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CHAPTER I 

INTRODUCTION 

Physicists are constantly working to more fully understand the 

structure and basic laws governing the atom. Because of increasing 

technology in the area of electron beams, specifically the production 

of polarized electron beams, interest has been revived concerning the 

spin dependent effects of low energy (50 to 4000 eV) electrons scat-

tered elastically from atomic targets. However, some skepticism has 

been expressed concerning the usefulness of such studies. Spin 

polarization has been shown to be "insensitive to changes in the scat-

f) 7 
tering potential ' and variations for the structure parameters of 

molecules such as bond lengths and mean amplitudes of vibration when 

molecules are used as scatterers." Also, angular dependence for the 

scattering cross section may be more useful in the study of electron 

exchange and charge-cloud polarization. However, theory and experi-

mental results are still such that precise agreement cannot be reached. 

With the development of stronger electron beams with higher polariza-

tions, better experimental results are possible and should stimulate 

further studies. 

The purpose of this paper is to report the conclusions drawn from 

measurements of the spin dependence of the scattering cross section for 

electrons elastically scattered from an atomic target. Polarized elec-

trons were extracted from an optically pumped helium discharge and 



scattered from a gas beam of atomic krypton. The number of elastically 

scattered electrons for a predetermined amount of incident charge was 

counted for first one sense of polarization and then the other as a 

function of the scattering angle. Any difference in the scattering 

cross section for the two spin states indicates a spin dependence. 



CHAPTER II 

THEORY 

Polarization effects in elastic electron scattering were first 

predicted by Mott in 1929 as a consequence of the Dirac equation. This 

approach was used for most of the quantitative analyses, and termed the 

Dirac wave model. A simplistic, qualitative approach by Buhring, 

utilizing the optical model will be briefly discussed followed by a 

discussion of the major points of interest in the Dirac wave model, in-

cluding the importance of the scattering amplitudes. For a more de-

17 18 
tailed discussion, references should be made to Dirac * and Mott and 

23 
Massey. A good treatment of the density matrix description of the 

46 
polarization is given by Kessler. 

II.1. Optical Model and Dirac Wave Model 

Elastic electron scattering may be considered as a diffraction of 

the incident wave by a single atom. When the electron wavelength, X, 

is comparable to the atomic radius, R, the typical interference pattem 

results in which positions of the maxima and minima are determined by 

X/R. This parameter is important since the "effective radius" is dif-

ferent for different spin orientations. Imagine that there exists an 

electron traveling toward a massive atom, whose nucleus and atomic elec-

trons set up a screened coulomb field, E. If the rest frame is cen-

tered in the incident electron with magnetic moment, \i = [e/(mc)]S, 



there exists a magnetic field given by H = -(v/c) xE, which interacts 

->- ->-
with y. The interaction energy, -yH, becomes the spin-orbit energy, 

/"1 2 2 V — 1 ̂  , \~*" "*• 

(2m c r) (dV/dr)S»L, except for the factor of 2 caused by the Thomas 
1 f\ 

precession. Thus, since the scattering potential is a sum of the 

screened coulomb potential and the spin-orbit potential, electrons with 

different spin orientations see different scattering potentials, i.e., 

the "effective radius" for the atom is different for the two spin 

orientations. From this it follows that a difference in the cross sec-

tion for "spin up" and "spin down" electrons will result. 

For a beam containing a mixture of electrons with "spin up" and 

"spin down" a measure of the mixture is necessary; this measure is 

termed the polarization and is given by 

^ m - N>̂  
Nf + Ni ' ^ 

where Nt and N-l' are the number of electrons with "spin up" and "spin 

down" respectively. An unpolarized beam may be considered as an in-

coherent superposition of two completely polarized beams of equal in-

tensity and opposite polarizations. Alternately, a partially polarized 

beam is the superposition of two beams of unequal intensities, one of 

which is completely polarized and the other is totally unpolarized. 

For example in an ensemble of 100 electrons, one finds 80 electrons 

with "spins up" and 20 with "spins down." The polarization of the 

ensemble is seen to be 0.6 or 60%. 

Should an initially unpolarized beam of electrons be incident 

upon a target the electrons scattered at a particular angle would be 



polarized as a result of the difference in the "effective radius" for 

the two completely polarized beams making up the incident beam. The 

polarization curve for the scattered electrons can be constructed from 

the two cross section curves: 

P = Nf - N4- ̂  (dg/d^)f - (da/d^)i ^. 
m + m (da/dfi)f -I- (áo/dn)^ ' ^ 

At such an angle that one of the cross sections has a deep minimum and 

its value is small compared to that of the other, the polarization is 

close to unity, as in Figure 1. So for suitable energies it is reason-

able to conclude that the electrons scattered into some solid angle 

4 
could achieve 100% polarization. Yates and Buhring have each pre-

dicted total polarization can be obtained in principle for certain com-

binations of energy and angle for elements as light as neon. 

Goudschmidt and Uhlenbeck introduced the concept of spin in 1925. 

In 1928 Dirac used a relativistic generalization of the Schroedinger 

equation which lacks any concept of spin. Dirac used the relativistic 

ene rgy law 

„2 2 2 _̂  2 4 _ 
H = c p + m c 3) 

0 

instead of the non-relativistic E = p^/^m. Substituting the usual 

operators for p and H 

p ^ ifiV , H -> iîi^ 

into 3) and allowing them to operate on a wave function ĵ; yields 
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Figure 1. Qualitative Example of the Relation Between the Cross 

Section for Spin-up and Spin-down Electrons and the Polarization of 

an Electron Beam Obtained by Scattering an Unpolarized Beam 
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Figure 2. Representation of a Partially Polarized Beam as a Mixture of 

Totally Polarized and Totally Unpolarized Beams of Unequal Intensities 
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- ^ l ^ A = (-cVv- + m̂ ĉ )i|; . 4) 
^ 9t ' 

2 
Moving the V term to the left hand side yields the Klein-Gordon equa-

tion: 

• ij; = m c ĵ  . 5) 

Dirac required an equation linear in time so he considered equa-

tion 3) as the product of two linear expressions: 

(H - c Z a p - 6mc ) (H + c Z a p + 3mc )î  = 0 6) 

where p = p , P , P , components of the momentum operator and a and 
y X y z y 

3 satisfy the relations 

a a , + a ,a =25 , , 

a 3 + 3a = 0 , 7) 
y y 

6^ = 1 . 

The a and 3 are constant coefficients and satisfy the relations in 
y 

equation 7) if 



0 0 0 0 0 0 - i 

a = 
0 0 

0 

0 

0 0 
a = 

0 0 0 

0 - i 0 0 

0 0 0 0 0 0 

0 0 0 0 0 0 

a = 

0 0 0 - 1 

1 0 0 0 
3 = 

0 0 0 

0 0 - 1 0 

0 - 1 0 0 0 0 0 - 1 

I f t h e r e l a t i o n s below e x i s t . 

or 

(H - c Z a p 
y u V 

(H + c S a p 
y u u 

- 3mc )i|3 = 0 

2 
3mc )\l) = 0 , 

8) 

then equation 6) is also solved. Substituting in the usual operators 

for H and p yields 

9 2 
(i-h— + 1̂ 10 Z a p - 3mc )i|3 = 0 , 

at y \i^\i ^ 
9) 

the Dirac equation for a free particle. By adding a generalized cen-

tral field, V(r) = e(|)(r), where (í>(r) is a generalized central field 

potential, the Dirac equation for an electron in a central field is 

[ifiTT- + i î i c ( Za p - 3mc^) + V(r)]i|3 = 0 , 
9t y y y 

10) 
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When this equation is replaced by its equivalent matrix equation, a set 

of four simultaneous equations results which must be satisfied by the 

wave function. 

^-

^ = 

'P. 
11) 

The four simultaneous equations are: 

(pQ+mc )\|3^ + ( p ^ - i p ^ ) ! ] ; ^ + p^'^^ = 0 , 

(pQ+mc )\i)^ + (p^ + ±p^)i\)^ - p^ií;^ = 0 , 

2 
( P Q - m c )il)^ + ( p ^ - i p ^ ^ i j ^ ^ ••• ^ 3 ^ 1 " ^ » 

12) 

(PQ-mc )\l)^ + (p^ + ip^)!!;^ - ^2^2 " ° ' 

8 9 
where p_ = îi — + eV(r) , p = -±h-—, y = 1, 2, 3, and V(r) is the 

0 3t ^ '' ̂ y 3x y scattering potential. 

The plane wave solutions to equation 12) for an electron moving 

in free space with momentum p , p„, p^ and energy W are 

-Ap^c-H Bc(p^-lp^) 2ul(k.;-Wt) 

h' mc + W 

i-o = 
-Ac^p^ + lp^) - BCP3 2^i(î.-.„t) 

_ Q 

^^ = Ae 

mc + W 

27TÍ(k*r-Wt) 

i>,. = Be 
27TÍ(k«r-Wt) 

13) 



11 

The arbitrary constants A and B are related to the direction of the 

spin by 

B = Atan(|-)e^^ , 14) 

and 9 and (^ are the usual spherical polar angles (see Appendix A.2). 

Suppose the electrons are taken as an incident plane wave in the 

z direction, scattered by a central field. The time-independent cora-

ponents of the four wave functions will have asymptotic forms, 

^^ - â e"-̂ ^ + fu^O,^) , A = 1,2,3,4 . 15) 

As usual the differential scattering cross sections are given by 

da - I^^Q'^Í')! 
I(e,<í))di^ = ^dU = -^^-7^^^ . 16) 

díl 4 ^ 

Z la I 
1 '̂ 

The a, 's are related to each other as are the U 's. This can be 
A A 

seen since, asymptotically, the spherical scattered wave may be re-

garded as a number of plane waves proceeding in all directions outward 

from the center. The relationship is given by 

^3 ^4 W + mc 

A similar expression holds for the U 's. 

A 

Equation 16) may now be written 

> = 

l " 3 l ^ ^ 

i ^ s l ^ * 

l ^ l ^ 

I^J^ 
18) 
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If the velocity of the electrons is small compared to the speed 

of light such that 

W - mc « W + mc^ , 19) 

and a periodic solution is sought in which p- must be replaced by 

(W + V)/c, then jp^ and ip of equation 13) both satisfy Schrodinger' s 

equation. Both ^ and \p^ may be neglected in an expression for the 

charge density such as 

4 .2 
5 |ij;J dx , X = 1,2,3,4 20) 

1 ^ 

which represents the probability that an electron will be in a volume 

element dx at time t. 

In solving the scattering problem the two components of the 

polarized beam are considered separately. The asymptotic forms of the 

unnormalized components \p^ and \\), for electrons with spins parallel to 

the direction of propagation are 

^3 " ̂  +^f^(e,(í)) , 

21) 
ikr 

^i^ =" ^-^ g-j_(e,(j)) , 

obtained from equation 15). For electrons whose spins are anti-

parallel to the direction of propagation the forms are 
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ikr 
3̂ '̂ -^7— g^O.*) , 

., ikr 
^4 = e + — ^ f^O,^)) 

22) 

The functions f̂ , f̂ , g^, and g^ are called the scattering amplitudes 

and are obtained from the solutions to equation 12). They are 

f^(e,(í)) = f2(e,(í>) = f( e ) = -^ 
íL 

2i\ 2in 
(£+l)(e ''-1)+ (e ^ -̂ -1) P^(cose), 

g^O,^) = 2lk 
i\-

2i\ 2in_^ 
-e + e P^(cose) , 23) 

g^^O,*) = g^e^e^*^ , g2(e,(í)) = -g(e)e^*^ , 

where P and P' are the Legendre and associated Legendre functions re-

spectively. 

The phase shifts, x] and Tl_p_-,, are found from the asymptotic 

forms of the regular solution for the radial part of the wave equation. 

They are not in general definable by a single, closed analytical for-

mula but must be evaluated by numerical integration for a given poten-

tial and incident electron energy. 

II.2 Spin Dependence and Asymmetry of Cross Section 

In order to show spin dependence of the scattering cross section 

the scattering amplitudes, given by equation 23), are used to define 
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the polarization of the beam. All measurable quantities in the scat-

39 tering process can be calculated from these amplitudes. 

The asymptotic form of the wave function is given in equation 15) 

The first two components, \p and i|;̂, are much smaller than ^i)^ and ip, 

and depend on these large components as shown in equation 17). Thus 

they may be neglected and only ip and ip, are considered. Suppose 

a = A and a, = B. Normalization requires that 

i2 I |2 
A + B = 1 . 24) 

The differential cross section is 

f d í 2 = (IU3I2+ |uj2)dí2 , 25) 

from equation 18). The general asymptotic solution of the scattering 

problem may be formed by a superposition of the two waves given by 

equations 21) and 22). It is found for the scattered beam by super-

position 

U^ = Af - Bge 
-±<t, 

U^ = Bf + Age î  

26) 

The differential cross section becomes 

^díî = |f|^ + |g|^ + (fg*-f*g) 
-AB*e^^ + A*Be ̂ * 

A|2 + B 
dO, . 27) 
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By substituting 

S(9) = i ^S* - f*S , 

|f|^+ Is'^ 
28) 

It follows from equation 27) that the differential cross section is 

f<>"=(If|^nsl^) 1 + s(e) -AB*e^* + A^^Be"^* 

i(|Ar + Bl^) 
29) 

The function S(e) given in equation 29) is the Sherman function. 

The polarization of a beam may be described in terms of the ex-

pectation value of the spin matrices. More generally, a density matrix 

can be used to describe either unpolarized or partially polarized beams. 

Assume ijj, and ij; are the large components of the Dirac wave function 
A A » 

for a plane wave in which the direction of the spin axis points 

parallel or antiparallel respectively to the direction of motion as 

described in equation 14). A wave function. 

I ^ ,11 
l^A + ̂ 2 ^ 

¥ = a.ií̂, + âií;; , 30) 

describes a beam in which the direction of the spin axis points in the 

direction (e,(j)), if 

^ ±(b 
a = cos %e , a- = sini^ee 31) 

The function ^ can be represented as a column matrix. 

¥ = 32) 
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such that 

a n d Tp •'••'"= I 1 . 3 3 ) 

The spin density matrix, p, for the beam is the matrix product 

p = fH''̂  = 

a^a^ a^a^ 

34) 

I I 2 2 
The intensity of the beam is | a | + | a,, | or 

I = trw"^ = trp , 35) 

where tr denotes the trace of the square matrix, p. 

The z-component, P , of the polarization is the difference in the 

mean fractional number of particles with components parallel and anti-

parallel to the beam propagation direction so that 

P^ = [|â |̂  - la^l^l/I . 36) 

For a beam of particles in the +x direction e = 7T/2, (|) = 0, ij; is 

represented by 

37) 
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Similarly for e = 7r/2, (j) = TT. 

* - = - L _; I 

and 

Thus 

P = 
X 

^ = 4: [a, (/"" + i^ "") + a,(/'' - ^l)"'')] 
/2 

= ^ [/""(â  + a^) + ií;"''(â -a2)] 
/2 

1 rl . |2 I |2 

39) 

^ Y t i a ^ + â l -la^-a^l ]/l = 2 re [a^a^]/I . 40) 

and similarly for P = 2im[a a ]/I. 41) 

In order to combine these in terms of a density matrix a vector 

opera to r a = a i + a j + a k i s defined where i , j , j a re un i t vec to r s 
X ŷ  z 

along the coord ina te axes and 

0 1 \ / 0 - i \ / 1 0 

are the Pauli spin matrices. These matrices are unitary and trace-

less so 

tr(a.a.) = 25.. , (i,j = x,y,z) . 43) 

Since any two-row and column matrix can be represented as a linear 



combination of the Pauli matrices and the unit matrix, then 

Since the Pauli matrices are traceless. 

From 43) 

From 35) 

such that 

and 

P _ 1 
trp 

18 

p = Al + Ba + Ca + Da . ^4) 
X y z 

trp = 2A . 45) 

trpa = 2B , tr pa = 2C , tr pa = 2D . 46) 
X y z 

trpa^ = P^I , (i = x,y,z) 47) 

p = tr pa/tr p 48) 

= ^(1 + P-a) . 49) 

In order to apply this analysis to the two spin states the two 

most general representative functions are chosen, 

ii = â ip + â ip , 

2 * I * II 
and ^ = a^i) - a-ij; , 

50) 

whose density matrices are 
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^2^2 "^1^2 
P^ = í 1 . 51) 

-a^a^ a^a^ 

If the respective probabilities of finding a particle in the two spin 

states are q^ and q^ the density matrix for the mixed beam is 

l̂l̂ ll'" -^ ̂21̂ 2'̂  S"^2^V2 
p = q-Lp"̂  + ^ 2 ^ ^ "̂  

(q^-q^^a^a* ^^l^ll^ ^ ^ll^2 

I t can be shown t h a t 

I = t r p , P = t r a ' p / t r p 53) 

and 

p = y ( l + P - a ) t r p . 54) 

The density matrix changes due to a collision, as does a wave 

function, (22). The transformation results in a change from a and a„ 

to a ' and a ' and is represented by 

^' = SH' , 55) 

where S is the spin-scattering matrix. 

^ l ^ 2 

'21 "'̂ ^ 

56) 
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The a's for electron scattering depend on e , (̂) and the electron energy. 

Thus 

I' I 
, T " ' = S T " 

ge 
i(() 

-ge 
±0 \ 

57) 

and 

S = 

ge 
i<í) 

-ge 
i4> 

58) 

apart from a normalizing factor. It can be seen that the density ma-

trix for the scattered beam is 

1 1 -V ̂  -

p = jS_(l + p.a)S_ 59) 

and the intensity is 

I' = ytr Ŝ d + P.a)s" 60) 

Suppose the beam of particles possesses an initial transverse 

polarization of magnitude P^. The scattered intensity is given by 

I' = I (1 + P,S(e) cos ô) 
u 1 61) 

where 6 is the angle between the direction of the initial polarization 

and the normal to the plane of scattering, and S(e) and I are the 
u 

polarization which would have been produced by the scattering if the 

incident beam were unpolarized and the intensity of the same beam 
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respectively; recall that S(e) is the Sherman function. However, from 

equation 58) 

I 12 I 12 

I = f + gr 62) 

The S(e) can be seen to be the "analyzing power" of the scatterer. 

Equation 29) is 

§i ^ - Uî\'^ \z\'] l + S(e) A*Be ^"^ - AB*e U 
A | 2 + l B ' 2 

dP. 29) 

At this point it is noted that transverse polarization corresponds to 

A = B = 1. The differential cross section becomes 

f ̂  1 . 2 1 I 2 

[ f + g ] 1 + 
S(e)-e"^*-e^^ 

63) 

[|f|̂  + |g|^][l - S(e) sin(í)] . 

Since a polarized beam may be considered as an incoherent superposi-

tion of two completely polarized beams of differing intensities and 

opposite polarizations, equation 63) may be applied to the two com-

ponents of the total beam separately. Let N-i> and Ni be the number of 

electrons in the beam with spins up and spins down respectively. The 

scattering cross section of a partially polarized beam from equation 

63) becomes 

||= [|f!̂  + |g|^][l - PS(e) sin(í)] . 64) 
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Because of the dependence of the azimuthal angle <^ , the scattering 

intensity has a left-right asyrametry which is maximal when the polari-

zation is perpendicular to the scattering plane, i.e. transverse 

polarization. 

Together with the Sherman function, S(e), there are two other 

quadratic terras with straightforward meanings. These are 

T(e) = (|f|2 - |g|2)/(|f|2 + |g|2) ̂  

65) 

u(e) = (f*g + fg*)/(|f|^ + |g|^) , 

which describe the rotation of the polarization vector during the 

scattering process. The initial polarization vector P is the sum of 

the transverse and parallel vectors, 

P^ = P^ + P^ . 66) 
t P 

The polarization vector P̂  after scattering can be expressed in terms 

of P^, T(e), and U(e), 

(P +S)n + TP^ + U[nx P^ ] 

P : '^ ^ ^ . 67) 
"̂  1 + P^ S 

In equation 67) n = (k x k^)/(|k xk^|), where k^ and k̂  are the ini-

tial and final momenta of the electron. If U = 0, there is a compo-

nent of polarization perpendicular to the plane (n,P ). Thus U de-
P 

scribes the rotation of the polarization out of its initial plane. 

T describes the change of the component of polarization parallel to the 
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scattering plane. An important point may be made using this equation. 

Suppose the beam were initially unpolarized, i.e., P = P = P = 0. 

-> t p 

Then from equation 67) P^ = Sn where fi is the unit vector perpendicu-

lar to the scattering plane. Frora this it can be concluded that U and 

T describe the rotation of the polarization during the scattering 

process and that the scattering amplitudes f and q provide a complete 

description of the intensity distribution and polarization in the scat-
tering process. 

As a result of the properties exhibited by the parameters U, T, 

and S, a thorough and general description of the polarization effects 

in electron scattering may be presented in terms of these same param-

39 
eters. Bederson lists a number of independent and theoretically 

feasible experiments which may be done to fully determine f and g with 

a not unwanted redundancy. The redundancy allows for an internal con-

sistency check on the basic validity of time-independent collision 

theory; more practially it serves to check the reliability of the 

39 
several independent and quite different experiments. The experiments 

are given along with the observed quantities in Table I. The table 

uses e to refer to electrons, A for atoms, (*- + ) represents an un-

polarized beam, and (f) and (4-) represent polarized beams. 

Experiment I is the full differential measurement with unpolarized 

electrons and atoms. Experiments II and III use either unpolarized 

electrons and polarized atoms or vice versa. Experiment II is a recoil 

experiraent and, with I, deterraines two of the three parameters 

characterizing f and g. Experiment III uses polarized electrons and 
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Table 1 

Tabulation of Possible Elastic Collision Experiments, Electron-Atom, 

Involving Various Combinations of Polarized and Analyzed Beams 

Experiment 
Number 

I 

Ila 

b 

Illa 

b 

Type of 
Experiment 

e^+i) + (̂+4-) -̂  e(i^) + A^ + ̂t-) 

e(fi) + A(f) -y e(f) + A(f) 

^ 6(1) + A(f) 

-> e(f) + A(i) 

e(f) + A(f4-) -> e(f) + A(f) 

^ e(f) + A(4-) 

^ e(i) + A(t) 

fl̂  

Quan t i t y 
Observed 

|2 ^ l u ^ i2 
- g | + ^ | f + g | 

l u l2 
2 - | f - ê l 

2 ' ' 

1 | |2 
2UI 

iU-sl^ 

im^ 
1| l2 2"lg| 

IV 

V 

VI 

e(0 + A(t) -> e(i) + A(f) 

e(t) + A(i) -> e(i) + A( + ) 

e(f) + A(+) ̂  e(>̂ ) + A(f) 

f-g 

g 
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unpolarized atoras with spin analysis of the scattered electrons yield-

ing |g| , in conjunction with Experiraent I. Bederson reports that 

S. J. Sraith at JILA has initiated a study of a combination of recoil 

plus electron spin analysis. This should yield a coraplete deterraina-

tion of f and g and hence, U, T, and S. 

I.3 Mott Scattering Analysis 

In order to determine the dependence of the scattering in this 

experiment, the polarization of the incident electron beam must be 

known. The raethod used to determine this is high energy Mott scatter-

ing. Mott scattering usually refers to elastic, wide angle scattering 

from heavy nuclei. This method, although posing sorae prac.tical diffi-

culties, is believed to be.the most reliable and accurate raethod of 

13 29 
polarization deterraination. ' 

A beara with transverse polarization, P, is incident upon a 

target and is scattered. As indicated in Figure 3, two detectors 

are placed at angles of 60*̂  and 300° frora the incoraing beara. If N 

and N are the nuraber of electrons counted impinging upon the left and 

right detectors respectively, then frora equation 64), a ratio of the 

two is 

Solving for P yields 
r 

- KM) 
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if the value of S is known for the angle, target atom and energy being 

used. 

There are several sources of error possible in this type of 

analysis, the raost serious of which is a result of instrument asym-

metries. The placing of the two detectors symmetrically about the 

beam axis allows simultaneous measurement of X. However, the instru-

mental asymmetry introduced by the differences in the solid angle 

subtended by each detector is cancelled by means of a second measure-

ment in which the polarization is reversed. This reversal is done 

by changing the polarization only, leaving the geometry of the beam 

path unchanged. This eliminates another possible source of error. In 

order to use the second set of numbers resulting from the second meas-

urement with reversed polarization, consider the following. The ratio 

of the electrons scattered left and right and counted by the respective 

detectors is 

^i 1 + PS ^^1 
N 1-PS dí2- ' 
r 2 

where dfi- and dfi„ are the solid angles subtended by the left and right 

detectors respectively. Reversing the polarization and repeating 

yields for the second trial yields 

! ; ^ ( i + s p ) f 2 ,̂ ^ 
» (l-SP) dC • '̂ ^ 
í 

The signs are changed as a result of the reversal in P. Multiplying 
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the two equations yields 

N N 2 

j ^ = a±sp)! = ^2 ,̂ ^ 
N N„ (1 - SP) 

This procedure does not eliminate errors resulting from misalignment 

of the two scattering angles. 

The ultimate accuracy in measureraents made with the Mott analyzer 

depends on the accuracy to which the Sherman function is known. The 

present arrangement was chosen for several reasons, the most important 

of which was that there was a wealth of data available for gold in 

these energy ranges and for this scattering angle. A nuraber of other 

experiments have been performed using them. Also at the electron 

energy of 120 Kev and e = 120", the Sherman function is insensitive 

to changes in these parameters. Gold may be obtained in very thin 

foils raore easily than other saraples, simplifying corrections for 

plural scattering. Finally, the scattering amplitudes f and g have 

been calculated by Sherman for various combinations of the parameters 

Z, E, and e. As long as the energy and angles are high enough to ap-

proximate the scattering frora a pure coulomb field of a point nucleus, 

the agreement is good between theoretical and experimental values. At 

lower values the approximation becomes invalid as a result of screening 

and the disagreeraent between theory and experiraental evidence increases. 



CHAPTER III 

EXPERIMENTAL EQUIPMENT 

In this chapter a description is given of the apparatus necessary 

to obtain the desired data. It consists of several raajor systems in-

cluding the source of the electron beam, extraction from the source 

and injection system, scattering chamber, extractor, accelerator and 

Mott chamber. Other systeras necessary to maintain the apparatus in-

clude a vacuum system, electronic system for taking the data, and a 

protection systera should anything affecting the vacuum system fail. 

A schematic of the major systems is given in Figure 3 with more de-

tailed schematics given in each section. 

III.1 Theory of Optical Pumping and Source Systera 

Optical puraping is the process in which resonance radiation is 

used to produce a population distribution araong atomic eigenstates 

4 
other than the normal Boltzman distribution. An optically pumped He 

discharge is one source of spin polarized electrons. This method has 

been shown to produce a high degree of polarization in addition to much 

8 9 
higher beam currents than those available from other sources. ' The 

32 
process of optical pumping has been presented in detail by Happer 

4 
and this particular process utilizing He has been described in suffi-

9 33 34 
cient detail in several articles, ' ' negating the necessity of 

presenting a formal theory. A brief suramary is presented and a more 

29 



detailed review may be found in Bushell. 

30 

38 

3 
Helium atoms are excited to the metastable 2 S level in a weak 

r.f. discharge. The lifetime of atoras in this state and under the 

conditions present experimentally is on the order of a fraction of a 

millisecond, making the population of this state much greater than the 

other excited states. Next 1.08 micron resonance radiation is intro-

3 
duced, inducing transitions in these raetastable atoras frora the 2 S 

3 
state to the 2 P states, as shown in Figure 4. The spectral distribu-

tion of the resonance radiation consists of three lines which corre-

spond to the energies necessary for transitions between the lower meta-

3 3 3 
stable state and the 2 P , 2 P , and the 2 P^ states. They are desig-

nated as D^, D , and D- respectively and have values 

D = 10829.081 Å , 

D = 10830.250 Å , 

D^ = 10830.341 Å . 

The 1.08 micron radiation has either right or left hand circular 

polarization in order to irapose the selection rule Am = +1 or Am = -1, 

3 
respectively. Thus, since spontaneous de-excitation from the 2 P 

levels raust obey the selection rule Am = ±1,0, the right hand circu-

larly polarized light tends to increase the number of atoms in the 

m = +1 levels at the expense of the m = 0 level. Similarly, the number 

in the m = 0 level increases with a corresponding decrease in the 

number in the m = 1 level. The result would be that ultimately all 

the metastable atoms would be in the m = +1 level. This does not 
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happen since several non-radiative quenching processes exist which af-

fect the values of the polarization attainable such as P-state mixing 

and wall relaxation. A similar process occurs for left hand circu-

larly polarized light. Figure 5 represents the spontaneous de-

excitation for the first process. 

It has been demonstrated in previous experiments that the major 

contributor to the production of electrons in a weak helium discharge 

3 3 9 

involves the 2 S. and 2 S- raetastable states. This is reasonable 

since the population in these states is so rauch bigger than other 

states and the reaction 

He(2"̂ S-̂ ) + He(2"̂ S ) ̂  He(l"̂ S ) + He"̂  + e~ 72) 

is the dorainant source of ionization. The production rate for this 

metasatble-metastable interaction is greater by ten orders of raagni-

tude than the next largest rate. The electrons are spin polarized 

3 
since the 2 S metastables are spin oriented by the optical pumping 

35 
process and the reaction conserves spin moraentum. 

In order to determine the expected electron polarization frora spin 

conserving triplet raetastable collisions, sublevel populations must be 

used. Assuraing equal cross sections for all processes involved except 

those excluded by the spin conservation requireraent, the rate of elec-

tron production for these collisions is given by 

dn , 2 

i r - «+«0 + V- + V- + 2^0' " ) 
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where the 1/2 in the last terra results frora using identical particles, 

and the N's represent the sublevel populations. The total production 

rates for spin up and spin down electrons respectively are 

dNf ^ 1 2 
— ^ ~ 2 N N + N N +—N 
dt 0 + + - 2 0 ' 

74) 

dN -̂ « 1 2 

considering all electron producing raechanisras. Recalling the free 

electron polarization is defined by 

Nf - N-J-
Nf + N̂- ' 

substitution of the solution to the rate equations yields 

2N (N -N_) 

^e = 2 ^ 2 2 ' ^5) 
(N_|_ + N +N_) - N;̂  - N_ 

an expression of the expected polarization in terras of sublevel popu-

lation densities. These populations raay be determined by assuming 

steady state conditions and solving the rate equations as given by 

33 
Schearer. 

A detailed view of the source systera is given in Figure 6. Be-

ginning at the top of the apparatus, the process is begun by producing 

the 1.08 micron radiation necessary for the transitions to the spin-

polarized electron producing states. This light is produced by a high 
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intensity heliiom discharge in a 7/8 inch wafer shaped bulb. The dis-

charge is produced by a 100 Mhz oscillator. High purity heliura is fed 

in from a cylinder and exhausted through a regulating leak valve into 

the foreline of the #1 forepump. This ensures that the discharge takes 

place in a clean system. 

A spherical mirror is suspended above the light source which 

focuses the light in the sample bulb, after passing through a Polaroid 

type HR linear polarizer and Polaroid 277 quarter wave plate. The 

quarter wave plate polarizes the light circularly when its optical 

axis is at 45** to the axis of the linear polarizer. The sense of the 

polarization, i.e. either right or left-handed, may be changed by ro-

tating the linear polarizer thorugh 90° into a position 45** to the 

other side of the axis of the quarter wave plate. For this purpose the 

polaroid is mounted in a circular holder with a string wrapped around 

its circumference. By activating a small motor which pulls the string 

in the desired direction, the polaroid may be rotated. 

The puraping process takes place in a spherical pyrex bulb with an 

outside diameter of 2.94 inches. The high purity (2 ppra) helium gas, 

regulated by a Granville-Phillips variable leak valve, enters a glass 

side arm in the bulb and exits through a 0.25 inch aperture in the 

bottora of the bulb through which the electrons are extracted. This 

enables the discharge to take place in a flowing system. A thermo-

couple gauge located approximately 3 inches back into the side arm 

raonitors the pressure of the gas; the operating pressure yielding the 

highest polarization is 90 microns, as shown in Figure 7. The source 
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discharge is excited by a conventional 50 Mhz r.f. oscillator which is 

capacitively coupled to the source by means of a single turn of wire 

around the top of the bulb. 

A small homogeneous magnetic field, parallel to the direction of 

incidence of the pumping light supplies the reference for the orienta-

tion of the puraped helium atoms. The field is produced by a pair of 

Helmholtz coils, consisting of 20 tums of #24 copper wire wound on 

nylon forms 22 inches in diameter. They usually carry 2.5 amperes 

which corresponds to 4.1 gauss produced at the center of the source 

cell. 

In order to have an easy method to judge the polarization of the 

electrons as opposed to the time consuming but more reliable Mott anal-

ysis raethod, transmission monitoring is used. An r.f. magnetic field 

is iraposed at right angles to that produced by the Heralholtz coils. 

A coil of 10 turns of #30 wire wound on a 2 inch lucite form is 

driven by a General Radio variable r.f. oscillator. When the fre-

quency representing this r.f. field is near the resonant frequency 

3 

representing the energy separation between the 2 Ŝ  sublevels, transi-

tions are induced which tend to equalize the population of these sub-

levels, i.e. to "depump" the sample. This means that the populations 

of the more strongly absorbing sublevels are increased which increases 

the absorption of the pumping light. The frequency corresponding to 

the 4.1 gauss produced by the Helmholtz coils is v = eH/2-iTmc = 2.8 

mhz/gauss or 11.5 Mhz. 
The Helmholtz coil supply is swept about the field setting 
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corresponding to the frequency of the depolarizing field by an audio 

frequency generator. A lead sulfide detector monitors the light trans-

mitted through the discharge. The detector is in one arm of a bridge 

circuit so that the signal can be set at null before measureraents are 

raade. Thus if the audio supply sweeping the Helraholtz supply is used 

to drive the horizontal plates of an oscilloscope and the signal from 

the detector drives the vertical plates, the display will represent the 

transmitted light intensity versus the strength of the magnetic field. 

As the field passes the proper setting at which the sample is de-

polarized, the light absorption is increased. The display indicates a 

dip and resembles that shown in Figure 8. The optical signal obtained 

in this raanner gives a fairly accurate deterraination of the quality of 

the polarization as is suggested by McCusker and indicated by all 

observations raade during this experiment. This has yet to be shown 

quantitatively however, thus the Mott scattering analysis was always 

used to determine the polarization for the reduction of data. 

The optical pumping assembly is constructed so that it may be 

disengaged frora the source system. The source bulb is then accessible 

for application of heating tapes. This procedure could be used to de-

crease the quantity of contaminants in the discharge due to out-gassing 

which could decrease the polarization. However, the usual method was 

siraply to maintain a low pressure discharge in the cell for several 

hours prior to taking data. The discharge allowed the pyrex walls to 

dissociate contarainants while puraping the gas out at a greater rate, 

resulting in a relatively clean cell without disassembling the equip-

ment. 
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III.2 Extraction from Source and Injection 

A glass-to-metal "0" ring seal provides the interface between the 

source cell and the electron extraction assembly. The hole in the 

bulb opens over a base plate with a one railliraeter hole. The ex-

tracted current is a function of the size of this hole since only the 

electrons which diffuse into the hole area raay be extracted. For this 

reason the baseplate is comprised of a frame ring in which an insert 

is held. Inserts with different size holes may be used. 

The baseplate provides the first of a set of three elements, the 

baseplate biased with a negative voltage, the extractor which is 

presently grounded, and the third positively biased at the same 

voltage as the baseplate. The baseplate voltage determines the energy 

of the beam and is provided by a high precision Fluke power supply. 

Since the exact value of the beam's energy is very important, the 

supply sets the output voltage by comparing with a standard cell and 

has a resolution of 0.5 millivolts and calibration accuracy of 0.1 

percent. 

After extraction the electrons are focused and guided to their 

ultimate collision with the target gas by a series of steering plates 

and Einsel lenses. These lenses are so.denoted because of their 

similarity in function to those in optics, hence the term electron 

optics. The first lens, F , is supplied its voltage through a poten-

tiometer frora the Fluke supply. The second and third devices are 

electrostatic deflection plate sets, Steering la and Ib. Steering Ib 

is located just beneath the level of the scattering chamber lid inside 
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the steering canal. 

The vacuum in the exit canal is raaintained by a NRC-VHS-4 diffu-

sion pump whose optimura untrapped speed is 1200 liters per second. It 

is trapped to prevent oil from backstreaming and contaminating the 

source system; this cuts its efficiency by about half. The trap, main-

tained at approxiraately -20°C, is filled with alcohol and cooled by 

antifreeze which is cooled in turn by a freon refrigeration system. 

This raethod enables the trap to be cooled continually without constant 

replenishment, as in LN^ systems. A Welch 1376 two-stage forepurap with 

a free air displacement of 300 liters per minute is used with the dif-

fusion pump. The trap opens to the system through a copper "Tee" with 

the diffusion pump mounted below. The weight is supported by an over-

head hoist and counterbalance beam. The forepurap is mounted on wheels 

and the hoist is able to rotate as the scattering angle is changed. 

After passing the steering plates the electron beam is focused 

by a second Einzel lens, F.. It is then rotated by ninety degrees by 

a pair of cylindrical electrostatic steering plates. This rotates the 

velocity vector but not the polarization vector, satisfying the Mott 

analysis requirement of a transversely polarized beam. After the de-

flection plates the beam passes through the last focusing lens, F^, 

and is injected into the scattering charaber. The entire extraction 

assembly was designed to shield all insulating surfaces frora the beam 

and all high Z materials exposed to the beam are coated with Aquadag. 

The chamber is a hollow aluminum cylinder with an inside diameter 

of 10.75 inches and is 10.98 inches deep from the lid to the bottom. 
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Four ports are mounted around the midline of the charaber wall, ninety 

degrees frora each other. Two adjacent ports are fitted with lucite 

windows for aligning and viewing the beam. Both of these have a ro-

tating metal cover which prevents the insulating lucite surface from 

collecting charge. These covers may be rotated out of the way when the 

port is in use. The third port opens to the target gas line through a 

small copper tube. The fourth port is the opening for the extractor 

and leads to the accelerator beam tube. 

The chamber lid has openings for the beam injector, the target gas 

injector, an ion gauge, and a Faraday cup. The target gas injector is 

raounted in a rotating vacuum feedthrough at the center of the lid so 

the scattering may take place at approximately the center of the 

chamber. The Faraday cup may also be rotated and has a sraall fluo-

rescent screen on the back side. When the screen is pointed toward 

the beam, it is at approximately the center of the chamber and the 

shape of the beam may be viewed from one of the viewing ports. This 

was the method used to set the bias of F-, to produce the smallest, 

least distorted spot at the center of the target gas. The cup was also 

used to collect the unscattered portion of the beam and raonitor the 

size of the beam current. At the time the data was taken the cup had 

two fine wire mesh screens over the entrance, one grounded and one 

biased to the anode voltage to prevent electrons from scattering out 

of the cup. The present cup has a cone of thin graphite over the cup 

with a hole at its apex to permit entrance to the electrons. Another, 

smaller cone of graphite is attached to the back of the cup inside to 
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capture the electrons. In order to minimize the effect of small varia-

tions in the nuraber of electrons per unit tirae (beara current), it is 

integrated by connecting the Faraday cup to a Keithley 610-C elec-

trometer. When the cup has accuraulated a set araount of charge, the 

electroraeter activates a circuit to stop the accuraulation of data. 

The chamber lid rctates on brass bearings and an "0" ring vacuum 

seal about the target gas beam axis. In this raanner the scattering 

angle is changed, ranging from 30° to 140°. 

The target gas is colliraated into a narrow, high intensity beam 

with a multiple tube effuser from the Bendix Corporation. It consists 

of a bundle of fused glass capillaries with a 0.25 inch diameter and 

_3 
is 0.078 inches thick. The pore size is 2*10 cm corresponding to 

4 
5*10 holes, assuming 50% transmission. The driving pressure was 0.7 

mra mercury. This value was chosen by plotting the driving pressure 

versus the nuraber of scattered counts. In the linear portion of the 

resulting curve, Figure 9, the scattering is singular. As the pres-

sure increases the probability of multiple scattering increases which 

could mask polarization effects. A Granville-Phillips automatic pres-

sure controller senses the pressure changes on a therraocouple gauge 

raounted in the gas line. This signal is araplified and then causes a 

servo raotor to open or close a Veeco WS-50-Q precision leak valve. 

While taking scattering data, the target gas flows into the 

chamber under 0.7 mm driving pressure which corresponds to a flow rate 

_2 
of 2*10 torr lit/sec. However in order to ensure free passage of the 

electron beam and prevent electrode breakdown a background pressure 
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of 3-10 torr must be raaintained. For this purpose an NRC-VHS-6 

diffusion pump with optiraura untrapped pumping speed of 2400 liters per 

second is mounted beneath the chamber. An NRC cryo-baffle is used 

which cuts the puraping speed to 1000 liters per second. It is cooled 

by the same antifreeze coolant used by the trap on the source system. 

A Welch 1397 forepurap is used with free air displaceraent of 425 liters 

per rainute. 

Since the polarization of the beara is a primary concern, phenomena 

that could affect it are to be avoided or at least minimized. The spin 

of an electron traveling through a static or slowly varying magnetic 

field could be affected if the transit time is comparable to that time 

corresponding to the Larmour frequency (JO = (g/2)(e/m)B, g = 1.00116. 

To this end raagnetic'materials were avoided whenever possible. Also 

three sets of coils mounted on the chamber and another single coil 

raounted on the coluran leading to the beara tube reduces the field at the 

center of the charaber to zero. The field inside the coluran extracting 

the electrons frora the charaber is too small to affect the beam at the 

energies concerned. Figure 10 gives the placement of the coils. 

III.3 Extractor and Accelerator 

The electrons scattered through a certain angle are removed from 

the scattering charaber through the extractor coluran mounted in the 

north port of the chamber. Two diaphragms define the resolution of the 

extractor, the first of which is about 2 inches from the atomic beam 

axis. The diaphragms have one-eighth inch holes in each, which defines 
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a resolution of approximately one steradian. A resolution of this 

dimension is necessary since a larger one would adversely affect the 

reduction of data, i.e. it would tend to broaden and flatten any peaks. 

This is one reason that experimental data will never show the 100 per-

cent polarization as predicted by the theory. The collimator is shown 

in Figure 11. 

An "energy analyzer" in the form of an electrostatic filter lens 

immediately after the collimator discrirainates against inelastically 

scattered electrons since only those scattered elastically are of in-

44 terest. The lens developed by Sirapson and Marton consists of two 

iramersion lenses back-to-back. The first lens retards to the saddle, 

the second reaccelerates to the initial energy. A diagram of the lens 

is given in Figure 12. Next the electrons pass through another set of 

deflection plates, Steering II. Both of these devices are supplied 

by the Fluke power supply through potentiometers. 

A cylindrical lens, F,, is placed following the Steering II plates 

in the column but is presently grounded. A second cylindrical lens 

follows the first and is operated at 2.1 KV through a string of re-

sistors to ground from the high voltage table. The electrons then 

enter a 22 element accelerator tube. This accelerates the beara to 120 

KeV in order to satisfy the high energy requireraent of Mott scattering. 

A Universal Voltronics 160 KV power supply and a Beta Electronics 

Corporation high voltage controller provides the voltage. The beam 

tube connects the scattering charaber to a high voltage table supporting 

the Mott scattering charaber. The table's power is supplied through an 
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isolation transforraer. All doors providing access to the table are 

connected to safety interlocks. 

A detector is necessary to count the electrons scattered from the 

atomic beam. An Ortec surface barrier detector (A-016-050-100) for 

this purpose is mounted on a Norton push-pull vacuura feedthrough at 

the end of the accelerator coluran in the beara path. This enables the 

detector to be retracted out of the way of the beam for Mott scatter-

ing analysis. A small fluorescent screen is mounted on the back of the 

detector. When the screen is turned into the beam path the iraage may 

be viewed through a small lucite window in the column above it. Faults 

in the focusing and alignment may be detected and corrected by viewing 

this iraage. A two inch copper bellows joins the beam tube-adapter to 

the Mott chamber adaptor to aid in alignment. 

The Mott chamber and part of the beam tube are evacuated by an 

air cooled diffusion purap (NRC-150-HSA) connected to a port in the 

adaptor. The purap has a speed of 150 liters per second unbaffled and 

60 liters per second baffled. The purap is baffled and trapped by a 

liquid nitrogen cold trap to prevent purap oil from backstreaming and 

—f\ 
contaminating the detectors. A pressure of 2*10 torr is raaintained 

in the Mott charaber. However, since this is through a high impedance 

path and the beam tube bath is of a lower impedance, the pressure in 

the beam tube is probably lower. 
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I I.4 Mott Chamber 

The electrons finally enter the Mott chamber shown in Figure 13 

through a three eleraent collimator. This collimator and its mount pro-

trude about 3 inches into the chamber and are evacuated through holes 

machined into the body of the collimator behind the diaphragras. A 

three element baffle precedes the collimator to prevent electrons frora 

being scattered frora the primary beam through the pumping holes and 

striking the detectors. 

The Mott chamber is a twin in size and material to the scattering 

chamber but has six ports in its side. An ion gauge is mounted in the 

lid to raonitor the pressure in the chamber. Inside the chamber is a 

holder for sample targets. The holder is in the form of a wheel 6.75 

inches in diameter with 6 sample rings. The wheel may be rotated pre-

senting each sample by means of an external motor. This is done 

through a Norton bellows sealed rotary vacuum feedthrough mounted in a 

port at e = 45° and (j) = 90°. A photodiode circuit controls the rota-

tion of the wheel to place the center of the targets to within 1 milli-

meter of the beam path. There are two gold foil targets of 4.67 square 

inches and one aluminura sample on the wheel. A fourth target is a 

plastic screen with cross hairs imposed. A laser is used with this 

target and a small mirror placed on the wheel to align the wheel. The 

fifth sample ring has a fluorescent screen which may be viewed through 

the port at e = 45° and (^ = 315°. The screen is covered by a fine 

wire mesh to prevent discharging. \Û\en used in conjunction with ap-

propriately placed mirrors and viewed through a telescope, the screen 
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aids in alignment of the beam. The last ring is vacant and is used to 

test the efficiency of the Faraday cup located behind the wheel. 

The purpose of this Faraday cup is also to catch the primary 

transmitted beam. It is an aluminura cylinder 6 inches deep and three 

inches in diameter with a one and one-half inch diameter entrance hole. 

The back wall is lined with a one-quarter inch thick sheet of graphite 

to suppress backscattering. A brass cylinder with outside diameter of 

four inches and length of seven inches houses the cup. It connects to 

the rear port of the chamber by a 1.75 inch adaptor. The collimator 

design is such that none of the primary beam strikes the sample holder 

ring and that raost of the transraitted beam enters the cup. 

The last two ports of the chamber are located such that the de-

tectors mounted in each are placed at 120° scattering angle and at 

azirauthal angles of 90° and 270° respectively. Each detector is 

raounted on an aluminum flange which provides a good thermal sink and 

ground connection. As in the primary scattering chamber every effort 

is made to prevent the production of secondary electrons. All high 

Z raaterials are covered with a coat of Aquadag and insulators are 

shielded from the beam path. Non-magnetic materials are used whenever 

possible. 

III.5 Method for Taking Data 

The center detector mounted just after the accelerator counts the 

number of electrons scattered through a certain angle from the target 

gas. The detector has a depletion depth of one hundred microns and is 
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thus capable of completely stopping electrons with energies up to 

145 KeV. The active surface area of the detector is 50 square milli-

meters and has a factory measured alpha resolution of 13.7 full-width 

half maximum, FWHM. 

When a raeasurement of the polarization of the incident beam is 

desired the center detector is retracted and the beam is allowed to 

fall on one of the gold foils. Electrons are then scattered into the 

left and right Ortec A-016-050-100 detectors. They have factory meas-

ured alpha resolutions of 13.7 and 13.3 KeV respectively for FWHM and 

an experimentally measured value of 17 KeV each. Each has a sensitive 

depth of 100 microns and active surface area of 50 square millimeters. 

An energy spectrum for the right detector with and without the baffle 

38 
behind the collimator may be seen in Bushell. 

In front of the left and right detectors is an adjustable two 

-3 
element colliraator defining a solid angle of 1.3*10 steradian. This 

setting provides a solid angle subtending about two-thirds of the foil 

surface and discrirainates against electrons scattered from other parts 

of the chamber. The front diaphragra is made from one-quarter inch 

lead to shield the detector from X-rays. 

Two separate counting channels service the two detectors. The 

signals from each detector pass through two Mech-Tronics Model 404 pre-

amplifiers which are connected by means of 1 inch shielded cables used 

to reduce the capacitive noise. These signals are then the inputs for 

Mech-Tronics Model 500 R.C. Amplifiers. Next they go through Ortec 

406-A single channel analyzers which discriminate against 
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inelastically scattered electrons. 

All of the electronics on the table are at high potential. In 

order to get the data from the high voltage table to the counters at 

ground potential, the pulses from the discriminators are converted to 

light signals and transraitted down two (insulating) fiber optics tubes 

to be converted back to electrical signals. The circuitry necessary 

to accomplish this is shown in Figure 14. These signals are then 

amplified by two Tektronix preamplifiers, one for each channel again, 

and become the input to two Mech-Tronics Model 704 serial printing 

scalars. When the center detector is being used, the preamp from the 

left detector is attached to the detector and this signal is fed into 

one of the Mott counting channels. 

A Friden justoriter is interfaced to the scalars and prints the 

data on paper, eliminating a source of error. The interface can be 

set to take a predetermined nuraber of sets of data making the run al-

most automatic. 
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CHAPTER IV 

ERRORS 

It is well known that physical quantities cannot be raeasured 

exactly, i.e. with no error. In any report of results some measure of 

the confidence must be included. The errors inherent in this experi-

ment may be divided into two classifications—those introduced by the 

experimental apparatus, specifically the Mott scattering analysis, and 

those introduced by the random aspect of the process being studied. 

IV.1 Experimental Errors Introduced by Mott Scattering Analysis 

Until 1942 experimental results of double electron scattering (the 

first to produce the polarization and the second to analyze it) failed 

to show any polarization effects. The difficulty tumed out to be 

that single scattering was not being observed. A smaller polarization 

than that predicted for single scattering may originate frora inelastic 

scattering resulting in ionization or excitation of the scattering 

atora, exchange scattering, raultiple small angle scattering, or plural 

scattering, i.e. two or more large angle scatterings. Of these four 

processes the first three may be neglected if the foil used to analyze 

the beam is on the order of 10~ centimeters or smaller. The foil 

—fí 

used presently is (9.24 ± 0.18)-10 centiraeters. 

The effect of plural scattering is appreciable in particular if 

the first scattering occurs in the direction of the foil and if the two 

58 
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scattering angles are both smaller than the total scattering angle. 

However, this effect may be elirainated by foil thickness extrapolation. 

A value of the Shermal function, S(e,t), is determined for several foil 

2 
thicknesses and plotted. For thicknesses below 300 micrograras/cra the 

plot is fairly linear. A value of the Sherraan asymmetry function of 

2 
0-271 ± 0.01 for the 177 micrograra/cm foils used in the experiraent was 

deterrained by Kessler for e = 120° and E = 120 KV."''̂  The value of 

.2707 was used for the calculations. Ideally the S(e) versus foil 

thickness plot should be made for each separate apparatus. However, 

if similar energy discriraination is used and background scattering is 

kept minimal, results are approximately transferable from one Mott 

analyzer to another. 

Another effect can lower the polarization which cannot be elimi-

nated by either of the preceding methods. Background electrons pro-

duced frora the scattering charaber of Faraday cup may be seen by the 

detectors. Their effects can be miniraized by raaking the scattering 

chamber and Faraday cup as large as possible and by employing low Z 

materials to encourage inelastic collisions. Thus the electrons 

produced will be of lower energy and may then be discrirainated against. 

Backscattering of the primary beara frora the Faraday cup was found to 

be negligible in a similar apparatus. 

IV.2 Statistical Treatment of Errors 

The process under investigation in this paper was random in nature 

thus some sort of statistical analysis must be used in order to reduce 
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the data taken to some useable form. The most appropriate statistical 

method for these purposes was the well-known Poisson distribution. It 

is derived frora the Binoraial distribution which is the fundaraental 

frequency distribution governing randora events. It is deduced as a 

limiting case for the process that is random, whose probability of oc-

currence in time is constant and small, and when the number of trials 

becomes very large. This is the case with scattering electrons from 

an atomic beam. In this case scattering is a randora process whose 

probability is constant and whose size of occurrence may be demon-

strated by the fact that for one second there are typically about 

12 2 

6*10 electrons in the incident electron beara and approxiraately 10 

electrons may be scattered, a probability of 10~ 

Much information was derived from the Poisson statistics while 

conducting the experiment. As a result of the fact that the process 

should be randora, when the data did not follow the distribution, to 

some extent it indicated that the experimental equipraent was not 

operating properly. For example, at one point the data became very 

regular with the standard error rauch less than the square root of the 

mean of the number of events counted. Upon investigation a leak was 

discovered which was introducing ions into the system and masking the 

smaller numbers of electrons being investigated. Thus an equipment 

failure was raade evident by the analysis of the data raade during the 

course of the run. 

Inforraation indicating how raany events needed to be counted for 

a required uncertainty was also supplied by the statistics. For 
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example, the Poisson statistics require that, for all events meeting 

n 
the requirements, for a total of v = ^ x . random events observed, the 

i=l ^ 
standard deviation of the distribution of individual observations is 

the square root of the mean value, 2c. The fractional standard devia-

tion would be 

V 
76) 

Thus if 100 counts were observed the standard deviation is 10 percent 

For the required 1 percent accuracy at least 10,000 counts should be 

taken. 

The scattering data usually consisted of a group of ten numbers 

as represented in the table below. 

Table 2 

Sample Cross Section Data 

1 

2 

1 

2 

1 

2 

1 

2 

1 

2 

036959 

036183 

037520 

036239 

037655 

036064 

037796 

036551 

037625 

036059 

000674 

000665 

000691 

000679 

000716 

000705 

000737 

000738 

000668 

000651 
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The first column represented the two spin states and as indicated 

was alternated such that the data was obtained for one sense of the 

polarization altemating with the other. This was done to minimize 

the effects of variations in intensity. The polaroid sheet between 

the pumping light and the source cell could be rotated through ninety 

degrees to change the pumping light from right circularly polarized 

light, producing electrons in the first spin state, to left circularly 

polarized light, producing electrons in the second spin state. The 

convention was to assign the number one in the first column of Table 2 

to the data collected with the polaroid in the first position corre-

sponding to left circularly polarized light and, sirailarly, the nuraber 

two to data collected with the polaroid rotated ninety degrees. 

Labeling the sets N and N (for left and right) the Analyzing power 

of an initially unpolarized gas was then determined by the formula 

N - N 
A = -^ ll^ 
^ N + N • "^ 

l r 

The second coluran in the table gave the nuraber of events counted by 

the detector for the corresponding spin state. The last column gave 

the time in tenths of a second necessary to collect the data. 

Several measureraents were made for N and N so each had an un-
A/ *-

certainty attached. These uncertainties were determined in the follow-

ing manner. The average value, N , was determined by summing all N 's 

and dividing by the number of trials, say n. This value served as the 

best approximation for the true mean value, m, since in any finite 
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series of measurements the exact value of the true mean corresponding 

to an infinite population of data cannot be formed. Thus, 

1 "" 
N^ = - y (N ). ̂^ m . 78) 
r n .̂ , r 1 

1=1 

For any frequency distribution, the standard deviation is defined 

as the average value of the individual deviations. The standard de-

viation, a, is given by 

0 = - Z (N^. -N )2 
1=1 

1/2 
79) 

If the entire experiment of n observables was repeated, a new mean 

value would have a greater than 68 percent chance of falling within 

x±a. In reporting the mean value, a standard deviation of the mean, 

a_, was desired such that there was approximately a 68 percent chance 

that a new mean would lie within (x'±a—). 
X 

Frora the theory of errors the distribution of mean values tends 

to be raore nearly normal than the parent population. Using this to 

express a relation between a and a— and applying the definition of 

the standard deviation in equation 79) to the raean values whose 

values approach the true raean, ra, yielded 

2 T j=k o 2 
-^kY. (̂. -in)^ = - 80) 
ra k .'̂, j m 

J = l 

for k measurements of the mean value x, each based on n measurements 
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of X. 

The result of a single set of n measureraents of x can be reported 

as (x ± a_) where 
X 

X = i Z X, 81) 
1 = 1 

and 

a_ = a//n . 82) 
X 

This standard deviation of the mean is also called the standard error. 

For a total of v random events observed the standard deviation in 

a single observation is /Sx. whose fractional standard deviation would 
1 

be 

a 1 F.S.D. = - = - ^ /Zx7 = -^^ . 83) 
V Zx, 1 /z 

1 V LX. 
1 

No mere raethod of treating the same total data can ever reduce the 

43 magnitude of the fractional uncertainty due purely to randomicity. 

Note that for a Poisson distribution whose standard deviation in a 

single observation is /Zx., 

/Ex. 
a-=^= /-^= /x . 84) 
X /— V n 

vn 

Thus if the standard error is corapared to the square root of the mean 

value and found to be smaller, the events are probably not random. 

This was done as a check on the equipraent. The above procedure was 
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repeated for N . 

Since the cross sections raeasured were not absolute, the numbers 

of electrons scattered through a certain angle per unit time did not 

need to be those found by subsequent measurements. Thus the numbers 

from one trial could be adjusted or multiplied by some factor to the 

sarae approximate range as those gathered earlier for the purpose of 

comparison and compilation. For example, when compiling the data for 

the energy 440 eV, the average cross sections, (x +x )/2, for two days 
Xj L. 

were compared, angle by angle. The ratios of one to another were 

averaged finding the mean ratio or adjustment factor. The cross sec-

tion of one was then "adjusted" by this factor to the other and the 

two sets of data were plotted together. This procedure did not affect 

the calculation of the spin dependence; the original data was used for 

that determination. It simply made it easier to compile and compare 

data. 

The electron beam was partially polarized initially so the value 

determined for A represents both this polarization plus that produced 

by the scattering from the gas. In order to determine only the analyz-

ing power of the gas, the figure must be divided by the polarizations 

of the incident beara as deterrained by the Mott scattering analysis. 

This can be seen frora equation 68), 

X - 1 ^Z-^T 
PA = -—- = — 85) 
^^ X+1 N„+N ' ^^^ 

i r 

where A was used instead of S, the Sherraan function. Henceforth the 
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Sherman function, S, will be used to refer to the analyzing power of 

the gold foil used in the Mott analysis. 

A second statistical test was applied to the scattering data in 

order to assure that only random scattering processes were being ob-

served; this was the chi-square test. This test determined the 

probability that a repetition of observations would show greater devia-

tions from the frequency distribution which was assuraed to govem the 

data. It could be used on Poisson distributions because the frequency 

curve of the means of samples drawn frora a nonnorraal infinite parent 

population of data is usually raore norraal than the original popula-

tion. Moreover, a parent Poisson distribution in which m >> 1 ap-

2 
proaches the norraal forra. The x is given by 

• n (x - x) ^ 

X̂  = Z -^Z = nQ̂  86) 
1 X 

2 
where n values of x are observed and Q is Lexis' divergence coeffi-

cient as given by 

r. n (x. - x) 
Q2 = 2 -^ = ̂  = 1 87) 

1 nx 

2 
for the Poisson distribution. Thus if Q calculated frora the data is 

close to unity, it raay be said that the data seemed to follow the 

Poisson distribution. However helpful this is, some measure of the 

difference from unity was desired in order to have sorae idea of the 

probability of a Poisson distribution. The chi-square test gave this 
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probability. 

The data was usually divided into at least five groups containing 

at least five events, as required by the procedure. The degrees of 

freedom, F, the number of independent classifications in which the ob-

served series of data may differ from the hypothetical, seldom exceeds 

30 and is usually less than 12 in actual statistical practice. In 

this case the degrees of freedom were the nuraber of trials minus one, 

that potentially used up in the calculation of the mean. After deter-

2 
raining x and F, a table of values determined P, the probability that 

on repeating the series of measurements, larger deviations from the ex-

pected would be observed. Evans gave the rule that if 0.1 < P < 0.9, 

the assumed distribution very probably corresponded to the observed 

one, while if 0.02 > P or P > 0.98, the assumed distribution was ex-

tremely unlikely and should be questioned. It must be noted that the 

chi-square test never gives a clear-cut answer about whether the data 

follows the assuraed distribution or not. Sorae judgraent on the part of 

the experiraentor is required. 

In order to find the error associated with the polarization de-

terraination of the initial beam, several measureraents were made. A 

sample of the data collected for a polarization measurement is given 

in Table 3. 

As before the first coluran indicates the spin states. The second 

column gives the number of events recorded by the left detector in the 

Mott chamber, see Figure 4. The third column gives the number of 

events recorded by the right detector; the last coluran gives the time 
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Table 3 

Sample Mott Asymmetry Data 

1 

2 

1 

2 

1 

2 

1 

2 

1 

2 

037701 

035564 

037785 

036081 

037355 

036219 

037710 

036115 

037842 

035948 

040000 

040000 

040000 

040000 

040000 

040000 

040000 

040000 

040000 

040000 

000703 

000670 

000712 

000679 

000711 

000698 

000735 

000710 

000706 

000703 

in tenths of a second necessary to collect the data. The counters were 

preset to stop the collection at some number, usually 40,000 or 

400,000 counts. 

With the polaroid in one position the lid of the scattering 

chamber was turned to point the beam straight down the accelerator 

tube. The beam of electrons was scattered from the gold foil in the 

Mott chamber and the electrons were counted by the detectors. l#ien the 

preset limit was reached by one counter the data was recorded. The 

sense of the polarization was then reversed and the counting was re-

peated. 

These two sets of measurements, N. and N plus N ' and N ', the 
' £ r ^ £ r ' 

counts for the left and right detectors for each sense of polarization, 

were put together in that a determination of the polarization was made 

from 
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s \ x + i y ' p = 4 88) 

where S i s t h e Sherman f u n c t i o n and 

X = 
VV\l/2 

89) 

Equation 88) was taken from equation 71) defined in the section on 

Mott scattering analysis. 

Thus from data represented by Table 3, five determinations of the 

polarization were possible. A mean was calculated from these five 

values as well as the standard deviation representing the associated 

uncertainty. 

The statistical error in the polarization for one sense of the 

polarization was 

AP = 
• -2 2 S -P 
No + N 
. l r-i 

-1/2 

90) 

as given by Kessler. For the combination of measurements involving 

N , N ', N , and N ' the statistical uncertainty is given by 
£' £* r' r 

AP = 
P ^ [ N X ( N ^ + N P - ^ N ^ N ; ( N ; + N ; ) ] ' | 

1/2 

(N„N ' - N N ' ) ^ 
£ r r í 

91) 

J 

Both of these results were derived by using the expression 
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,-nl/2 

AG = Z(Ax.) 2/90 

L_ 1 i V8x, 
92) 

1 ' _ J 

1/2 
where G = G(x^) and Ax = x , the usual value of the standard error, 

45 as given by Young. 



CHAPTER V 

RESULTS AND CONCLUSIONS 

38 
The preliminary work reported by Bushell was continued in order 

to demonstrate the spin dependence in the scattering cross section. 

4 
An extrapolation of the theoretical results reported in Yates pre-

dicted total polarization for one specific combination of e and energy 

for krypton, the gas used for the analyzer in this investigation. In 

order to determine experiraentally these two parameters, cross section 

data about a rainiraura was collected and graphed versus angle for the 

two senses of polarization at beam energies of 440 eV, 460 eV, 470 eV, 

480 eV, and 500 eV as indicated as necessary by Bushell. These graphs 

are shown in Figures 15 through 19. The graphs for each energy were 

then corapared with respect to deepness of curve, sharpness of curve, 

and ŝ mraietry about the rainimura. The method of comparison was to 

norraalize and superimpose all curves on a single graph about their re-

spective rainiraa as shown in Figure 20. The energy 470 eV was chosen 

as demonstrating the deepest, sharpest, and most syraraetric curve about 

its minimum and therefore the most likely to yield the total polariza-

tion at this angle as predicted by Yates. This energy also corre-

sponded to his predicted extrapolated value, as shown in Figure 22. 

When the energy was determined further data was taken to try to 

reduce the error bars in the spin dependence curves. Assuming a random 

distribution and applying Poisson statistics it seemed reasonable to 

71 
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assume that if more cross section data were collected, smaller error 

bars associated with the spin dependence would result. From the equa-

tion for the analyzing power 

P l N^ + N^ i ~ P ^ 

the spin dependence i s deterrained. The error associated with th i s 

expression i s 

-4/{fí/fí • Â = ± ^ / ( ^ ) + i ^ ) . 93) 

2 
Frora typical data a value of (AP/P) =0.09 while the value of the 

2 
second terra (AJ/Z) was 0.349. The uncertainty in the spin dependence 

for this trial was approxiraately 66 percent of the quantity, A. It 

can be seen that even if the uncertainty in the cross section data 

could be reduced to zero (which should be irapossible for a randora dis-

tribution) the uncertainty in the polarization raeasurement keeps the 

total uncertainty at 30 percent of the spin dependence which is un-

acceptable. 

The uncertainty in the polarization measurement was thus the major 

cause of the difficulty in decreasing the size of the error bars in the 

graphs showing spin dependence. Several attempts at correcting these 

difficulties were made. The "quality" of the electron beam is given 

2 
by P I where I is the beara current. From this it may seem that a 

higher polarization is more desirable than a large beara current to a 
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certain extent. It has been shown in previous experiments that an in-

crease in the polarization resulted when the discharge in the source 
Q 

cell was lowered. However, when the discharge was lowered the beam 

fluctuated more in intensity and possibly in polarization. The fluc-

tuation in intensity did not affect the cross section data since a 

preset amount of charge was used as a standard. It did not affect the 

polarization measurements either since left and right scattering from 

the gold foil was taken simultaneously. However, the fluctuations in 

the direction of the beam as it emerged frora the injector affected the 

cross section data as shown by Figure 21. The miniraum in the cross 

section seeras to change. This is a reasonable effect since a change 

in the position of the scattering center would change the angle seen 

by the extractor coluran. 

When making measureraents of the polarization, the lowered inten-

sity in the discharge of the source cell produced larger deviations in 

the raeasurements, which greater nurabers of data points did not reduce. 

Perhaps the polarization fluctuated under these conditions. The net 

result, however, was to force operation at lowered polarizations. 

The above reasons demonstrated why the uncertainty in the polariza-

tion would make the uncertainty in the spin dependence unacceptably 

large even if the uncertainty in the cross section was eliminated. 

Although the uncertainty in the cross section should never be zero it 

should have been a function of the nuraber of events recorded; specifi-

cally, it should never be less than l//n, where n is the number of 

events recorded for a random process. As stated in Chapter 17.2, this 
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was used as a check on the condition of the equipment during the course 

of the experiment. However, the uncertainty was not removed progres-

sively as more data was taken indicating other processes were involved 

as well as the one being investigated. The greatest source of error 

resulted from backscattering from the Faraday cup located in the scat-

tering chamber. The cup surfaces were covered with Aquadag and two 

fine wire mesh screens covered the entrance. One screen was grounded 

and one biased to the anode voltage regulating the energy of the elec-

tron beam to prevent electrons from scattering out of the cup. This 

was not effective enough so several changes were made. First the cup 

was enlarged slightly and next a thin graphite cone with a hole at its 

apex replaced the wire meshes. Another, smaller cone was placed at 

the back to bounce the electrons off axis, thus aiding in their cap-

ture. However as shown in Figure 21, if the cup was even slightly 

tilted, a change in the cross section data resulted. This indicates 

that unless the Faraday cup was enlarged more and removed farther from 

the scattering center its effects would introduce an unacceptable 

uncertainty in the cross section data. 

One point in the reduction of the data had to be analyzed in a 

different raanner frora the rest of the data. As given in equation 93) 

the term giving the uncertainty in the spin dependence contains a term 

i r/ AA 
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Suppose at one point N^ = N^. The differnece is zero thus the terra 

AZ is divided by zero and the ratio becoraes infinite, iraplying the 

uncertainty is infinite. Recall Table 2 giving the usual raanner of 

collecting scattering data; the anoraaly in calculating error bars 

was corrected in the following manner. The two sets of measureraents 

were taken two at a time, e.g. the first spin state, N = 37625, was 

subtracted frora the second set whose sense of polarization was re-

versed, N^ = 36059. The sum of the two nurabers was then taken and 

a ratio formed of the difference to the sum. The procedure was re-

peated for each remaining set. An average of ratios was calculated 

and used instead of the X. term in calculating the error bars. 

The curves in Figure 17 give the spin dependent scattering ef-

fects deterrained by this experiment. There are no published theo-

retical results with which to compare at precisely this energy and 

angle. However, these results should not be used until the uncer-

tainty is reduced. The following suggestions could possibly yield 

more precise results; unfortunately some of these require major raodifi-

cations of the equipraent. 

One raethod of stabilizing the beam could be to place the source 

cell inside the scattering chamber, eliminating some of the steering 

plates and focusing lenses. The ninety degree turn which rotates the 

spin of the electrons into a position perpendicular to the velocity 

vector would be eliminated by this change. This is a contributor to 

the error in that the beam would lose polarization if it should strike 

either of the plates of the rotator. This was seen to be happining at 
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one point since bum marks were found on the surfaces of the plates. 

This is very likely to occur if the beam is neither very thin nor very 

uniforra in cross section when it enters the eleraent. The drawback to 

this arrangeraent is that the scattering charaber would have to be very 

large in order to rainiraize the effects of the electronics associated 

with exciting the atoms in the source cell and lamp. The magnetic 

fields could be nullified at the scattering center provided the fields 

were constant. This was not always true especially in connection with 

the larap. 

The vacuura system could possibly be simplified with this arrange-

ment. A larger pump would be required for a larger chamber, but the 

long tube from source to injector would be eliminated as well as the 

baffles (Einzel lenses as seen by the vacuum system). 

The polarization raeasureraent definitely needs to be improved. One 

possible solution to this problera would be to fix the injection system 

such that it points straight down the accelerator column. Since the 

electrons scattered from the analyzing gas do not need to be accelera-

ted to a high potential to be counted, syrametric detectors could be 

placed inside the scattering chamber. These would be rotated instead 

of the injection asserably. In the process a new Faraday cup could be 

installed that lifted out of the scattering plane, eliminating another 

source of error. 

One last recommendation would not require any equipment modifica-

tions yet could result in greater efficiency, i.e. recognizing 

problems of equipment failure earlier. As mentioned before, the 
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statistics supplied information during the experiment giving indica-

tions of the quality of the data. Much raore information could be ob-

tained if the so-called "inefficient" statistical methods of Evans^ 

were employed. For example, a fairly accurate determination of chi-

square could be obtained from the formula 

2 
2 ^ (range) 

raedian 

2 
As an illustration, from Table 2, x was determined to be 1 for the N 

by the usual method. The inefficient statistics showed it to be 1.4 

with rauch less effort. 

The standard error could be approxiraated by 

range 
a = ^ 
m n 

requiring less computation but giving a good estimate of the true 

value. For the same set of data used in the chi-square example the 

inefficient statistics yielded a value of 21.6 as compared to the 

true value of 19. These simple tests could give information pre-

viously unavallable until after the day's data had been analyzed, 

usually after the machine had been shut down. They would not be ac-

curate enough for a rigorous error analysis but would provide a quick 

and easy method to monitor the data as it was being collected. 

After a raore stable beara has been achieved and the problera with 

the Faraday cup solved, more data should be collected at 470 eV to 
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minimize the error bars on the spin dependence curves. The next step 

would be to change the analyzer to nitrogen and repeat the process 

for that gas. Possibly the stimulus of experiraental data conceming 

spin effects in electron scattering will affect the theoretical con-

tingent to check the agreeraent with theoretical results and suggest 

further experiraents the raachine could perform. 
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APPENDIX A: RULES FOR PROPAGATION OF ERRORS THROUGH AN EQUATION 

Suppose a quantity, C, is some function of two independent, meas-

urable quantities, A and B. Suppose further that A and B have some 

associated uncertainty given by the standard deviation of each set of 

measured values, a^ or a^, respectively. The uncertainty associated 

with the derived quantity raay be found using the following rules for 

propagating errors through an equation: 

1. If C is the sum or difference of A and B, the square of the 

uncertainty in C is the sum of the squares of the uncertain-

ties in A and B. Let R be the uncertainty in C, then 

p2 2 ^ 2 
R = a^ + a^ . 

2. If C is the product or difference of A and B, then the 

fractional uncertainty (R/C) is the square root of the sum 

of fractional uncertainties of each product or divisor and 

dividend. 

! - / {'-íí * Cií • 
The errors in each of the raeasured quantities are assumed to be 

indeterminate, i.e., the sign is not known and the cumulative error is 

reported as C ± R. The above rules raay be expanded to include more 

than two measured quantities and raay also be siraplified to more easily 

calculate errors for special cases such as raising the raeasured quan-

tity to sorae power. 
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APPENDIX B: DEFINITION OF REFERENCE FRAME 

The usual three-diraensional rectangular coordinate system is shown 

below with its relation with the spherical coordinate system. 

(x,y,z) 
(r,e,c{)) 

^ y 

The transformation frora spherical to rectangular coordinates is given 

by the equations 

X = r sine coscf) 

y = r sine sin̂ í) 

z = r cose 

91 








