy.
The density matrix of the scattered bheam may now be

written

p N X IX I
=Sy Sy o= sylyt s
= 5pSs
since XX' = § ( density matrix of the unscattered state) , it
follows that
p’ =SpS* = %S(I + P.6)S" tr(p) (2.47)

Egn. (2.47) can be used to directly write the dependance of the
differential cross section on the polarization P of the
incident beam. It is clearly seen that tr(8) = |U2 + |y,
and tr (&) = [Af2+ |B|z. Taking the ratio of the two and

comparing with egn. (2.29) one has

(8,¢) = %i(f;i)) (2.48)

Therefore with (2.47) the dependence of the differential cross

o
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section on the polarization of the primary beam is

0(0,$) = Yetr[S(I + P.3)S"] (2.49)

To evaluate this one must form the trace of the product
£ -ge-i® [ 1+P, P.-iP, £' gre-it
(gei¢ F ) PX"'ipy l"Pz [—-g*ei‘b F? )
The calculation yields

0(8,8) = (|£]2+|gln(1- 20 et (p,-1p) ~e7 (P iR)])  (2.50

The differential cross section is thus independent of ‘the

longitudinal polarization component P,.

v,

W

X

Fig. 2.2 Transverse polarization component
With P, exp(*i¥ ) = P, *+ iP,, where P, is the magnitude of the

. . e .
transverse polarization P, ( See Fig.(2.2)). Thus,

0(8,4) = I(B)(l - D) p (eitw - critine)
= I(0)1 - P,S(0)Sin(¢-¢)) {2.51)
This shows that for an electron beam which has no transverse
polarization the differential cross section is independent of
the azimuthal angle ¢, and simply has the value I(©) = [£(©) ]2
+ |g(e)]z.

Egn. (2.51) can be further simplified if one defines the
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direction of the transverse polarization component in the X-
direction ( see Fig. 2.3a). Then it follows that the
differential cross section for a primary beam with arbitrary

polarization is

0(8,9) = I(8) [1 - P.S(8)sind] (2.52

If we take a unit vector T perpendicular to the scattering
plane
K x K
ﬁ=_.......}..{......._.__
| K x B
—_— - R . R *
where K & K’ are the plane containing the incident and
scattered direction.
According to the Fig. (2.3a) ,'ﬁ = ( G,0,1), Kr = ( cosg ,
—
sin¢ ,0) , P = (P,0,P,), P, = P. From these conditions the unit

vector T is given by
n = (-sin¢, cosd, 0) (2.53)

so that

-Psindg = P. i
and thus from {2.52) ~

6 (0,¢) = I(8){1 + S(8)A.A) (2.54)
This formula is independant of the choice of coordinate system
as the scalar product is invarient under coordinate
transformation.This is the basic equation for the measurement
of electron polarization by " Mott scattering" [4). Mott
scattering is a scattering process which used to determine the
polarization of the electron beam [ see Fig. (2.3b)).
N, and N, are the number of electrons scattered to the left and
right by the target, respectively, having primary incident

polarization ﬁi.




3%
w
gle
| rarget
Fig, 2.3a Scattering of Fig 2.3b Mott
polarized beam + Scattering

2.3.. 8pin Orbit Elastic Scattering

The physical basis of spin - dependece in elastic

scattering can most easily be visualized for the case of
electron scattering from a free atom. For motion in a central
poetential V(r), the spin orbit term in the interaction

Hamiltonian from solution (1.47) is given by

1 1 dvir) 3L

Voo " 32 T ar

if one consider an unpolarized incident beem of enerqgy E as
consisting-of equal numbers of electrons with " spin - up" (et)
and "spin - down" (el) relative to the scattering plane, these
electrons experience different potentials as aAFonsequence of
Vy. Thus, the number of spin - up (N1(8,,E) é;d spin - down
Nl (8,,E) eléc#rons scattered in a particular direction 8,
relative -to the incident beem, will in general not be the sane,

i.e. the corresponding differential scattering cross section

gi(E,8,) and 0l(E,0,) are different. Since N1 (E,®,) and
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N!(E,9,) are proportional to the corresponding differential
cross section, unpolarized electrons elastically scattered

through 6, are polarized to a degree
P,(E,8,) = Nt(E,®,) - NI(E,0) = o1 (E,©) - 0l (E,8,) (2.55)
Nt (E,8,) + NI(E,0,) ot (E,8,) + 0l(E,8,)
The differences in ¢i(E,8,) and ol (E,9,) also lead to spin

dependence in the scattering of a polarized incident beam. This

spin dependance is characterized by the asymmetry parameter

1 II(E8,)-TI(£0,)  ol(E8,)-al(E0,)
| B, I1(&,8,) +I}(E,B,) |B,] (E,8,)+c)(E,0,.)

A(E,0,) (2.56)

where It (E,8,) and 1} (E,9,) are the scattered electron currents
at angle ©, for incident electrons with the spin - up and spin
- down, respectively, and F; is the polarization of primary
beam. l/|§J is a normallization factor accounting for beam
polarization |Ez| is in general less than unity. In the case of
atomic scattering, S(©,,E) = A(E,0.) = P (E,0.).

An interseting aspect of Pand A is that large
polarization features occur in atomic scattering only near
cross - section minima, because conly in such regions are there
sizable differences in the relative wmagnitudes of ot and oi

(4,7}

2.4. Polarization of an Electron Beam by Scattering
The density - matrix formalism readily produces the
remarkable fact that an initially unpolarized electron beam is

polarized by the scattering process. From (1.24) one has

B = tr(p'8) /eriph

If the primary beam is unpolarized one obtains from (2.47),

with ¥ =0 '
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pl = ¥S(I + B.3) S'trip) = ¥sS'tr(p) (2.57

so that the polarization of the scattered beam is

s/ tr(8s*d) trp)

(2.58)
2tr{p))

From expressions (2.48) and (2.50) one has tr(¢’)/tr(s) = o(8,¢
) =‘|f(e)|2 + |g(®)|2 , where (2.50) has been applied in the
special case of an unpolarized primary beam. Furthermore, with
@ = 5€0; where & are unit vectors along x,y,z direction and o

are defined by (1.6) one has

CFo2s 2 fgre it - frge i* g, é,1é
Vhtr (SS*G) = ‘/2tr( g g g ] ( . y]

frge V- fgrait £z g

upon evaluating the matrix product, one may obtain

YVetr(ss' 8 = i(fg’ - £'g) (-sinde; ~ cosde,)

Since from (2.53), o= { - sing , cosg ,0), one finally
obtains,

Bl =3s18) 7 (2.59)
where 3; is the polarization obtained by scattering of an

unpeolarized electron beam, and S(@) is the Sherman function.
This happens because different scattering potentials
results in different scattering cross sections one obtains
different number of et and el in the scattered beam. In other
words: The scattering beam is polarized even though the
incident beam is an unpolarized, and acquires a polarization of
magnitude S(©) perpendicular to the scattering plane. This
together with the result of the last section, shows that the

Sherman function describes two important features : The extent
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of the left - right asymmetry in the scatering of a polarized
beam and the amount of polarization produced by scattering of

an unpolarized beam [3,4,13].

2.5. Behaviour of Polarization in Scattering.

It hs been considered in the preceding section that
polarization of the scattered beam from an unpolarized incident
beam from an unpélarized inéident beam was S(©)Nn. Now, given an
incident electron beam with arbitrary polarization fa, the

Polarization'ﬁ’ after scattering from egn. (1.24) is

-

Bl - tr(p’) _ Yetr[{I + P,.3)S"d)

[¢]

tr(ph Vatr{(I + P,.6)S"

(2.60)

where fl is the primary polarization.

The denominator has already been evaluated ( see solution
(2.49) to (2.5%4)) with the result (|f(©) 2+|g(O)]|2) (1+ S(9)
S

P,.n). The numerator can be evaluated similarly. As a result,

one obtains for the polarization after scattering

5 (P,.A + 5(8) )ﬁﬂf'(e)*{ﬁf—uﬁo.ﬁ)m ~1(0) (fixP,) (2.61)
1+P,. 7 5(8)
with,
- i({fg'-f'g) _ f?- g? . fg'+f’'g

If one resolves the polarization vector into components P

parallel to the scatering plane and P, perpendicular to it (

: d . -— —» —

i.e., parallel to n, see Fig.(2.4)) one has P, = P, + P,. As
—» — ~» — -4

(F,,M)n' = P, anda " x P, = 0 or ® x P, = " x P,. Egn.(2.61) can

also be written in the form
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+ U(B) (AxF,,)

- on op

P + 5(8))d + T(B) P

(2.63)

1+P,, S{0)

Fig. 4 Decomposition of arbitrary initial

2.
— - S
XK and K! are the elctron wave vectors before

polarization B,.
and after scatteriﬂg.

In the formula only the essential compeonents of the
initial polarization appear. The expression (2.60) may be

written again in another form, taking into account vector

identity,

dx(bxd) = (8.8)b - (4.5)¢

¢

which in our case

pro (P A+SO)1d + T0)d x (B, xA) + UO) (AxF,) (2.64)
1+ B,AS(8)

The terms T(®) and U(8) describes the change of the
polarization vector during the scattering process. If U(®) F 0,
there is a component of the polarization P’ perpendicular to
the plane ( N, ﬁ;) which is identical to the plane ( f&u fig,
i.e. U(B) describes the rotation of the initial plane. T(8) is

seen from expression (2.63) to describe the change of the
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polarization component parallel to the scattering plane. The
change of the polarization vector is due to the two scattering
amplitudes f(8) and g(®). An amplitude ?(8) which 1is
determined by coloumb interaction, and an amplitude g(6) which
describes the change of spin direction during the scattering
process. If the scattering amplitudes g(8) were zero, eqn.
(2.62) T(8) would be equal to 1 while S§(B) & U(e) wou}d be
zero, thus, according_to-eqn.(2.63), there would be no change
of the polarization during the scattering process {3,4].

The angle «a, through which the polarization componenet PQ

in the scattering plgneris rotated, is given by (see Fig. (2.5})

Ue) |al 1B

vana = | P = ule) (2.65
T(B) 1P, - T

Also, from (2.64), it can be shown that the angle a, between

the vector W & B’ is given by the following simple equation

P.sina, (1 - s¢)'* :
_ S bl B (2.66
) or B4 S(0) « P oozaa,

—

P

ot

Fig. 2.5 Anglé of rotation of the polarization component fw
. ’ —% .
It is useful for polarization measurments to express P’/ in
the form of three orthogonal components with directions given

- -
by the unit vectors n, K and K x nor 1, K', and R’ ¥ B. The
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following expression 1is given for the case that the unit
-ty R lp =t iy vy
vectors for the compecnents of P’ are given by n, K/ and K’ x n,
and the unit vectors for the components of 5; are given by ?i

- —» - . '
K, and K x n. Then egn.(2.64) may be written 1in the form

[17,18)
50 (S(8)Y+B,. Ay A+ (LB, . K+RB_. (Kxii)} B+ (LB,. (Kxid) -RE,. K) (R'xH) (2.67)
1+P,. A5(0)
where, L(8) = U(8) sin® + T(B) coOs6
R(8) = U(8) sine - T(®) cos® , and © is the angle

between f(' & -1?’

The results given here show that the scattering amplitudes f (8)
and ¢g(©) provide a complete descripticon of the intensity
distribution and the behaviour of the polarization in the
scattering process.

The following special cases are readily derived from the
general case given hy (2.67).

1. Initial beam 1is only polarized in the transverse

e

direction such that,ﬁﬁﬁ = P,, P,.K = 0 and 3w(? x'g) =0, then

1

eqn. (2.67) reduces to

Pl=[(s(8) + P)AI/ (1 + S(B)P,) (2.68a)

it shows that the magnitude of the polarization vector only
changes, but not the direction of the polarization vector ﬁa(
i.e. P, = 0). Hence, the polarization conserves its direction
perpendicular to the scattering plane. If the initial beam is
completely polarized in the transverse direction such that ﬁyﬁ
=1, —P'o.'ff =0 and '15’:,(? b ?1') =0, then eqn. (2.67) reduces to

P/ =1

2. Initial beam is completely polarized in the
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longitudinal direction such that ftj? = 0, §O.U< ¥ n) =0 and

iﬁ.f =1, then eqn. (2.67) reduces to

Pl =s(®f+ LK - R(IK x /) (2.68Db)

3., Initial beam is unpolarized such that Ti =0

Bl =35(0) A (2.68C)
In general, scattering changes not only the direction but also
the magnitude of the polarization vector as shown in the above
cases.
From (2.63), it can be shown that the magnitude of B’ can
be expressed simply in terms of $(8) and'gw Using the relation
S2(@) + T2(®) + U2(®) = 1, which follows immediately from the

definition (2.62),

P‘f 2 (Pc:; - 5(0))7 - ZQP;_.UQ B "-2-::::,
(1 -~ 35002
with P2 - P2 = POPZ one has
3/ 8 - (PC) R S)kz - (1* SQ) (55 -_f?;ﬁl
(1 + £2,,5)
_ {1+ P8 - [1- P - 5%« pPls?
(1~ P,3)?
[(1 - P2y (1 - 5%)
=1 -) ] (2.69)

(1 + P_.7AS(0))?
Egn. (2.69) demobstrate the following facts:
a) For a completely polarized beanm, |§0y = 1, the magnitude
of the polarization remains constant ( i.e. |§!| = 1).
b) For S{(8) = 0, the magnitude of the scattered polarization
remains constant ( i.e. l§’| = 1), but the direction of
the scattered polarization depends on the direction of the

initial beam polarization,




44
2.6. Equality of Polarizing and Analyzing Power

The connection between the following two facts is given
now which are proved in the previous sections.

1) Scattering as a polarizer : a beam that is originally
unpolarized acquires the polarization P = S(6)n from
scattering, i.e., the polarization is determined by the Sherman
function.

2) Scattering as an analyzer : the left - right asymmetry
observed with the scattering of a beam that is polarized

perpendicular to the scattering plane is also determined by

S(8). For a completely polarized beam (|30[ = 1) one has
. - N _ _ g
A= MoV 1 xS0 -1 S0 L sqe
N, = N, 1+ 50y 1 - S0
(N,, N, = number of electrons scattered to left and right,
respectively).

From 1 and 2 above, one can easily see that polarizer and
analyzer are characterize by one and the same functiocn S{@).

Considering the incident unpolarized beanm to be a mixture
of equal numbers of electrons polarized in the opposite
direction, one half are totally polarized in the direction t
perpendicular to the scattering plane; the other half are
totally polarized in the opposite direction ( see Fig. 2.8).
From (2.54), it follows from this for the et beam that the
scattering intensities to the 1left 1s propertional to
1+5(06) P.A=1+ S(©), whereas the intensities to the right is
proportional to 1 - $(@) due to the opposite vector Ti. For the
el beam the corresponding intensities proportional to 1 - S(8)

and 1 + S5(9) to the right and left, respectively. In both cases

the polarization vectors remain unchanged, since they are
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perpendicular to the scattering plane and have the magnitude 1.

/,47N7“1 + 5(0)

Nl=1 - S{6)

(2] -

<

7—V1=1 - 54,
Nlx1 + S(0)

Fig. 2.6 Scattering of an unpolarized beamn
The fact that there &re different numbers of et and ef in
the scattered beam means that the beam is polarized. Fig. 2.6

illustrates that for scattering té the left the degree of

polarization is ‘

P=N17N131+S—(1_S):S(8)
NI+ Wi 1 +8+1-s

Similarly, for scattering to the right the polarization P =
~5(8). Thus, polarization after the scattering of an unpolarized

beam to the right and left, both quantities are described by

the same function S{(®) [4.7].

L
-ttt
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CHAPTER III
3. INVESTIGATIONS OF POLARIZED ELECTRONS SCATTERING BY

POLYCRYSTALLINE GOLD.

3.1. Analysis of the Influence of Multiple Scattering on the

Asymmetry.

An analysis of electrons of moderate energiés by the
surface of solid could not be done without allowance for the
multiple scattering of electrons on target atoms [20]). Several
models have been suggested to allow for multiple scatferinq for
the intensity of eiastically scattered electrons [21,22].

Calculations of asymmetry were made using the schene
proposed [21] to determine the intensity of elastically
scattered electrons,

The following assumptions were made.

1) Elastic scattering of electrons on single atoms represents
independent events and the differential cross sections for
single scattering are the same for ateoms in isclated and
aggregate atoms, In view of the absence of experimental
results, theoretical values of the differential cross sections
and asymmetries of elastic scattering by free atoms [23,24)]
were used. From egns. (2.55) and (2.56) in the case of single
collision P, = A = S(9).

2) The intensity of a beam of electrons that have not lost the
primary energy E, in the course of motion in matter decreases
continuously and is governed by an attenuation coefficient pu.
Where, p= d4d(Q, + Q. and @, and Q, are the integral cross
sections for elastic and inelastic processes, d is the atomic

density.
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3) It was considered that there are no interaction between the
incident and reflected electrons, and the observed effects are
not modulated by diffraction as in crystalline solids.

The following comments should be made about these
assumptions. The use of the differential scattering cross
sections of isolated atoms in the calculation of the intensity
of a single interaction of electrons with ionic cores in a
solid is fully justified [21]. Scattering through a large angle
( backward scattering) is characterized by a small impact
parameter, i.e., it occurs at distance close to the center of
an atom. Naturally; the values of the potentials of free atom
and an 1ionic core in a so0lid should be similar at such
distances [25]. Nevertheless, this assumption 1s not well
satisfied when the differential cross secticns represent the
scattering through small angles which occur in the expression
for calculating the intensity 1in the case of multiple
interactions,. However, the calculated intensities of
elastically and multiply scattered electrons are not very
sensitive to details of the dependence of the low angle
scattering cross sections because of dominant contribution of
single scattering (21].

Assumption 2 is based on the good agreement between the
experimental and the theoretical values of the intensity of
elastically scattered electrons ([21] which lead to the
conclusion that the main mechanism governing the scattering
process are included in the adapted model.

Assumption 3 is based on the experimental work {9]. Before
the experimental measurements were carried out, it was cheked

that the sample didn’t show any diffraction pattern. In
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accordance with this fact is, that in the calculation of the
asymmetry diffraction condition was not taken into account.
The asymmetry of the elastic scattering ( through an angle
) of polarized electrons parallel to the normal of scattering

plane of the beam can generally be found from the expression

N
Y a,(8) 1,(6)
A(B) = =2 (3.1;

N
2. 1a(0)
n=1

where A, is the asymmetry of n-fold scattering of polarized
electrons and In' is the intensity of n-fold scattered
electrons.In the case of single scattering, 4, (9) 1is the
asymmetry for the scattering by a single atom. According to
egqn. {2.56), A, {0Q) = 5(8).

To calculate the intensity of n-~fold scattered electrons,
a proposed model [21) was applied. Therefore, the intensity of
electrons which have been elastically scattered once and only
once is

- o] -2 \_dz_ _-zp
I, (8) I°d[eXp(cosa)cosaO(e)exP(cosy)
= o0 (0) (3.2)
cosy )
AE cosy

where I, is the intensity of the primary beam, and «, ¥ are the
angles of incidence and reflection measured from the normal to
the target surface; ¢{®) is the differential scattering cross
section, and z is running coordinate directed along the normal
to the surface of the target.

It is shown in the case of double interaction [21] the

intensity obtained in the approximation of small angles
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scattering is

I o

I,(8,) = o fa(el)a(e,_,)d,c.z2 (3.3
2p2(1 + S%,S_E)
cosy

where 8; is the angle between the direction of the incident and
scattered beams, whereas ©, and 6, are the large and small
intermediate scattering angles [see Fig. (3.1)].

A similar calculation'of the n - fold scattering gives

dﬂ

coso
1 e n
al +<:0.9.-\r}"L

In(ea) = Io

fnz...fnao(ﬁl)...G(Bn)dﬂz.,.dﬁn (3.4

To evaluate the conveolution integral in eqn. (3.4) would require
a considerable computations. Tnstead of such calculations the
following approximation is made [21]. Recognizing that o(0) is
strongly peaked in a forward direction, the main contribution
to the convolution comes from multiple scattering events in
which all but one of the scattering is near forward. In this
approximation the convelution integral for n multiple

scattering process is

f f 0(8,)...0(0,)dQ,...dQ ~n<o(0,)> (0L)a1 | (3.5)
Qz Q n £ In ]

n

where Q,' is the total cross sections for elastic scattering
into the forward direction and < 0(®;) > 1is the average
differential cross section taken over an angular range centered
at 9,.

The small angle approximation is Jjustified because the
differential cross section for the scattering through the
angles less than 30° exceeds considerably the cross section for
the scattering for the other angles more than 102 times (23],

Fig. 3.1 shows schematically double scattering for a fixed
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Fig. 3.1. Schematic representation of double scattering

of a beam of polarized electrons,

e
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value of a small angle ©,, In this figure the angles ©, and ©,
are shown for the backward scattering and ©, is the forward
scattering, ( This is allowed for the programs of
calculations]. One can see that in the scattering through an
angle ©; an electron experience two collisions.

1)reflection through a larger angle 9,(backward), the values of
which is determined by the azimuthal angle(? when 0, and ©, are

fixed. According to cosine rule, one obtains
cos @, = cosf,cos6, + sinf,sinf,cose (3.6,

~and it is seen from the Fig. (3.1) that

o™ =6, + 8, and 9™ = 0, - 0,
2)Scattering through a small angle ©. { forward)

The sequence in which the scattering events occur first
through a large and then through a small angle or vice versa is
of no importance.

To determine the asymmetry of the elastic scattering of
polarized electrons by the target of gold {egn. 3.1), first the
intensity I,(©;} and asymmetry A, (9;) for nultiple scattering
should be. calculated. To do so 1,(9;} and A, (0;) were calculated
using the following methods.

1) The value of o¢,(9;) of the scattering through an angle
©; in interaction of different scattering multiplicity was
calculated. In the case of double scattering from egqn. (3.5)

this gquantity is given by

fozol(ﬁl)ol(ez)dQZ - 2<o(63)>j'0201{82)d£22
= 0,(0,) [ 0,(8,) dQ,

2
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and then,

fo a,(6,) 0,(6,)dQ,

0,(0,) = (3.7

fn 0,(8,)dQ,

2
where ¢,(8,) and 0,(9,} are the theoretical differential cross
sections for a large angle (©,) and a small angle (8,) of
scattering.

To calculate the differential cross sections for triple,
guadruple, etc. scattering process, we substituted in eqgn.
(4.7) not the tabulated (theoretical) differential cross
section for a singie scattering ¢(©,) but the calculated values
of 0,(9;), 0,(9;), etc., respectively. This is due to the small -

angle approximation. Following the same procedure, the
following general formula <was used to calculate for n -
multiple scattering { n > 2)

[o.,..8,00.08) a0,
o,(0,) = . -

wrnere ot A, d, ., (3.8
jo._ (0.) 2Q.

The cross section for the scattering through a small angle
0,{9,) was taken constant in calculations of interactions of any
multiplicity.

In this case the expression for the intensity of n - fold

scattered beam of eqn.(3.4) written as

I,(0,) = Ld 0" (8,) (05! (3.9)
fl(l " COS{ pt

cosy

2) The expression of the asymmetry A,(©;) for n - multiple
interactions could be obtained using the following method. A

primary polarized beam with polarization P, was used. The
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vector ?% lies in the x-y plane and is directed along x-axis.
For a double scattering process there are two scattering
centers,a and b. For an electron scattered at a, the scattering
plane is given by plane abc, and plane cob is for scattering at
b. According to the notation adopted in Fig. 3.1, the cosine of
the angle between the normal (ﬁ) to the scattering plane abc

and the polarization vector of the primary beam is given by

-t

‘ ‘ 2
cosW = b.+ ( sind,sing ) (3.10)

cosB,cos0, + sinB,sinb,cos¢

From the results of eqn. (2.54), the differential cross

section of the polarized beam for a large angle @, is

Ay o (8,4 = [ r 2+ gl +3.0 5.7 =00.0(.+ 5(0,)F,.i

[V

and for the small scattering angle is

B) 0,{8,,¢"Y = 0(8,)[1 + S5(8,) P A"
where P’ 1is the polarization acquired after the first
scattering and is determined by eqn. (2.61): T/ is the unit
vector normal to the scattering plane of the second scattering
process. The product of the two differential cress sections,
A and B, above gives

a,(0,,¢)0,(0,,¢) =
0,(08,)0,(0,) [1+B,.AS(8)) +F.A5(0,) + (F,. /) (F'. /) S(0,)5(8,) ] (3.11)

To get a convenient expression for asymmetry calculation,
the following approximations were made.

1) As shown in egn. (2.61), when a beam with initial
polarization 30 is scattered, the magnitude and the new
direction of polarization B’/ after a collision depends on the

ratio of the amplitudes of the forward scattered f(®) and the
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scattering accompanied by spin flip g(®). For the region of
electron energies (E, < 500 eV), f(®) = 10%g(8) for small

angles, and f(8) = 10g(®) for large angles of scattering

D

{23,24}. Thus, it is possible to approximate eqn. (2.54) as P,
-

2) In the case of single scattering, if the direction of
the polarization beam is parallel to the normal of scattering
plane, the asymmetry of the scattering is related by A/(0) =
S(®). Since the asymmetry in the scattering of polarized
electrons through small angle 1is much smaller than the
scattering through large angles [23,24], the contribution of

A (6,) = S$(©,) in egn.(3.11) can be ignored.

From the above two :considerations, ' eqn.’ ' (3.11)"' ‘is

approximated as

Tt

g,(0,,¢) o, (0,,¢" "ol{el)ol{Qa)[lthBQngk’
Multiplying both sides by dhgli§éé ,Er,; rrrrrrrrrr
j; 01(81,¢)01(B;,¢W¢j9£;‘ﬂ o(0.;00.) [t - 7 ooswa (0.)dQ, (2.13)
2 2: .

This is proportional to the intensity of double scattered

electrons in the direction of o,,

Substituting egn. (3.13) into egn. (2.56), tha asymmetry in

the course of double scattering was calculated from

fn 0,(8,)0,(8,) A, (8,) cosddQ,

a,(0,) = (3.14)

fn 0,(0,)0,(8,) dQ,

Following the procedure as in the calculation of n - multiple
differential cross section, the asymmetries were calculated

using
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. fn 0,.,(8,)0,(8,) A, (8,)cosbdQ, -
A (B,) = == 3.15
fo 6, ,(8,)0,(8,)dQ

where n= 3,4,

Before calculations of the scattering differential cross
sections and asymmetries the range of integration is selected
after an analysis of the dependence of the intedgral in the
numerator of eqgn.(3.7) on the angle of the cone representing
scattering through a small angle 6,. The angle of the onset of
saturation of this dependence governs the rapggwoﬁfﬁQemgng;gh%
8,. This can be seen in Fig., 3.2 for different énergies..IﬁJ
these calculations the range of small angles up to 30° was

L

used. o )I L T T T
H H [ R f t ¢ - . o
i 1

Calculations of o(@;)‘éhé'h U%) wéfe ﬁ&dﬂ:byféfaﬁﬁéfd

¢
b

method of numerical 1ntegratlon of equ (% 8) d}(< 15) on, a

computer for double scattering dnd tor scatterlng oL'high?r

I

multiplicity of E, = 100, 200, 250, ‘and’ 500 eV’ electron
energies and the results are presented in Fig. 3.3 and Fig.
3.4, respectively.

Typical results of the calculations presented in Fig.3.3
shows that an increase in scattering multiplicity results in
rapid smooth out of all the singularities typical of the
differential cross section for single scattering. For n>3 and
relatively for large values of € the angular distributions
become nearly isotropic. In the case of scattering asymmetry

Fig. 3.4, inspite of the fact that the singularities of the
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dependence A, (©;) are also smoothed out on increase in the
multiplicity, the absolute values of A,(®;) remain sufficiently
“large .for some angles ©;. Hence, in the case pf multiple
collisions there are such scattering directions iﬁ.which a
fairly strong asymmetry is combined with a high scattering

intensity.

3.2 Elastic Bcattering Asymmetry into a Wide So0lid Angle

polarized electrons by the surface of polycrystalline gold.

They used a source of polarized electrons based on
photecemission from GaAsu“Pug solid solutions {26,27). The
polarization Ei of the beam was 35 t 2%. The asymmetry was
separated by modulation of the direction of polarization of the
primary beam of electrons by reversing the sign of the circular
polarization of light at frequency of 31 kHz.

In these experiment they determined the dependence of the
current representing elastically scattered electrons reaching
a collector of four - grid quasispherical analyzer (collection
angle 104° ) on the angle of incident « of the beam on a
target.

They measured simultanecusly a signal AI resulting from
reversal of the direction of polarization of the incident beam,
{ The same symbol I 1is used for the current as for the

intensity of the electron beam]. The asymmetry resulting from
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Collector of electrons

to target surface

/
d_/L_;ZL_ Normal line with respelt
/

<><

-

Target

Fig. 3.5. Schematic representation of the scattering
.

of polarized electrons atong the direction of collector
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such scattering was found from

A =
p, Il + Il 2P, I

where It and I{ are the currents to a collector corresponding
to different directions of polarization of the incident bean.
The coefficient % in eqn. (3.16) was used because the measured
current I is the average of the currents It and Ii.

Schematic representation of the scattering of polarized

‘electrons along the direction of a collector is shown in

the target surface, respectively Scattering asymmetries'were
obtained (9]
1) By varying the angle of incident a for a fixed electron
energy E,. The results are tabulated in table 3.1.
2) By varying the energy of incident electron E, for a

fixed incident angle a. The results are tabulated in table

3.2.

a,’ 0 2 6 10 12 16 20 22 26 28 32
Ay, % 0 0.3 0.6 1.0 1.3 1.8 2.3 2.9 3.7 4.0 5o
Table 3.1 E, = 100 eV

E, eV 100 200 250 500
-A(E),% 5.0 0.7 -0.3 1.85

Table 3.2 a = 32°
Absolute experimental error = 0.4 %

To compare the calculated and experimental results, it has
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been found first the asymmetry of the scattering of polarized
electrons by a solid in a wide angle equals to the angle of
collector. According to Fig. 3.5, the actual angle § of

emergence of electrons depend on azimuthal angle (P related as
cosy = cosB,cosa + sinf;sinacoseg

In the case of such scattering the guantity A(a) can be found

from the relation

IR
ZIAD(B3)coscpIn(63)dQ

n=1

where I, and A, are the current and the asymmetry of the

scattering into an element dQ of a wide solid angle. The factor
cos¥ allows for the scattering of electrons not parallel to
the normal of the scattering plane.

An analysis of the expression for the intensity in the
case of multiple scattering of electrons (egn. 3.9) made it
possible to simplify the procedure of calculation of the
guantity A(c) in eqgn. (3.17). Egn. (3.9) can be considered as
consisting of two factors. One of which { (Q)"Yd™/(nu™)} is
independent of the angles a and ©;, whereas the second
{(l+cosa/cos))! 0,(8;)} is dependent of the angles a« and 6,.

The total probability of energy losses when an electron
crosses the target - vacuum interface also applied. The
dependence of the probability of the surface energy loss on the
angle of incidence or emergence for gold is given by {[22]

P(E,,a) = 2.7 / ( E cosa)
where E is an eV. This loss of energy reduces the intensity of

the elastically scattered electron beam, so that the elastic
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scattered electrons of egn. (3.9) must be multiplied by the
factor (1 - P(E, @)) for the incident and ( 1 - P(E, }) for the
scattered beam.
Therefore, the final expression for the scattering
asymmetry of polarized electrons of different multiplicity in

a wide solid angle is

fAn(83)cos¢(lu-P(E;,y)(l+-§%§%)don(93)dQ

Ap(a) = (3.18)
e L f(]_ -p(}_:,'p, ¥v)) (1 + %%‘.) on-(33) dQ. | e deaigEeeagie

from 0° to 52°. Tﬂé language used for the calculation was " Turbo™
Pascal, and the programmes were created by Dr. S. Kotelinkove
and Dr. A.N. Mishin. Use was made of the values of 0¢,(9;) and
A,(©;) shown in Fig. 3.3 and Fig. 3.4, respectively.

The results of the calculations of A,{(a) for four electron
energies E, are presented in Fig. 3.6. It can be seen that the
asymmetry of the scattering of polarized electrons rises
monotonically on increase in the angle of incidence of
electrons on the target and there is a tendency to reduce the
difference between A, and A,, asymmetries with increasing n
[n- number of scattering multiplicity}].

Fig. 3.6c of electron energy 250 eV shows a different
behaviour than the other three electron energies of Fig.
(3.6c,b,d). This different arises dueto the behaviour of the
asymmetry of the single and multiple scattering for 250 eV in
the region of scattering angle between ©; = 0° to 52°, A, (a)
depends on the behaviour of A (©;) and o0,(0,) due to an

integration of A, (8;) 0,(9;) of egqn. (3.18). According to Fig.
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different multiplicity of the Scattering electrons into a
collector: c) E, = 250 ' d) 500 ev

The numbers along side the curve give the scattering

multiplicity.




BEFES = RS bocl s bl po porrs. £ (il S L AF e
) Y S

f

B R L A L e it o I 0 B S N SR R OB ST

68

LR

28.000

Voo | a

. 1
-0, 10 0.64 1.38 2,12 2.86 3.60 10

-2
#10 A '
An)
b s
5.S00 s
.1"/
/
1.340 R
P 4
- . - ) !_-/n /
1.i80 L‘f: = Z00e i/ e
1.020 ’{ s , Eal
,.,/// 7

0.850 R e

Q.

0.540 s 1

. -

n.300 -

0.220

a.060

o
4 4 4 ¥ 4 § il 4 4 4 Pt
-06.100 + 4 1 t 1 s
“ 1
-o. 10 0.64 1.38 2.12 z.836 3.80 =10

Fig 3.6 Dependence of asymmetry on the angle of incidence « for

different multiplicity of the scattering electrons into a

collector: a) E, = 100 b) 200 ev

/

The numbers along side the curve give the scattering multiplicity.




o e Y - e S e R A T T AL T S T N BN e KX Rl Ko Lo S Lo e ol o EEX

69
3.4c the average value for A,(9;), A,;(6;) and A;(©®;) in the region
of scattering angle ©; = 0° to 52° have opposite sign with
respect to the value for Aﬂeﬂ:fOr 100, 200 and 500 .eV. On the:
other hand, the behaviocur for differential cross sections of
Fig. (3.3 a,b,c,d) for the same scattering angle of ©; have the

same sign for all energies. So that, the different in behaviour

of A;(8;), A,(8;) and A;(8;) give the different in sigh of A“&),

L) (o) " rd  (nps)

™=
o

hi=1

A{a) ~

(Qefl) n-ldn(n“n) -1
T

n

Ajla} [n(1.2)7) 7"
= (3.19;

)

3 [n(1.2)7)

n=1

The series of egn. (3.19) converges and the probability of
n-fold scattering decreases rapidly with n. For example, for
electron energy of 100 eV and incident angle @ = 36° the
contribution of the 6" term to the first five terms of the
series (3.19) amounts approximately 3%. Hence, only the first

five terms of the series were retained. The attenuation
coefficient depends on the electron energy, and its exact value
is unknown. In these calculations, for all electron energies,
Q. = 0.2Q, was used, so that u = 1.2Q,/d.

From egn.(3.19) it 1s possible to estimate the
contribution of n-fold scattering to the total scattering
asymmetry. For example, the result of this calculation shows

that the contribution of single interaction to the total
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%1078 A A CQ()

1.200 ¢ 3
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Fig 3.7 Dependence of the scattering asymmetry of the polarized
electrons on the angle of incidence a« on the surface. of
polycrystalline gold. The numbers along side the curve give the
incident energy of polarized electrons E, 100 , 200, 250 and 500
eV, respectively.

Calculated (.~~~ ) and experimental {( ] }([(9] values of the

scattering asymmetry.




Lt g P e R et ok PR 1 HL S S L2 LT R Rl e e, e =

71
scattering asymmetry depends very weakly on the electron energy
E, and amounts approximately 60%. The contribution of the n-
fold scattering to the total asymmetry decreases as the
scattering multiplicity increases.
A dependence of the calculated and experimental values [9)
of the scattering asymmetry on the angle of incidence a for

electron energy E; was plotted in Fig. 3.7. The calculated

value for the

500 eV, respectively. Thus, the Calculated results shows good

agreement with the experimental values for electron energy of
100, 200 and 500eV., But the theoretical value of the asymmetry
for electron energy of E, = 250eV shows significant deviation
from the experimental value. This discrepancy wmight appear due
to

1) Approximation Q, = 0.2 @, for this energy might not be

good.

2) Maybe the experimental error is high for this enerqgy.

Generally, the calculated results agreed satisfactorily with

the experimental values.

T

LA

it it




72
CHAPTER IV
4.1  CONCLUSIONS

Owing to spin-orbit coupllng ln elastlc scattering, the

scattering of electrons by a polycrys alllne gold t
depends on their relative spin orientation. According to the
results of the calculations, the total asymmetry depends
strongly on the asymmetry of the SLngle scatterlng process. It

has been found that the asymmetry of polarized electrons rises

The asymmetry. due to interaction of polarlzed electrons

with a polycrystalline solid is due to the scattering by an
atomic-like potential of ionic cores in the target. The
specific influence of a solid reduces to the following.

1) In view of the high atomic density the elastically
scattered electrons experience not only single but multiple
scattering by ionic cores in a solid and this changes the
asymmretry,

2) When an electron crosses the target - vacuum interface,
it loses energy and this reduces the intensity of a beam of
elastically scattered electrons which in its turn affects the

asymmetry of the scattering in a wide solid angle.
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APPENDIX
All attached programs contain unit "dr2d". This unit is
only to out put graphics on the screen. The procedurefgg
output graphics is called plot 2d. -
The program "Krat' was used for the calculations of the
differential scattering cross section and the asymmetry

for n-multiple . scattering simulation. The,ﬁﬁile_ R

const200.dat" contains the data for the scattering of an

indicates that the energy of the incident beam is 200 eV.
The input file for the calculation of the n+l- multiple
scattering process is the file obtained by the calculation
on the n- multiple scattering simulation.

The program "polar 1" integrate the asymmetry for the n-
multiple scattering simulation in the aperture of the
collector, for the various values of the angle between the
direction of the incident beam and the normal to the
surface of the target.

The program"Total-as" calculate the total asymmetry for
the scattered beam as a sum of n- multiple asymmetry for

each value of the energy.




Program Krat;j
($E+)

Uses crt, drad

Pops tarrayll

Assim array [1

.
k]

.31 Q{ real;

Ug:arvay(ll..211 of integer

T3 :array(l..91) of real}

AL,B ireal

-

T rarravyll
Erreal

1,)k1nteger;

X¥Z,0U,BID

rea

-

L:integery
CHi:realj
CosEPS,2Pireal
ArrrayhMamFPoints
G

outfilestext;

1
1

L.203 af real;y

\
-

‘

]

-

]

tThRNMunFPoLI Nt S )

1TNmatrix;g

Frocedure lnputDate;

..91] of real;

P
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for i:

close(infiie)

assign{infile, 'C:\tpbtOikotelvscat200\scd_200.dat "}

reset{infile)

for 1i:=1 to 31 do readlN(infile,X,X,51gli1+1&63 ,Asl1+1&1)

closetinfilel

clrsor g
WritelN('E Pt I2 Ji Je K2 FRI FIiL
E:=2503 Il:=l; 1&:=91y JIl:=13 12:=163; K2:=18: PRI:=l
Ni=1;
{ readlLn{ E , i, iz, Ji , J=2 . Ke
FIL, NY 3 )
WritelL{E:8,’ LIl yla, T3l fyday

* PRI, " CFIL, )

endj {(~Procedure InputDate -3

l’KE,J




beéln
InputDate
assigni{outfile, 'C:\ip60\Kpiteliscat200\sc35_200dat ')

rewrite(outfile)

% g B T3 DR Tl

for i:=I1 to I2 do beqin

VA;=COS£TSEij; ! B:=sin(f3£1]);
for j:=Ji to J2 do begin
Tl jli=0j-11#2%xP1/180;
Xi=cos(T20jl)y; Yi=s1n{T20[}1;
(Y RST:=8igljlxyYx2x360/K2¥sqr (F1/180)

for K:=1 o K2 do begin

F1i={K-1)%360/K2*FP1/180;
Coshi=axri+Bryrcos{Fi1)
i¥ CosBGr=1 then CoshG:i=1}

1f CosG{(=-1 then CosG:i=1}

if Cosg=0 then T:=Pi/2 else Ti=arctanisqgrt
(l- sqriCosB)) /CosGy

D:T*180/P1i;

it D{O then D:=D+180;

Zi1=1int (D)

Z1:=2}

while (2132) do 2Z21:=J1-2

-

if 214(2 then T1l:=2+1;




TESB)

Li=round(T1/2)+1+16}
XYZ2:=XYZ+5ig[LI*RST}

) QU :=QU+RST ;

(l+sqgr (¥*sin(Fi) /CH)) end;

14 CH=0 then begin ZP:=1ly CoskEps:i=0 end;
BZDi=BZD + S19fL)*As{L3I«RST#CosEps*2F
ends {(-for kK-3

end; {(~for J-}

Sopsl{y )=y Dy dzzimly ] i=B20 04y

WritenlNOy ,  Ugl 1, "1=",Ugl1], popsi y1, J=",Fopsli1d:la,
Assiml - j1, "J= yhssaml1) il g

WritenLn(outfile,i,’ “yUgli1l,” "yPopslil:l2,’
"JAssimlail:le) g
GL1,0):=Ugl1d; Gli1,13:=Popsl11y

endy {-for 1-}

closetcutf1ler
ArrayNumPoints(1]:1=60;
Plot2d (1 ,ArrayNumPoints 1,1 ,G);

end.




qgram polariyi
{$E+)
Uses crt, drad;

const

§f2t{§;afraytf éfﬁétffﬁaiéﬂu(*scffr}Tgéé:??%

2 array [1,.27] of integer

C: array (1..,19] of integer;
1,1,k M: 1nteger

P: array [1,.27] of real
516 array [1..271 of real;
POL: array [1..19] of real;
Fisarrayll..N] of real;
TOK,POTOK ,A,Bt real
X,Y,CosB,CH2,T,PT: real;
Ang ,Angiireal;
ArrayhNumPoints: TNNumFPoi1nts
G tTNmatrix
outfile: text;

Procedure Inputbhate(n,Jjiinteger’};




L,

for 1:=} 1o 19 do Cli1:=38-1x2:

ot

Var X"

- T

“real
infile ! text
i t integer

dat '3

assinq(infile,FileTitle);

resetlinfiler

for i:=1 to 27 do readLn(infi1e,X,X,SlgEEB—1J,PCEBﬂiJ);
close (infile);
end; {(-FProcedure InputDate-)

begin {(-MATN-)

TOr 11=1 to 287 do Z01]:=5f4-1apd

for 1:={ to 4 do
for m:=1 to % do
begin
InputDate (1 ,m)

assign (outfile,’ﬁ:\scat’+Energy[1]+’\’+Titlel[m]+’_’+Energy

L11+7.dat)

rewrite (outfile);

for ki=1 to N do Filkli=cos (k-1)% (2/N)%xF1) +

L]
for ji=1 to 19 do begin
TOK:=03; POTOK:=0

Ang:= CLj1*xPi/180;

EYS & '

R LY e SR

e e e e

POu ey A ey

i




At=cos (Ang) ;
B:=sin(Ang)}

for i:1 to

27 do begin
Angi:=Z[i1*Pi/180;

COSB t=X+Y*FilK]y

77

CH2:={1-2.7/sqrt(E[13}/CosB) ;

T:=5I6011% (s 1n (20113 +P1/180) 7/ (1+A/C0osG) #CHE ¢

PT=PLiIxFilKI*T;
TOK:=TOK + T;
POTOK :=POTOK

+ FPT;

end; {(—for K-}

emnd s (—for 1-3

POLEROG-3]:=POTOK/TOK

Write (3)3
end; (—-for -1}
for 3:i=1 to I3 do pegin

writelniloutfile,CL20-

writeln{C{20-31],"
readln
GLy,0)s=C0l20-313 Gl

end

ArrayNumPoints{1131=19,

i1, TLROLLOGY)

7 JPOLL§1)

s 11 i=—-FOLLC) ]

PloteD(l JArrayNumPoints,1,1,5)

endy (-for m-)

end.,.




Program totalas}

(3E+)
uses crt,dr2dy

const

FileTitle:string;

Atotal:arrayl1..19,1..4]1 of realy

A tarrayf!l . .5,1.,.19,1,.4] of real
Angle ‘arrayfl,.191 of intéger;

Norm ireal

1,1, i1nteger

infile,cutfilestext;

G:TNmatria~
CArvayNumPoints i TNaumpolints

begin { Main )}

cirscry

for ji=1 to S do Norm:=Norm + 170 *expij*xin{l.2)))
for-n:=1 to 4 do begin
for j:=1 to S do begin
FiieTitle:=’A\scat’+Energy£n]+’\’+Titte[J]+_'+EnergyEn3+’
.dat "}

assigni{infilte ,FileTitle)




reset(infile)
for i:=1 to 19 do readin(infile ,Anglelil,Alj,i,nl)

closel(infile)

Atotalli,nl:=0;’

for j:=1 to 5 do Atotal[i,n]:=ﬁtotal[i,n]+ﬁtj‘1,nJ/
‘J*E?DKJ*lh(I.E)));
Qtotat[i,n]:=étotal(1,nJ/Norm;
end; (—far 3-3
endy [—for n-3 .
2551gnioutfitle, "Atastot 12, dat " ;
rewritelicutfyle)
tor 1=1 tc 13 do begin
writeln{(a2®(i-1)," "sAtotalfi l11:10," ‘yAtotalli,2l:10,
"yAtotally,ri:10y
writebn(outfile,2x (i-1), ‘yAtotalli,11:10," ‘yAtotalfy,2]:

Lo, "yAtotalfi, 110, yAtotally (43:510)

tor n:=0 to 3 do begin
for 1:1 to 19 de begin

GEi,E*n]:+Angle[iJ; G[i,8*n+1):ﬁtotal[1,n+l);
end;

ArrayNumPoints[n+1]:=19;




mﬁﬁ' AR R

end; {~for-J

readin;
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