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CHAPTER I
INTRODUCTION
In recent years there has been a great deal of interest in spin
polarization effects in low energy electron scattering.

Recent

theoretical and experimental studies have suggested that useful information about atomic and molecular structure might be obtained
from measurements of the spin polarization of low energy electrons
1-4
(50-4000 eV) scattered elastically from gaseous targets.
It is
true that some doubt has been expressed about the usefulness of such
studies.

It has been shown, for example, that spin polarization is

wery insensitive to variations of the structure parameters of molecules
such as bond lengths and mean amplitudes of vibration when molecules
5
6
are used as scatterers.

The studies of Yates and Fink

and of

Buhring' indicate that spin polarization is not very sensitive to
changes in the scattering potential.

Yates and Fink suggest that the

angular dependence of the scattering cross section provides a better
tool than spin polarization effects for studying such processes as
exchange and charge-cloud polarization.

But the status of theory and

experiment is not sufficiently well developed to permit concrete conclusions to be drawn and there are a great many areas that deserve
examination.

Kessler

gives an extensive list of problems in this

field that merit consideration.

Experimental and theoretical work,
1

for example, needs to be done on the effect of exchange and the
polarizability of the scattering atoms on the scattering amplitudes,
especially at low energies.

It is hoped that the publication of

experimental results in the area of spin polarization effects will
stimulate further theoretical study of some of these topics.
The purpose of this paper is to describe an experiment which
is in progress, the purpose of which is to measure the angular dependence of the scattering cross section for a beam of polarized
electrons incident upon a gaseous sample.

The target gas being used

currently is krypton.
The source of polarized electrons in this experiment is a weak,
optically pumped helium discharge.

Triplet metastable helium atoms

are produced in a weak, low pressure, rf discharge in a weak magnetic
field.

The sample is illuminated with circularly polarized 1.08

micron resonance radiation from another discharge which is provided
with suitable filters.

This produces a net magnetic moment in the

sample, so that electrons extracted from the discharge are spin
polarized.
It has been shown in other experiments that electrons extracted
from such a discharge are ideally suited for use in scattering experiments since the beam currents produced are considerably higher than
those obtained from other polarized electron sources.

In an experi-

me nt similar to this one a continuous 4 microamp beam with 8%
8,9
polarization has been produced. ' Electrons extracted in the same
experiment from the late afterglow of a pulsed discharge had a

polarization of about 17%. The apparatus described in this paper is
capable at present of producing a continuous beam of about 0.1 microamp current with 6% polarization, but there is ewery reason to believe
that this can be improved upon.
Any spin dependent interaction involving electrons could theoretically be used to provide a source of polarized electrons, and
several schemes have been tried.

But electrons extracted from an

4
optically pumped He

discharge produce a beam which yields a con-

siderably higher value for the quantity P^I, which is often used to
characterize the quality of such beams, than any other scheme yet
proposed.

Of the other methods tried, Mott scattering has been the

most successful and it has been used to produce beams of up to 85%
polarization and 10"

amps current.

'

Photoionization of a beam

of neutral potassium atoms which has been passed through an inhomogeneous magnetic field has been used to produce a beam of electrons
-12
12
with 50% polarization and 10

amps beam current.

It has also

been shown that electrons resulting from beta-decay have a polarization of -V/C, but shielding problems make the use of such sources
13-15
unfeasible for scattering experiments.
Other methods have been
proposed, such as the use of Compton electrons ejected by polarized
photons and the use of Compton electrons ejected by photons from
magnetized iron,

1 fi

but none of these schemes is capable of producing

a beam that is really suitable for use in scattering experiments
where high beam currents are necessary.
The method described in this paper has a great many advantages.

The apparatus is relatively simple and inexpensive; the polarizations
and beam currents are quite high; and the sense of polarization can
be easily reversed by reversing the sense of polarization of the
pumping light, which allows instrumental assymetries to be canceled
out.

The only drawback is that the energy spread of the electron

beam is too great, about 5 eV in this case, to be suitable for very
low energy scattering experiments.
The method of polarization analysis in this experiment is high
energy Mott scattering, which refers essentially to elastic, wide
angle scattering of electrons from heavy atoms.

Spin dependent

effects resulting from electromagnetic spin-orbit coupling produce an
assymetry from the usual Rutherford cross section which can be used
to determine the polarization of the incident electrons.

Mott

scattering is the most accurate and reliable method of polarization
analysis, primarily because it has been used and developed extensively
for precise measurements of beta-decay polarization.
Mott scattering analysis requires that the polarization be transverse to the scattering plane, so the beam is bent electrostatically
by 90 degrees before scattering from the target gas or analysis in the
Mott scattering chamber.

This process rotates the velocity vector of

the electron beam but does not affect the direction of the polarization
vector and thus changes the beam which is originally longitudinally
polarized, into one which is transversely polarized.

Mott polariza-

tion also requires that the electron beam be accelerated to high
energy (120 kev in this case), so the Mott scattering chamber and

associated electronics must be at high potential. The counting data
is transmitted from the high voltage table to ground by means of
light signals.
Before giving a detailed description of the experimental
apparatus, we will survey briefly some pertinent aspects of the theory
of polarization effects in elastic electron scattering.

We will also
•

4
review some basic features of the optical pumping process in He .

CHAPTER II
POLARIZATION EFFECTS IN ELASTIC ELECTRON SCATTERING
In order to obtain a rudimentary understanding of the origin
of polarization effects in elastic electron scattering, we will first
examine the process from the point of view of the optical model.

We

will then reexamine scattering phenomena using the Dirac wave equation
and Mott's application of it to the scattering of polarized electrons.
II.1

The Optical Model
The magnetic moment y of the electron plays a role in the

scattering process because in the rest frame of the incident electron
there is a magnetic field, given by H = -(v/c)xE which interacts with
y, the interaction energy being - y H .

With y = (e/mc)S, the m t e r P 2 -1
"^ ^
action energy becomes the spin orbit energy (2m'^c r) (dV/dr)S-L
17 18
except for a factor of 2 caused by the Thomas precession. '
The
scattering potential is just the sum of the screened coulomb potential
and the spin-orbit potential, and is obviously different for electrons
with different spin orientation.

So the "effective radius" of the

atom is different for electrons with different spin and the scattering
cross section will in general depend on the polarization of the incident beam.
Elastic electron scattering can be considered as a diffraction of

the incident wave by the atom.

When the electron wavelength A is

comparable to the atomic radius R one gets the typical interference
pattern in which the positions of the maxima and minima are determined by the ratio X/R.

And since the effective radius R is dif-

ferent for electrons of different spin, there will be a relative
shift in the cross sections for spin up and spin down electrons
respectively.

From this it can be easily seen that if an unpolarized

beam is incident on an atom, there will be differing numbers of spin
up and spin down electrons in the scattered beam at a given angle;
that is, the scattered electrons will be polarized.

If Nf and N+ are

the number of electrons in the scattered beam with spins up and
spins down respectively, the polarization of the beam is defined by
P = (N^^ - N>i')/(Nt + N^i-).

The polarization curve for the scattered

electrons can be easily constructed from the two cross section curves,
since

do\

_ d^x

p = Ni - N4- ^
Nf + N^t- c[a_\ + da_v

(1)

Figure (1) shows a qualitative example of the relationship between
the polarization curve and the two cross section curves.

Whenever

one of the cross sections has a deep minimum and its value is small
compared to that of the other cross section, the polarization is
close to one.

So for suitable energies and angles, one might expect

8

FIGURE 1

scattered electrons to have appreciable polarization.

In fact,

from his analysis of the complex zeros of the scattering amplitude,
Buhring

predicts that total polarization can be obtained, in principle,
4

even from elements as light as neon.

In similar work Yates

has deter-

mined the Z dependence of total spin polarization by tracing the trajectory of a particular zero of the scattered amplitude as a function
of atomic number.

His calculations for atoms were confined to deter-

mining combinations of energies and angles which give rise to total
polarization as a function of atomic number, and his results are
summarized in Figures (2) and (3). The upper set of points in Figure
(2) corresponds to total positive polarization and the lower set to
total negative polarization.

The Z dependence for increasing atomic

number seems to be nearly linear which implies that more points may
be added by extrapolation.

Figure (3) gives Yates' results for polari-

zation versus angular distribution for Z=37 and for Z=54.

Total

polarization is confined to a relatively narrow angular range for
varying Z, at least for the particular zero traced in his work.
Buhring's results indicate that the number of combinations of energy
and angle for which total polarization occurrs is reduced to probably
8 for iodine, 8 for krypton, 4 for argon, and 4 for neon.

The

corresponding energy values are shifted to lower energies for the
lighter elements and are all below 100 eV for neon.
II.2

The Dirac Wave Equation
The consideration of polarization effects on scattering cannot

10
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FIGURE 2
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FIGURE 3
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be based on the Schrodinger wave equation, even at low incident
electron energies, because it does not take into account the spin
of the electron.

By a proper relativistic treatment of the wave equa-

tion, Dirac was able to show that spin is a necessary consequence of
20 21
the principle of relativity.

'

Any treatment of collision prob-

lems in which spin is a significant factor must be based on the Dirac
wave equation.

The development of the Dirac equation is well known

and we therefore give only a brief outline of the pertinent aspects
21 22
of the theory ' and Mott's formulation of it for electron
23-25
scattering theory.
The procedure followed by Dirac (1928) was to seek a relativistically covariant wave equation of the form

•iTi9

;|,(?,t) = H^(7,t)

9L

Since this equation is linear in time derivative, it was natural
to attempt to form a Hamiltonian linear in the space derivatives as
well, and the result was the familiar Dirac wave equation for a free
particle

H = ca'P + emc

(2)

This equation was replaced with a matrix equation in which the constant coefficients a- and 6 are nxn matrices and ^ is written as a

13
column matrix with n components. The a. and 6 are found by requiring
Hermiticity and by requiring that ^ also be a solution of the KleinGordon equation. The results are the familiar Dirac matrices
0 oA
/o o.,\
'X . . =r
y
^'x - U^o ;» ""y " V V /

/o Oy\
/] 0
3=
n-i
"z "la^o / ^
"U-l

(3)

where a are the Pauli spin matrices
1

0 1\
^x = Vl o)

/o-i\
'y'-\i
o)

/I 0
^z=U-l

(4)

The Dirac equation for an electron in a general central field is
given by
inll = H4.

with

H = ca-p + Bmc + V

where V = e<|) and (()(r) a generalized central field potential.

(5)

When

the wave equation (5) is replaced by its equivalent matrix equation
we obtain a set of four simultaneous differential equations which
26
must be satisfied by the four wave functions ij;^.
(PQ + mc)i|;-, + (P] - iP2)^4 + Ps^s = 0
(PQ + mc)^2 ^ (^1 "^ ^P2^^3 ' ^ 4 ^ °
(PQ " "^^^^3 ^ ^^1 • ''P2^^2 "^ V l ^ °
(PQ - ^^^H + (^1 + ^'^2^^! " ^ 2 ^ °

/^N

14
where P^ = ^ |^ + |v(r) and P^ = -ih|3^, etc. and V(r) is the
scattering potential.
We have seen that according to the Dirac theory, the electron
is described by four wave functions i|;^(x,y,z,t) and the probability
that an electron will be in a volume element di at time t is
4

II*>l^dT
'•''X

(7)

x=l
In scattering problems, the four components of the wave function iii,
A
»

will have the asymptotic forms
i kr

and the differential scattering cross section will be given by
4

I|U,(e,^)|2
-d« = ^

(9)

1

The quantities U

and a
A

are called the scattering amplitudes.
A

By considering the solution of the Dirac wave equation for
25
plane waves incident in the Z direction, it can be shown
that the
quantities a, are not all independent but satisfy the expression

15

kfic
W+mc^

(10)

irrespective of whatever orientation the spin axis may have. The
same expression holds for the quantities U , so we may write
A

A

1^3!^ + |U4l^
a |2 + U |2

dQ

(n)

In practice a longitudinally polarized electron beam may be considered to be composed of differing numbers of electrons with spins
respectively parallel and antiparallel to the direction of propagation, so the simplest approach is to first consider the scattering
process for the two cases.
For electrons with spins parallel to the direction of propagation, the asymptotic forms of the components ij^^ and ^p. are

i kr
if.3 ~ e^*'^^ + ^-r-f^(e,^)
(12)
^>

ikr
gT(e,({))
r ^1

And for electrons with spins anti-parallel to the direction of propagation, the asymptotic forms are

16

ikr
^3 •• ~ 7 " 92 (0>4>)
(13)

The functions f^, f^, g^, and g

are called the scattering ampli-

tudes and are obtained from the solutions to the differential equaor

tions (6). As given by Darwin

they are

1
2in„
2in . ,
f/e) = ^ n ( i + 1 ) ( e
' - l ) + )i(e
-l)]P^(cos e)
(14)
g,(e,*) = 2!^ llJ""'

+ e^''-^-l]p;(cos e)e^*

For the case of anti-parallel spin, the scattering amplitudes are
found from the relations

f^iQ.<l>) = f^(e,ci>) = f(e)
g2(e,<i)) = -g(6)e~"'*
gi(e,cf.) = g(e)e^'^

P

(15)

and P' are the Legendre and associated Legendre functions respec-

tively.

0 is the scattering angle and the wave number k is defined

17

as usual by p = hk where p is the relativistic momentum myv. The
solution to the scattering problem amounts to finding the phase
shifts n^ in the above expressions for the scattering amplitudes,
since all measurable quantities in the scattering process are determined by the scattering amplitudes.

The phase shifts n^ and n_^_-|

are found from the asymptotic form of the regular solution for the
radial part of the v;ave equation.

For example, the phase shift n

is defined by the expression

-1
G

- (kr)"

sin (kr - IATT + n )
^

A/

(16)

X/

which is obtained from the asymptotic solution of the following
27
d i f f e r e n t i a l equation

d^G

_ £

^ [-^2 _ £U+11 _ u fr)]G„ = 0

dr^
rG
where G£ = — ^
t—
va

r^

(17)

^

1 W eV
and a --- i:(7 + 7 " + mc) and W is the total incident
n ^

*-

electron energy.
For calculating n
above expressions.

•, one has to replace

by (-£-1) in the

It is important to note that the effect of the

nuclear and/or atomic charge structure is contained in the effective
Dirac potential U

(i.e., assuming such charge structure to be
27
symmetric), which is given by

18

II ( \

2

_2W

u . 1

eV

l^^ a'

3 a^

1 a"

,,^,

2 4

with k^ = '^ : *; ^
•h^c^

and a = ^ (^ + 4 + "ic).
tr c
c

a' and a" are the

first and second derivatives of a with respect to r.
appearing in the expression for U

Of the terms

the first two are independent
X/

of the electron spin and are typical of the Klein-Gordon equation for
a particle without spin.
orbit interaction.

The remaining terms are a result of spin-

In general, the phase shifts n

and n

^ are not

explicitly definable by a single, closed, analytical formula, and
they must be evaluated for a given element or potential by numerical
integration.

But once the phase shifts are known, the scattering ampli

tudes are also known and the scattering problem is essentially solved.
II.3

Spin Dependence of the Scattering Cross Section
For the general case of arbitrary initial spin direction, the

incident v^ave is given by
i|; = Ae^*^^

and i>^ = Be^ ^

(19)

^\). and ip are as given by equation (24) but are unnecessary for the
present considerations.

In this case the scattering amplitudes can

be obtained by linear combination
U3 = Af^ . Bg^ = Af - B g e - *
U^ = Ag

+ Bf2 = Bf + Age''*

^^^^

19
Then from equation (9) the differential scattering cross section
becomes

>

= |f|2 . |g|2 , (,g* . gf*)[-AB*e^^ . A*Be-^>j,„ ^21)

'Ar + IB"^

At this point we define the scattering assymetry function of Sherman
25
function by

S(e,*) = i ^g* - ^^* ^
|f|2 + |gi2

.

(22)

Then the s c a t t e r i n g cross section can be v/ritten as

-ii>
id)
do.^
r | . | 2 ^ , ,2-,r,
S A*Be
- AB*e . .
-JX^^ = [ | f |
+ |g| ] [ l + T
;
Idn
°^^
1 I A K + IB"

, ,
(23)

This basic equation gives the polarization dependence of the
scattering cross section, as we shall show later.
II.4

Definition of Spin Angular Momentum
To this point we have only mentioned briefly the definition of

electron spin, but we shall now derive an expression for the electron
spin in terms of experimental parameters.

To do this we must refer

to the free electron solutions to the Dirac wave equation.
The plane wave solutions to (6) for an electron moving in free

20
space with momentum (P , P , P ) and energy W are given by Darwin
as follows

AP ^c + Bc(P-, - iP,)
2

^

« .(f^
.X
2771 (k»r - wt)

' 2 ^

•

mc

+ W

Ac(Pi ^ iP^) - BCP3
ip - -

_

2„i(k.?-wt)
e

mc*^ + W

2Tri(k-r - wt)

ii>2 = A e

^

^ 27Ti(l<-r = wt)

= Be

(24)

The arbitrary constants A and B are related to the direction of the
spin axis by the expression
B = A tan(|6)e^*

(25)

The above solution (24) represents two linearly independent solutions, which for a plane wave incident from the Z direction are
• -.
/n +
r. -\ i (kz-wt) ,
simply ^ = (Alp + Bip )e
where
0
cP,

-c P
4'

W+mc'
0
1
0

and

T\)

=

W+mC
0
1

(26)

We are now in a position to give a semi-rigorous definition of

21
polarization.

The polarization of a beam or other ensemble of
28 30
electrons can be described in terms of density matrices
or in
terms of the expectation value of the spin matrices.

The two treat-

ments are equivalent, so we only outline the definition in terms of
the expectation value of the spin operator as it is the most familiar
approach.

If we define the spin angular momentum operator by

'^-{IDi

(^^)

it is obvious that the wave functions ^p and ^~ are eigenfunctions
of the operator S

with eigenvalues +1 and -1 respectively.

These

eigenfunctions describe a longitudinally polarized beam and we have
two eigenvalue equations corresponding to spin projections parallel
and anti-parallel to the Z axis

A spin direction perpendicular to the direction of propagation can
be described by a superposition of states

which corresponds to A=B=1 in equation (25), or to 6 = 90° and

Defined in terms of the expectation value of the spin operator,
the polarization in the rest system of the electron for a pure state is

22

P.

= <ip|S.|ip>

A beam of arbitrary polarization can be described by a superposition
of possible states

P = Fg. P.

where g^. denotes the probability of finding an electron in the state
with polarization P^..

For example, if a beam consists of N^ elec-

trons in state rp'^ and N_ electrons in state f,

the polarization is

given by

K

+

+

fL

U^ - N_

II.5

(28)

Spin Dependence of the Scattering Assymetry
We are now in a position to discuss the results of the previous

considerations.

It is important to realize that the scattering ampli

tudes characterize the scattering process completely.

Equations (14)

contain the directional as well as the polarization dependence of
the scattering.

All the observable quantities characterizing the

scattering process are described by quadratic terms of the complex

23
1 27 28
scattering amplitudes f and g. ' '
The following quadratic terms
with a straightforward physical meaning have been considered

S(e) = ^'(^g*-^*^)

f2.
^r|2

T(0) =

n

g2
I |2

- |g|

f | 2 + |gl2

U(e) = ^ ^ V '*' 7
•f|2 +

(29)

|gl2

We have already considered the Sherman function S(e). It describes the scattering assymetry of a polarized electron beam.

The

case of a totally polarized beam with transverse polarization corresponds to A=B=1, so that from equation (23) the scattering cross
section is

d^

= [|f|^ + |g|^][l - S sin 4]

(30)

Since a polarized (or unpolarized) beam can be considered as an incoherent superposition of two completely polarized beam of different
(or the same) intensity with opposite polarizations, we can apply the
above equation to each of the two "beams" composing a polarized beam.

24
Suppose we have a beam of electrons with transverse polarization and
let N+ and N-i- be the number of electrons in the beam with spins up
and spins down respectively.

If we apply equation (30) to each beam

separately, we find the following for the scattering cross section
of a partially polarized beam.

^ =

[|f|^+ |g|^][l - PS sin *]

(31)

d^

Hence, the scattering cross section of a polarized beam depends not
only on the angle e but also on the azimu of that angle (p, and the
scattering intensity has a left-right assymetry which has a maximum
when the polarization is perpendicular to the scattering plane.

This

is illustrated in Figure (4a).
As a result of the assymetry in equation (31), an unpolarized
beam can easily be seen to become polarized in the scattering process.
If we apply equation (31) to each of the polarized beams of equal
intensity composing an unpolarized beam, we find the scattered intensities to be
N+ = I(l+S)

and

N+ = I(l-S)

from which it follows that the polarization of the scattered beam is
Hi - Ni
P2 = Nt + Nl = S

(32)

assuming that the direction of polarization is not altered in the
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scattering process. Hence, the Sherman function represents the
polarization of an initially unpolarized beam for the case in which
the initial polarization vector is perpendicular to the scattering
plane.
For electron energies below 2 KeV the velocity is small and the
ratio of the scattering amplitudes |g/f| is of the order of v/c.
Hence, large values of S for low energies can occur only if f is
extremely small, as may be the case if f has a deep minimum.

Con-

sequently, large values of the Mott polarization S must occur, if at
all, within a very small angular range around a minimum in the cross
section.
If we use the more general expression (23) instead of equation
(30) and follow a similar analysis for a polarized beam, we find that
the polarization P after the scattering process can be expressed
in terms of the polarization vector before the scattering process
?-| = P-,^ + ?^

as follows

(Pn. + S)n + T(PT ) + U[n x P.J
P^ = —^
-^
^
1 + P^,S

(33)

where P^ has been decomposed into a transverse component perpendicular
to the scattering plane and a component parallel to the scattering
plane.

From the above equation it can be seen that T describes the

change of the component of polarization parallel to the scattering
plane. Also, if P-,. ^ P-in ^ 0 { i . e , the beam is unpolarized), we
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obtain P^ = Sn, where n is a unit vector perpendicular to the
scattering plane. This confirms our earlier expression and the
assumption that the polarization vector does not change direction
during the scattering process if it is perpendicular to the scattering
plane.

Hence, T and U together describe the rotation of the polariza-

tion vector during the scattering process. Hence, the scattering
amplitudes f and g provide a complete description of the intensity
distribution and polarization in the scattering process.

CHAPTER III
MOTT SCATTERING ANALYSIS
The polarization of the electron beam must be determined before
use in scattering experiments.

The method of polarization analysis

used in this experiment is high energy Mott scattering, which because
of its use in the many investigations on polarization in beta-decay
has become the most accurate and reliable method of polarization
13 32 33
measurements. ' *
Mott scattering usually refers to elastic,
wide angle scattering from heavy nuclei.

In high energy Mott analysis,

the electrons to be analyzed are accelerated to high energy and
scattered from heavy nuclei, usually god.

Because of spin-orbit

interactions a perturbation from the usual Rutherford cross section
occurs which can be used to determine the polarization of the incident
electrons.

The process is illustrated in Figure (4). The asymmetry

or perturbation is measured by placing detectors symmetrically about
the incident beam axis in such a manner that the polarization vector
is perpendicular to the scattering plane.
Referring to equation (23) we see that there is no scattering
asymmetry for a longitudinally polarized beam, and from equation (31)
that the scattering asymmetry is a maximum when the polarization vector
is perpendicular to the scattering plane.

Hence, Mott scattering

analysis requires that the beam be transversely polarized with the
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polarization perpendicular to the scattering plane. We recall also
that in such a case the direction of the spin is not changed in the
scattering process.
Now suppose we have a beam with transverse polarization P incident on a target as in Figure (4) and suppose two detectors are
placed at an angle e from the beam axis and at azimuth at angles of
90° and 270° respectively. Then the ratio of N^ to N , the number
of electrons counted in the left and right counters, respectively,
is according to equation (31)
^a

1+PS

, ,

r
Hence, if we know the value of S at the angle in question and at
the energy being used, we can determine the polarization of the incident beam from the asymmetry x

P = } (^)

(35)

The most serious source of experimental error in Mott analysis
arises from instrumental asymmetries.

By placing two detectors

symmetrically at the angle e, the two measurements needed to determine X can be made simultaneously, but this introduces an instrumental
asymmetry due to the differences in solid angle subtended by each
detector.

This asymmetry can be canceled by means of a second

measurement during which the polarization is reversed.

Reversal of
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the polarization can be accomplished, for example, by the use of a
Wien filter,

but in this experiment, the polarization can be easily

reversed merely by changing the sense of polarization of the light
from the pumping lamp.

This is done simply by rotating the linear

polarizer which is in front of the pumping lamp by 90°. This has an
advantage over reversing the fields in a Wien filter in that it does
not affect the geometry of the beam path in any way.
The effect of instrumental asymmetries in Mott analysis can be
eliminated by making two measurements as follows.

Assume first of

all that a beam of transverse polarization P is scattered from the
Mott target.

The number of electrons scattered into the left and

right detectors respectively are

N^ = dlpt(|f|2 + |g|2)(l+SP)d^^
Nj^ = dlpt(|f|2 + |g|2)(l.SP)d^2

where I is the incident current, d is the target thickness, p is
the target density, t is the counting time, and dfi^ and d^^ are the
solid angles subtended by the left and right detectors respectively,
If we reverse the polarization and repeat the experiment, we need
merely change the sign on P in the above expressions to find the
number of electrons scattered into each detector.

Hence, we have

for the second trial
N' = I'p'f

(|f|^ + |g|2)(l-SP)df2^

N' = I'p'f
R

(|fr + |gr)(i+sp)d22
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From the two s c a t t e r i n g experiments we have the following
N,
(l+SP)dfi.
— =
—
N
(l-SP)dJ7

and

N:
(l+SP)dj^«
-ii =
^
n'
(l-SP)dfi

and therefore
\^R
N_N'
K L

. (HSP)^
(1-SP)2

2
X

or
X = ^ - ^ ) " '

(36)

This manner of determining x eliminates the effect of asymmetries in
the solid angles of the detectors but does not cancel the effect of
errors caused by the possible misalignment of the two scattering
angles.
Since the ultimate accuracy of measurements made with the conventional Mott detector depend on the accuracy with which the asymmetry
function is known, the published data for S determine to some extent
the operating point of the polarization detection apparatus.

Figure

(5) gives S(0) for coulomb scattering from unscreened gold nuclei at
27
several energies between 100 KeV and 5 MeV.
In this experiment gold
is used as the Mott scattering target and a scattering angle of 120°
was chosen, primarily because the asymmetry function S(e) is well
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known for these parameters, and because a number of other experiments
have been done using them.

The Sherman function S(e) is well known

at Z=79 and for electron energies above 100 KeV, particularly at 121
13
KeV where van Klinken has made yery accurate measurements.
It is
necessary to use energies above 100 KeV for conventional Mott
scattering because the asymmetry function falls off rapidly at low
energies where the effective nuclear charge is reduced by screening.
These parameters are also convenient from an experimental point of
view because at electron energies of 120 KeV and at e = 120° the
Sherman function is somewhat insensitive to changes in E and e.

Gold

also has the advantage that very thin samples can be more easily
obtained.

This scattering targets greatly facilitate corrections for

plural scattering, which will discussed later.
Experimental values for S(e) are usually determined in a double
scattering experiment.

It is apparent from equation (32) that if an

initially unpolarized beam is incident upon a target, the scattered
electrons will have a polarization of P = S.
analyzed in another scattering process.

'

The polarization can be
'

The results re-

ported by van Klinken, extrapolated to zero target thickness are
S(e) = -0.376

.008 for E = 120 KeV and e = 120°.

The scattering amplitudes f and g have been calculated by
Sherman^^ for various combinations of the relevant parameters such
as atomic number, electron energy, and scattering angle.

For energies

and angles chosen high enough that the approximation of scattering as
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a deflection in the pure coulomb field of a point nucleus, there is
1 13 37
good agreement between theoretical and experimental values. ' '
38
39
Lin

and Holzwarth and Meister

have made calculations taking into

account screening effects, but at somewhat lower energies where
screening is important, the agreement between theory and experiment
is doubtful.

CHAPTER IV
OPTICAL PUMPING IN He^ AS A SOURCE OF POLARIZED ELECTRONS
The polarized electrons used in this experiment are extracted
from an optically pumped He^ discharge.

It has been shown in other

experiments that at suitable pressures and discharge intensities,
electrons extracted from such a discharge have a high degree of
polarization.

And in addition the beam currents produced are much

higher than those available from any other source, which makes
optical pumping in He

an ideal source of polarized electrons for use
8 9
in scattering experiments. '
The present theoretical and experimental status of the optical

pumping of ground state and metastable atoms and ions has been
covered rather exhaustively in a recent review article by William
Happer

and the optical pumping process in He has been described
9 41 42
in a number of sources. ' '
In this section v/e will cover very

briefly some pertinent aspects of the theory of optical pumping in
4
He and its use as a source of polarized electrons.
The relevant energy levels of a helium atom in an external magnetic field are shown in Figure (6) and the basic components necessary
for the optical pumping process are shov;n in Figure (7). A weak, low
pressure r.f. discharge is used to excite the helium atoms in the
3
sample bulb to the 2 S level and since this state is metastable.
35
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they remain there until they are quenched by some non-radiative
process such as collisions with other discharge products or the container walls.

Atoms in the triplet metastable state at pressures

and under conditions typical to this experiment have a lifetime on
3
the order of a fraction of a milli-second, so the 2 S, state population is much greater than that of the other excited states.
Transitions in the metastable atoms between the 2 S-j state and
the 2 P states are induced by the absorption of 1.08 micron resonance
radiation from a bright helium lamp.

Resonance radiation emitted or
3
3
absorbed by transitions between the 2 P2 and 2 S states is called D2
0

light, that between 2 P
2^S

is D

3

0

and 2'^S

is D.^ light, and between 2 P^ and

light.

A linear polarizer and quarter wave plate are then used to produce either right or left hand circularly polarized light, which
imposes the selection rule Am = +1 or Am = -1 depending on the direction of circular polarization.

Spontaneous de-excitation from the

2^P levels obeys the selection rule Am = ±1, 0.

So for right hand

circularly polarized light, the optical pumping process tends to
increase the number of atoms in the M = +1 level at the expense of
those in the m - 0 level, and to increase the number in the m = 0
level at the expense of those in the m = -1 level.

If it v/ere not

for non-radiative quenching processes, all of the metastables would
be ultimately pumped into the m - +1 level.

There are several non-

radiative processes which affect the ultimate polarization attainable
by this process, such as P-state mixing and wall relaxation, and
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these will be touched upon later.

A schematic representation of the

optical pumping process is shown in Figure (8). Figure 8(a) represents the absorption process with the selection rule Am = +1 imposed
by right hand circularly polarized light.

Figure 8(b) represents

spontaneous de-excitation with the selection rule Am = ±1, 0.
Previous experiments have shown that cumulative processes in3
1
volving the 2 S.^ and 2 S

*

metastable states play a significant role

in the production of electrons in weak helium discharges.

The pre-

dominant source of ionization in weak low pressure discharges is the
reaction.
He(2^S^) + He(2'^S^) —

He(l^SQ) + He"^ + e"

3
Since 2 S. metastable atoms are spin oriented by the optical pumping
43
process and since the reaction conserves spin angular momentum,
spin polarized electrons are produced.
The expected electron polarization from spin conserving triplet
metastable collisions can be easily determined in terms of the sublevel population distributions.

The rate of electron production from

triplet metastable collisions is given by

d^o
- - ~ N^N^ + N^N
^^

+0

0-

1 2
+ N.N. + nH
T

C Q

This assumes equal cross sections for all processes involved except
those which are not allowed because of spin conservation.

The - in
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the last term results from the fact that identical particles are
involved.

If we consider all possible electron producing mechanisms

we obtain for the total production rates for spin up and spin down
electrons respectively

^

dt

" 2N ri + N N + ^ 2
+0
+ - 2 0

dH±

2N N +• "+"N N +' Y^o
h\^
dt ^ ""o"-

The free electron polarization is defined as before by Pg = (N+ - N^i-)/
(Nt + N^i-), so that we obtain from the above rate equations
2N.(N+ - N J
^e '-" -,
7?
2
r
(N^ + NQ + n y - N^ - N_

(37)

The sublevel population densities can be obtained from their
rate equations and from the relative absorption and spontaneous tran41
sition probabilities. As given by Schearer the rate equations
3
governing sublevel population changes in the 2 S, state during the
optical pumping process for an optically thin sample are

dN.

9
9,3
y ^
- T I = -FN. y B., + F
y B. A, .N. + i
1
dt
l^fi Ik
ii.i jk ki J

(38)

where F is proportional to the pumping light intensity and characterizes
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the rate of radiation absorption; N. is the population density of
the ith metastable state, and N = FN.; B., is the relative absorption
1

probability between the ith 2'^S

ik

sublevel and the kth 23p sublevel;

A|^^ is the relative spontaneous transition probability between the
3
3
kth 2 P and the ith 2 S sublevels; and T is the characteristic lifetime due to thermalization processes of the metastable atoms.

The

transition and absorption probabilities are given in Table (1).

^^^

The sublevel populations can be determined by assuming steady
state conditions, i.e. dN^dt = 0, and solving the rate equations
/ \
9
(38). The results are
2N
1 ,
2
K =
1+2-TF(8+12L+4K) + 3 / 4 ( T F ) (1+L)(5+9L+8K)
+

A

2N

1

NQ = -^

1+2-TF(3+3L+4K)

N

= —

I4TF(3+3L)
2

A

= (3/2)(TF)^(1+L)(5+9L+8K) + TF(14+18L+8K)+6

A

(39)

K and L are parameters which characterize the intensity of the pumping
radiation and are defined such that the intensities of pumping radiation exciting the D^, D.^, and D

transitions are in the ratio K:L:1.

These parameters are introduced because the D, and D^ transitions are
not resolvable and the intensities of these lines relative to their
corresponding absorption lines are not precisely known. Experimentally
9
consistent values of K:L:1 have been reported to be K = 0.4 ± 0 . 1 5
and L = 1.3 ± .2.
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Table 1
U
Levels in He

3
1
Relative Absorption Probabilities for 2 S, and 2 P
3
2-^P2

\k

^

^ \

V
k
1 \ ^

2

1

0

-1

-2

+1
0
-1

6
0
0

0
3
0

0
0
1

0
0
0

0
0
0

\

3
2 P

+1

0

0
3L
0

-1

0
0
3L

0
0
0

0

0
0
0
2K

Table 2
Relative 23P

^-> 2 3S- Spontaneous Transition Probabilities
3
2^2

3
2-^S^

+1
0
-1

^

^0

\

2

1

0

-1

-2

+1

0

-1

0

6
0
0

3
3
0

1
4
1

0
3
3

0
0
6

3
3
0

3
0
3

0
3
3

2
2
2
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The orientation of the helium atoms can be detected by
"depumping" the sample and monitoring the change in light absorption.
This is done by applying an r.f. magnetic field at right angles to
the constant field near the frequency representing the energy separa3
tion between the 2 S sublevels.
tions in these sublevels.

This tends to equalize the popula-

The population density in the more strongly

absorbing sublevels is therefore increased and more of the pumping
light is absorbed.

The resonance signal is observed by sweeping the

constant magnetic field with the depolarizing field set at the proper
frequency, and viewing the signal from a PbS detector on an oscilloscope.
The optical signal thus obtained can be used to accurately
characterize the state of polarization.

The fractional absorption of

each component of the pumping light is proportional to the absorption
probability for the level, so with the aid of equations (39), the
optical signal normalized to the intensity of the incident light can
be shown to be

Al

T" ~
0

I

9

K(5+9L+8K)(2TF+3(TF)^(1+L))
( 1 0 + 6 L + 2 K ) ( 6 + F ( 1 4 + 1 8 L + 8 K ) + (3/2)(

^

F)^(l+L}(5+9L+8K))

is the total light absorbed in the umpumped condition and is

0

measured by blocking the light from the pumping lamp with the source
discharge off and measuring the change in signal from the PbS
detector which looks through the discharge.

Referring to equations

(37) and (39) we see that, given K and L, the polarization expected
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from the predominant ionization process is completely characterized
by the optical pumping signal Al/I^.

This is convenient because it

allows the same polarization to be set each time simply by setting
the same percent absorption.
The ultimate polarization attainable in electrons extracted
from an optically pumped helium discharge depends on a great many
things such as the sample cell pressure, the discharge level, the
presence of contaminants in the cell, and on aspects of the cell
geometry.

Polarized electrons are extracted through a hole in a

baseplate attached to the discharge cell.

Collisions of metastables

and ions with the walls of the exit canal produce secondary electrons
which are also extracted and this process reduces the polarization
of the extracted beam.

It is not clear that electrons produced by

the collisions of metastables with the walls of the exit canal are unpolarized, but one v/ould expect the polarization produced by this
process to be smaller than that for metastable-metastable collisions.
The presence of contaminants in the discharge, which come primarily
from the outgasing of the discharge cell, effectively reduces the
metastable lifetime and therefore reduces the electron polarization.
There is also an optimum operating pressure and an optimum discharge
level for the optical pumping process, and these must be determined
experimentally.
At low discharge levels, the polarization falls off, presumably
because the production of electrons by reactions which produce
polarized electrons falls off more rapidly with decreasing discharge
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levels than does the production by reactions not producing polarized
electrons.

For example, electron production by metastable-exit-canal

collisions depends only upon the metastable density whereas electron
production by metastable-metastable collisions depends on the square
of the metastable density.

The optical pumping signal and therefore

the polarization falls off at high discharge levels, presumably
because of the trapping of fluorescent photons at high metastable
densities.

Also, at high discharge levels, electron-impact excita3

tion of the 2 S metastables becomes more important. The polarization also falls off at very high cell pressures, a fact which can be
3
explained in part by collisicnal mixing in the excited 2 P states
prior to de-excitation.

This process would be linear with pressure

and v^ould significantly decrease the polarization in the discharge.

41,45

All of the above factors determine the operating point of the optical
2
pumping apparatus.

In the present configuration, the best P I value

was obtained at a cell pressure of 125 microns with a 10% absorption
and 6.5% polarization in the extracted beam.

Figure (12) shows

the typical behavior of the polarization with percent absorption
and cell pressure.
It is possible to increase the polarization of the extracted
electrons by pulsing the discharge and extracting electrons from the
afterglow.

The polarization increases in the afterglow because

metastable-metastable collisions are isolated as the only source of
electrons.

As soon as the excitation from the r.f. source ceases,

residual ions and electrons diffuse rapidly to the walls of the
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container where recombination occurs.

But the metastable-metastable

reactions continue for a time comparable to the time it takes for
them to diffuse to the walls.
of hot electrons is eliminated.

Also, during the afterglow, the effect
The use of afterglow extraction is

limited by the fact that the beam current falls off in the afterglow
much more rapidly than the polarization increases.

For example, a

4 microamp beam with 8% polarization has been extracted from the
9
active discharge in another experiment.
The same article reports
the extraction of a beam with 17% polarization in the late afterglow
of a pulsed discharge, but with a considerable sacrifice in extracted
current.

More will be said about this later.

CHAPTER V
THE EXPERIMENTAL APPARATUS
In this chapter we will give a description of,the apparatus
*

necessary to extract polarized electrons from an optically pumped
4
He discharge and use them in scattering experiments with gaseous
targets.

The apparatus is fully operational, though refinements and

corrections will eventually need to be made in some areas.
entire system consists of four major components:

The

the polarized elec-

tron source, the primary scattering chamber, the extraction and acceleration column, and the Mott scattering chamber.

The system is

evacuated by three diffusion pumps, one mounted under the scattering
chamber, one mounted on the source system, and one between the Mott
chamber and the beam tube.

Figure (9) shows a schematic of the

entire system.
V.l

The Optical Pumping Apparatus
The optical pumping process takes place in a spherical pyrex

bulb with an outside diameter of approximately 2.94 inches.

The bulb

contains low pressure helium at pressures ranging up to about 140
microns.

Gas enters the bulb through a side arm and exits through a

small aperture in the bottom of the bulb, through which the electrons
are extracted, so that the discharge takes place in a flowing system.
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The helium pressure is monitored by a thermocouple gauge about three
inches back into the side arm and the flow is regulated by a GranvillePhillips variable leak valve.

The helium discharge is excited by

a conventional 50 mhz r.f. oscillator which is capacitively coupled
to the discharge cell.

Figure (7) shows a schematic of the electronics

and other apparatus necessary to perform optical pumping and Figure
o

(10) shows a scale drawing of the source vacuum system and extraction
apparatus.
3
The 1.08 micron light necessary to excite the 2 S

3
- 2 P
I

u, I,^

transitions is obtained from a high intensity helium discharge which
is excited in a 7/8 inch "button" shaped bulb by a 50 mhz r.f.
oscillator.

This discharge also occurs in a flowing system and operates

at a pressure of about 2 mm.

Helium flows into the bulb and is exhausted

into the foreline of the big forepump that evacuates the scattering
chamber.
Light from the high intensity discharge is focused on the sample
bulb by a spherical mirror.

Before entering the discharge cell, the

light passes through a Polaroid type HR linear polarizer and then
through a quater wave plate (Polaroid 277). When the optical axis of
the quarter wave plate is at 45 degrees to the axis of the linear
polarizer, the transmitted light is circularly polarized.

The

direction of polarization of the transmitted light can be reversed
by rotating the linear polarizer by 90 degrees.

This can be done

during the experiment by pulling a string connected to the polaroid
holder, and the direction of polarization of the extracted electrons
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can be thereby reversed.
A small homogeneous magnetic field, parallel to the direction
of incidence of the pumping light, is produced at the center of the
discharge cell by a pair of Helmholtz coils, each of which has a
diameter of 22 cm and is made from 20 turns of #24 wire wound on
a nylon form.

The coils normally carry a current of 2.5 amperes which

corresponds to a field of 4.1 gauss.
The optical pumping signal is viewed by sweeping the Helmholtz
coil supply about the field setting which corresponds to the frequency of the depolarizing field and monitoring the change in intensity of the transmitted pumping light.

The intensity of the light

transmitted through the discharge is monitored by a lead sulfide
detector which is in one arm of a bridge circuit so that the signal
can be set at null before measurements are made of intensity changes.
The Helmholtz coil supply is modulated by an audio frequency
generator which is also used to drive the horizontal deflection
plates of an oscilloscope.

The signal from the PbS detector is con-

nected to the vertical plates, so that the scope effectively displays
the transmitted light intensity versus the strength of the external
magnetic field.

When the field passes through the proper setting,

the sample is depolarized, which causes an increase in the pumping
light absorption.

This is seen as a dip in the scope.

This signal

accurately characterizes the polarization of the sample in the
discharge cell.
The sample is depolarized by imposing an oscillating magnetic
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field at right angles to the field due to the Helmholtz coils.

This

is done with a coil of 10 turns of #30 wire wound on a 2 inch lucite
form.

The coil is driven by a General Radio variable r.f. oscillator.

Since the depolarization is accomplished by mixing the 2'^S, levels,
the frequency of the depolarization coil is that corresponding to
the energy separation of those levels.

This is just v = eH/27rmc : 2.iB

megahertz/gauss or 11.5 megahertz for the field setting of 4.1 gauss
cited above.
The process discussed above for monitoring the optical pumping
signal is called transmission monitoring, because the intensity of
the light transmitted through the discharge is measured.

Due to a

small signal-to-noise ratio, the transmission signal could not be
reliably measured with the present apparatus.

This is probably due

in large part to vibrations of the detector and pumping lamp caused
by the source forepump.

This is not a serious problem because the

percent absorption can be easily measured and used to characterize
the polarization.
An alternative method of measuring the properties of the optically
pumped discharge is called fluorescence monitoring, because light
scattered from the discharge is monitored during the depolarization
process.

It has an advantage over transmission monitoring in that

the large background of pumping light that accompanies the transmission
signal can be nearly eliminated.

Typically, a 10 mv signal was

measured by this method as compared to 180 mv total light scattered
from the discharge.
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Monitoring of the fluorescently scattered light, however, has
a serious disadvantage over transmission monitoring, in that the
signal is not related as directly to the metastable state polariza40
tion as is the transmission monitoring signal.
The fluorescent
light signal is most simply related to the excited state polarization of the 2 P levels.

The fluorescent light is in general composed
3
of three components, one proportional to the 2 P level populations
and two proportional to the magnetic dipole and quadrupole moments
of the 2'^P state respectively.

Light from the latter two components

can be distinguished by the use of a polaroid analyzer.

In general

it was found that fluorescent monitoring did not provide a very sensitive way of analyzing the metastable state polarization.
Impurities in the helium discharge effectively reduce the
metastable lifetime and can significantly reduce the polarization
of the sample.

For this reason high purity gas (2 ppm) is used.

And also for this reason the optical pumping frame was constructed
in such a manner that it can be hoisted away from the source system
so that the sample bulb could be heated for long periods of time
(approximately 200°C for 24 hours) before polarization measurements
are made.

This reduces the quantity of contaminants present in the

discharge due to outgasing of the glass hardware and increases the
attainable polarization.
Once the proper discharge level and pressure are determined
for maximum polarization and current, it is necessary to be able to
reset them accurately.

As already said, the discharge level is
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characterized by the percent absorption of the pumping light by the
discharge.

The total light is measured by blocking the light from

the lamp with the sample discharge off, and recording the change in
the detector signal.

The light absorbed is measured by turning

the discharge off while the pumping lamp is on and also determining
the change in signal.
reset for each run.

The percent absorption can thus be accurately
The peak polarization is achieved with a percent

absorption of 10 and a bulb pressure of 125 microns,

(see Figure 12)

As mentioned previously, the polarization of the sample increases
considerably in the afterglow of a pulsed discharge.

Provision has

been made with this apparatus to count electrons extracted from the
afterglow of such a discharge.

This is done by pulsing the source

oscillator with a pulse generator and using a delayed signal to
trigger another pulse generator which gates the scalers at the appropriate time.

Such a procedure resulted in a doubling of the polariza-

tion from 2.5% for the entire discharge on time (100 microseconds) to
5% for the entire discharge off time (also 100 microseconds), but
with a sixfold decrease in the count rate.

A much higher afterglow

polarization was expected, so the sample bulb was replaced with one
with a shorter pumpout arm so that impurities could be pumped out
more efficiently.

It was then found that no significant quantity

of electrons could be extracted from the afterglow.

This is

presumably due to the existence of a sweeping field in the discharge
bulb due to the existence of a low resistance path down the arm of
the bulb to ground, which results in turn from a weak discharge down
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the arm.

A wire mesh electrode has been placed in the gas line and

is biased to the discharge plate voltage.

This should eliminate

the sweeping field, but tests on the extraction of afterglow electrons have not yet been made with this improvement.

The polariza-

tion and beam current available from an active discharge are quite
sufficient for the present needs, but afterglow polarization might
possible be reinvestigated at a later date.
V.2

Electron Extraction and Injection
The source has a 0.25 inch hole in the bottom and is mounted

over a baseplate with a smaller hole.

The size of the hole deter-

mines to some extent the extracted current since only electrons
which diffuse into the hole area are extracted.

In the present con-

figuration the hole has a diameter of 1.4 mm and a length of 2 mm,
but can be easily changed by changing the baseplate insert in which
the hole is drilled.

The baseplate is biased to the proper extraction

voltage and determines the energy of the beam.

The voltage on the

extractor plate can be changed, thus altering the extraction voltage
without changing the energy of the extracted beam.

The electron

current depends to some extent on the extraction voltage, so this
helps to maximize the extracted current for a given electron energy.
In the present operating range of about 500 V, little improvement was
seen using the extractor, so it is presently grounded, but it may
be of use at lower energies.

The baseplate voltage supply is a

high precision Fluke power supply, which allows the electron energy
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to be set accurately.

The supply has a voltage resulution of .5

millivolts and a calibration accuracy of 0.1% or 2 millivolts.

This

supply sets the output voltage by comparison to a standard cell and
is therefore quite accurate.

After extraction, the electrons are

guided and focused by two sets of steering plates and an Einzel
lens before entering the scattering chamber.

The lens voltage is

also derived, through a potentiometer, from the Fluke supply.
Several considerations limit the choice of the size of the hole
in the baseplate through which the electrons are extracted.

The pro-

duction of secondary electrons by collisions of ions and metastables
with the walls of the exit canal is a serious problem, since the
secondary electrons may be unpolarized and decrease the ultimate beam
polarization.

The exit canal is made as large as possible to de-

crease the masking effect of the secondary electrons,
but the size of the canal is also limited by other considerations,
such as the maximum allowable pressure in the source vacuum system,
the pumping speed of the diffusion pump, and the source bulb pressure
necessary for efficient optical pumping.
The source bulb is usually operated at a pressure of around
100 microns.

The mean free path of helium at this pressure is about

1.5 mm, so the flow is neither viscous, nor strictly molecular for
a 1.4 mm by 2 mm hole.

The flow rate under these conditions can
48

be approximated using the Clausius factor

and the calculated con-

ductance is 0.215 liter/sec, so the flow rate will be 21.5 micron
lit/sec.

The source system pressure must be kept below about
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-5
5 X 10

Torr to insure free passage of the electron beam.

The cal-

culated pumping speed necessary to accomplish this while the gas is
flowing is 429 lit/sec.

An NRC-VHS-4 diffusion pump with an optimum

untrapped speed of 1200 lit/sec is used for this purpose.

The pump

must be trapped to prevent pump oil from backstreaming into the
source system and contaminating the electron optics.

The trap

probably cuts the pumping speed about in half, so the pump is still
sufficient for the job.

The trap is filled with alcohol which is

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

The temperature of the trap is normally about

20 degrees below zero centigrade.

This method was chosen because

long pumping times are required and the traps must remain cold continually.

A welch 1376 two-stage forepump with a free air dis-

placement of 300 liters per minute is used with the above diffusion
pump.
V.3

The Scattering Chamber
Mott scattering analysis and scattering from the target gas

require that the beam be transversely polarized perpendicular to the
scattering plane.

So, after the electron beam enters the scattering

chamber, it passes through another Einzel lens and then through a pair
of cylindrical electrostatic deflection plates, which change the
direction of the beam by 90 degrees but do not affect the direction
of the polarization vector.

Scattering chamber and injection optics

are shown in Figures (11), (13), and (14).
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To minimize the effect of secondary electron production and
electrons scattered from the chamber walls, all high Z materials
exposed to the beam are coated with Aquadag.

The chamber itself is

made as large as possible for this reason also, and the inside of
the chamber is coated with aquadag.

A Faraday cup catches most of

the unscattered beam and monitors the magnitude of the beam current.
The entrance to the Faraday cup has two wire mesh screens, one
grounded and one biased to the anode voltage to prevent electrons
from scattering out of the cup.
The chamber itself has an inside diameter of 10.75" and measures
10.98" from the lid to the bottom of the chamber with the lid in
place.

The scattering chamber has four ports, two of which are

fitted with lucite windows, so that the beam can be viewed on a fluorescent screen mounted on the back of the Faraday cup.

The target gas

injector is mounted in a rotating vacuum feedthrough at the center
of the lid, so that the scattering takes place at approximately at
the center of the chamber.

The chamber lid, including beam injector,

faraday cup mount, and attached source vacuum system, rotates on
brass bearings and an "0" ring vacuum seal around the gas beam axis
so that the scattering angle can be changed.

The scattering angle

can be varied from about 30 degrees to 140 degrees.

The source fore-

pump is mounted on wheels so that it can follow the source system as
it rotates and the main v;eight of the source system is taken up by
a hoist and counterbalanced beam.
After the cylindrical deflection plates, the beam is refocused
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by another Einzel lens before leaving the injector and scattering
from the gas target.

The tip of the injector is about 1 1/2" from

the scattering center and the Faraday cup is about 3 1/2" from the
center.

The Faraday cup can be rotated out of the way so that the

primary beam can be focused directly into the beam extractor when
the polarization of the incident beam is to be measured.

It can

also be rotated so that a fluorescent screen on its back side can be
placed in front of the injector at approximately the center of the
chamber.

This greatly facilitates the focusing of the beam and the

determination of its quality.

It was especially helpful in the

initial stages of testing.
The sample target gas must be collimated into a narrow, high
intensity beam before it is used for scattering.

This cannot be done

with a single collimating tube because high directionality cannot
be obtained for suitable flow rates and beam intensity.

Instead,

a multiple tube effuser is used, which consists of a bundle of
smaller tubes.

Under the proper conditions a multiple tube effuser

has high directionality and peak intensity.

The choice of a colli-

mator must of course be limited by other considerations than peak
intensity, such as the allowable driving pressure and the pumping
speed of the vacuum apparatus.
The gas beam collimator eventually used was a fused glass
capillary array manufactured by the Bendix Corporation.

The colli-

mator has a diameter of 0.25" and a thickness of 0.078". The pore
4
size is 2 x lO""^ cm, which corresponds to about 5 x 10 holes if a
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50% transmission is assumed.
at about 0.7 mm mercury.

The driving pressure was eventually set

This operating point was arrived at by

plotting driving pressure versus counts scattered into the center
detector.

As long as this plot is linear, the scattered counts can

be assumed to arise from single scattering.

Multiple scattering would

considerably mask the polarization effects.

The plot is shown in

Figure (15).
For a driving pressure of 0.7 mm in the target gas behind the
collimator, the gas beam characteristics can be calculated approximately, assuming non-viscous flow. For krypton gas the mean free
-3
path is about 6.7 x 10
cm at this pressure, so semi-molecular flow
46 47
is a good approximation. '
The peak intensity and total flow rate
for a multiple tube effuser are the sums of these quantities for the
individual tubes, so we obtain for the total flow rate a calculated
value of 6.57 x 10

atoms/sec assuming a transmission of '^'^"^

(this quantity was not provided in the specifications for the effuser,
but similar arrays made by the same company have 50% transmission
12
ratios). This corresponds to a beam density of about 7.02 x 10
atoms/cm^ at a distance of 1 cm from the tip of the effuser, which
corresponds to the center of the scattering chamber in the present
configuration.
While the beam is flowing, there will also be electrons scattered
from the background gas, and these counts must be subtracted from
the total scattered counts.

This is done by determining the count

rate with the gas beam on and then determining the count rate with
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the gas beam diverted into a feedthrough on one of the side ports,
which provides about the same background pressure.
The ratio of gas beam peak pressure to background pressure is
thus an important parameter of the effuser and gas handling system.
For a given driving pressure this ratio depends on the speed of the
diffusion pump evacuating the scattering chamber.

The beam density

at the center of the scattering chamber, as given above for a 0.7 mm
-4
driving pressure, corresponds to a pressure of 2.2 x 10
Torr.
A background pressure of at least 3 x 1 0 '

is maintained to permit

free passage of the beam of electrons and prevent electrode breakdown.

This corresponds to a beam to background ratio of 7.3 from

the calculations.

The epxerimentally determined beam to background

counting ratio varies from 5 to 6, but depends on the voltage on
the extractor lens.

It was found that this beam to background counting

ratio could not be obtained unless the cylindrical lens in the extractor column was grounded.

It was also necessary to use the first

element of the beam tube as a focusing lens.
completely understood.

This behavior is not

A new extractor lens design will probably

have to be installed eventually, but this extractor lens problem has
not yet been pursued.
The gas collimator under a 0.7 mm driving pressure will have
a flow rate of 2.0 x 10~^ torr lit/sec and the pumping speed
necessary to maintain a pressure of 3.0 x 10"^ torr under these conditions is 660 lit/sec.
purpose.

An NRC-VHS-6 diffusion pump is used for this

It has an optimum pumping speed of 2400 lit/sec untrapped
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(for air) and about 1000 lit/sec trapped, and is thus sufficient.
An MRC cryo-baffle is used with the pump and is cooled by the antifreeze mixture from the refrigeration unit mentioned earlier.

A

Welch 1397 fore-pump with a free air displacement of 425 lit/min is
used with the above diffusion pump.
The beam to background ratio also depends on the directionality
of the gas beam.

Using the equations of Giordmaine and Wang, the

half width at half maximum is calculated to be 4.74 degrees, which
is considered good for such devices.
The scattered count rate is proportional to the gas beam intensity, so the pressure of the target gas line must be kept constant
to within a fraction of a percent.

A mechanical regulator was found

insufficient to do this over the long periods of time necessary to
accumulate data, so the target gas line pressure is not controlled
by a Granville-Phillips automatic pressure controller, which senses
pressure changes on a thermocouple gauge mounted in the gas line
and controlls the setting on a Veeco VVS-50-Q precision leak valve
through a servo motor.

To obtain adequate sensitivity, the changes

in pressure recorded on the thermocouple gauge are amplified before
being applied to the pressure controller.
Care must also be taken that stray magnetic fields do not
alter the polarization of the electron beam along any portion of its
path.

Non-relativistically, an electric field does not affect the

direction of polarization, but in a slowly varying or static magnetic field, P processes around B with the Larmour frequency
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w = (g/2)(e/m)B, where g/2 = 1.00116.

If the magnetic fields are

large enough that the time corresponding to the Larmor frequency
is not large compared to the transit time, the spin of the electron
may be altered by the magnetic field.
For this reason non-magnetic materials are used wherever
possible.

The chambers themselves are aluminum and most of the com-

ponents in the chambers are either brass or aluminum.

The effect of

the magnetic field of the earth is vritually eliminated in the
scattering area by sevel coils.

Four of the coils are made from

10 turns of #24 wire wound on nylon forms 0.25 meters in diameter,
and are mounted symmetrically around the chamber, one on each of the
four ports.

Another pair has a diameter of 0.325 meters and has 10

turns each, wound directly on the chamber.

Another coil of 10 turns

and 0.25 meter diameter is placed at the end of the extractor column
This last coil eliminates the major component of the earth's magnetic field along the extractor, since the extractor points approximately north.

The geometry of the apparatus would not permit the

use of Helmholtz coils, but the coil arrangement used reduces the
field inside the chamber to essentially zero.

At the proper coil

current settings, the following magnitudes for the magnetic field
were measured with an RFL-3265 Gaussmeter.
at injector tip:
at extractor tip:

6^=82=83 = 0
B^=0 mg, 8^=15 mg, 83=10 mg

center of extractor tube:

B^=380 mg, 83=25 mg, 63=150 mg

The above measurements are all made to an accuracy of ±1 mg.

B^
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is the component parallel to the polarization vector, B2 is the
component parallel to the extractor column, and B3 is the component
perpendicular to the plane defined by B-j and 82-

A simple calcula-

tion shows that fields of this magnitude do not affect the beam
polarization, at least at energies typical to this apparatus.

For

example, the transit time for a 500 eV electron moving through 1
o

meter is 7.5 x 10 ° sec.

The Larmor period for a magnetic field of

150 mg is 2.38 x 10"^, which is considerably larger than the transit
time.

The situation is somewhat better even than this, however, since

the electrons are accelerated to high potential immediately after
entering the extractor column.

The distance between the center of

the two scattering chambers is about 1.7 meters and most of this
distance is between the entrance to the beam tube and the center of
the Mott chamber.

But the transit time of the electrons after

entering the beam tube is negligible, because of the high velocities
attained.

The operating voltage of the accelerating column is

120 KeV, which corresponds to a velocity of about 0.6 c.
Another problem related to these considerations involves the
types of electron lenses used to focus the electrons after they leave
the active discharge.

Upon entering the Einzel lens, an electron is

first decelerated, and then, after passing through the second
electrode, is accelerated to the initial velocity.

The result is

that at the center of the lens, the electrons may be moving slowly
enough that their spins may be affected.

This may be one reason

that the polarizations attained with this apparatus are somewhat
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lower than expected.

This problem has not been pursued, but should

perhaps be considered in the future design of other experiments.
Electrons are extracted from the scattering chamber, either for
polarization analysis or for counting in the center detector, through
an extractor column mounted in the north port of the scattering
chamber.

Two diaphrams define the resolution of the extractor, which

is designed for a value of 2 degrees.

After the defining apertures

are located two sets of deflection plates which aid in the alignment
of the beam before acceleration.

A cylindrical lens is located

immediately after the deflection plates.

The purpose of the lens is

to accelerate the electrons immediately after injection, which eliminates
long drift times and the possible effect on polarization.
V.4

The Mott Scattering Chamber
Polarization analysis by Mott scattering requires that the

electrons be accelerated to a high potential.

After the electrons

leave the extractor, they are therefore accelerated to 120 KeV by a
22 element beam tube.

The high voltage is provided by a Universal

Voltronics 160 Kv power supply and a Beta Electronics Corporation
high voltage controller.

The voltage for the Mott electronics is

provided by an isolation transformer.

All approaches to the high

voltage table are blocked by doors with safety interlocks.
Immediately after the beam tube is located, an Ortec surface
barrier detector (A-016-050-100) which is used for counting electrons
scattered from the gas beam in cross section measurements.

The
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detector has a depletion depth of 100 microns and is thus capable
of completely stopping electrons with energies up to 145 KeV.

The

Factory measured alpha resolution of the detector is 13.7 KeV
FWHM and the active surface area of the detector is 50 mm^.
The center detector is mounted on a Morton push-pull vacuum feedthrough and can be pulled out of the way into a large "tee" when
polarization measurements are to be made.

A fluorescent screen is

mounted with the detector at a 90 degree angle to its surface.

The

screen can be turned into the beam path and the image can be viewed
through a lucite window just above it in the beam tube adaptor.
This greatly facilitates beam focusing and optics alignment and was
especially helpful in the initial phases of the work.

Since the

screen is on the high voltage table, the image must be viewed
through a telescope with the aid of appropriately placed mirrors.
To aid in the alignment of the beam tube with the Mott chamber,
a 2" copper bellows joins the beam tube adaptor to the Mott chamber
adaptor.

An air cooled diffusion pump (NRC-150-HSA) is connected

to a port in the Mott chamber adaptor and is used to evacuate the
Mott chamber and part of the beam tube.

It maintains a pressure of

about 2 X 10"^ torr in the Mott chamber, but since it must pump the
chamber through a high impedance path, the pressure in the beam
tube could be somewhat lower.

The pump has a speed of 150 liters/

sec unbaffled and 60 lit/sec baffled.

The pump is operated with a

baffle and a liquid nitrogen cold trap to prevent backstreaming
pump oil from entering the beam tube or contaminating the detectors.
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Before entering the Mott scattering chamber for analysis, the
high energy electron beam is defined by a three element collimator.
The collimator and its mount protrude several inches into the
chamber and the chamber is evacuated through holes machined into the
body of the collimator behind the diaphrams.

It was found that

electrons were being scattered from the primary beam into the
scattering chamber through the pumping holes, so a three element
baffle was made and inserted into the collimator.

The baffle con-

sists of three 200 degree disc sections fitted alternately onto
a 1/2" copper tube.

The baffle prevents electrons from being

scattered through the pumping holes, while the tube allows electrons
to reach the collimator.

Figures (16) and (17) show energy spectra

taken for electrons incident on the right detector in the Mott
chamber, with and without the baffle respectively, and it can be seen
that the inelastic background is reduced quite considerably by the
baffle.

The baffle and all exposed surfaces of the collimator were

painted with several layers of aquadag to discourage the production
of secondary electrons.
The Mott scattering chamber itself has an inside diameter of
10.75" and measures 10.9" from the bottom of the chamber to the top
with the lid in place.
the pressure.

An ion gauge is mounted in the lid to monitor

The chamber has six ports, the functions of which

will be discussed momentarily.
For Mott analysis the electron beam is scattered from a thin
gold foil and the scattered electrons are detected by two surface
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barrier detectors placed at a scattering angle of 120 degrees and
at azimuthal angles of 90 and 270 degrees respectively.
The gold foil samples are mounted on aluminum sample holder
rings.

The foils are self supporting and have a thickness of

(9.24 ± .18) x 10"
2

cm which corresponds to (1.77 ± .04) x 10"^

grams/cm . The procedure for mounting the gold foils was to coat the
surface of the sample ring with alcohol and then drop it gently on
a gold leaf.

An aluminum sample v;heel 6.75" in diameter holds 6

sample rings and each sample can be rotated in and out of the beam
path by rotating the wheel.

The wheel is rotated by an external

motor through a Norton bellows sealed rotary vacuum feedthrough
which is mounted in one of the chamber ports at e = 45° and <p = 90°.
The wheel is stopped at each sample to within 1 mm by a photodiode
circuit.

Holes are drilled in the "sample wheel at appropriate places

and when a sample is in.place a light beam focused through the hole
activates a photodiode circuit which opens the clutch on the drive
motor to stop the wheel.

The samples can thus be changed while the

high voltage is on merely by pulling a string which activates the
drive motor.

The bulb which produces the light beam is sufficiently

masked that it does not interfere with the surface barrier detectors,
which are light sensitive.

The major components of the Mott chamber

are shown in Figure (18).
Of the six sample holders, two of them contain gold foil samples,
one an aluminum sample, one a plastic screen with cross hairs, one
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a fluorescent screen, and one is vacant.

A laser is used with the

plastic screen and a small mirror mounted on the wheel to align the
sample wheel.

The fluorescent screen can be seen from a port at

0 = 45 and (|) = 315 which contains a flange with a lucite window.
The screen is covered with a fine wire mesh to prevent discharging.
The fluorescent screen aids in the alignment of the beam but must
be viewed through a telescope and appropriately placed mirrors.
The vacant hole in the wheel is used to test the efficiency of the
Faraday cup which is behind the sample wheel and catches the primary
transmitted beam.
The Faraday cup itself is an aluminum cylinder 6" deep and 3"
in diameter with a 1 1/2" diameter entrance hole.

The back wall

is lined with a 1/4" thick sheet of graphite to suppress elastic
backscattering.

The Faraday cup housing is a brass cylinder with

an outside diameter of 4" and a length of 7".

It is connected to

the rear port of the Mott chamber by a 1.75" adaptor.

The distance

from the back of the Faraday cup to the gold foil surface is 15".
The primary beam collimator defines a solid angle of 0.018 stehradian.

This is sufficient to guarantee that none of the primary

beam strikes the sample holder ring and is such that most of the
transmitted beam enters the Faraday cup.

It also discriminates

against secondary electrons produced at the entrance to the beam tube,
The end of the beam collimator is 3" from the center of the Mott
chamber and the area of the gold foil sample is 4.67 square inches.
Approximately 2/3 of this area is subtended by the solid angle
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subtended by the beam collimator.

The distance from the active

surface of the surface barrier detectors to the center of the gold
foil is 14.19 cm.
To count the Mott scattering asymmetry two surface barrier detectors are placed at 120 degrees scattering angle and at azimuthat
angles of 90 and 270 degrees respectively.

The left and right

detectors (Ortec A-016-050-100) have factory measured alpha resolutions of 13.7 and 13.3 KeV respectively for full width at half maximum,
Each has a sensitive depth of 100 microns and an active surface
2
area of 50 mm . Experimentally measured resolutions for 120 KeV
electrons were 17 KeV FWHM for both detectors.

Figure (16) shows

an energy spectrum for the right detector with the baffle installed
to prevent electrons from scattering through the pumping holes.

The

elastically scattered electrons are easily discriminated from the
inelastic background and electronic noise.
Each detector is mounted on an aluminum flange which provides
a good ground connection as well as a good thermal sink.

A two

element collimator is located in front of each detector and defines
-3
a solid angle of 1.3 x 10
stehradian. The separation of the two
diaphrams can be easily altered to change the solid angle.

The

setting above provides a solid angle which subtends about 2/3 of
the foil surface and discriminates against electrons scattered from
other parts of the chamber.

The front diaphram is made from 1/4"

lead to shield the detector from X-rays.
There ar^e two separate counting channels, corresponding to the
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two Mott detectors.

A block diagram of the electron counting apparatus

is shown in Figure (19). The signal from each detector passes
through a Mech-Tronics Model 404 preamplifier.

This is connected

directly to the detector by a 1" piece of shielded cable to reduce
capacitive noise.

The signal from the preamp goes to a Mech-

Tronics Model 500 R.C. Amplifier, and then through an Ortec 406-A
single channel analyzer which discriminates against inelastically
scattered electrons.

All the counting electronics mentioned thus far

are at 120 Kv potential.

The initial energy spectrum analysis had

to be done by turning the SCA dials with a long insulating rod and
reading the settings on a telescope.

But once the proper discrimina-

tor settings were determined, they, of course, did not have to be
changed.
Since the single channel analyzers are at high potential, the
data from the detectors cannot be fed directly to the counters by
means of electrical cables.

To circumvent this problem, the pulses

from the discriminators are converted to light signals by a GaAs
light emitting diode (TIX-L13) and associated circuitry.

The

diodes require several amperes so the signal must first be fed to an
LED driver which current amplifies the signal as shown in Figure (20).
Two fiber optics tubes carry the light signal to ground where it is
converted back into an electrical signal by an EG&G photodiode
(SGD-444), and associated circuitry.

The signal is the amplified

by two Tektronix preamplifiers and fed to two Mech-Tronics Model
704 serial printing scalers.
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When the center detector is being used, the signal from its
preamp, which is also a Mechtronics 404, is simply fed into one of
the Mott counting channels.

The discriminator setting on the SCA

must however be changed when this is done because the gains of the
preamps are somewhat different.

Provision has also been made to

print out the data on a Friden justowriter.

This eliminates the

error which ultimately occurs when large quantities of data are
taken by hand.
For an incident beam current of I the number of electrons
0

scattered from the gas target into the center detector in a time t is

N = ^^^

odQ + H

p"

,

,

(40)

background

where p is the average density of the gas beam in the scattering
area, h is the effective thickness of the gas beam, a is the cross
section, and dn is the effective solid angle subtended by the detector.

Since the efficiency of the extractor is not known and the

parameters of the target gas beam are only known approximately, absolute determinations of the cross section are not possible.

Instead,

relative cross sections are determined and normalized to the same
beam current and target gas pressure.

Figure (22) shows a cross

section curve taken for an incident electron energy of E = 458.3 eV
and for a krypton target.
The effect of small fluctuations in the electron beam current
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is taken care of by integrating the incident current.

This is done

by counting until a preset amount of charge has been accumulated in
the scattering chamber Faraday cup. A Keithly 610-C electrometer
is used for this purpose and is capable of reading charge accumulation.

The output of the electrometer drives a relay meter which acti

vates a circuit to stop the scalers and reset the electrometer when
a present amount of charge has been accumulated.

CHAPTER VI
DATA ANALYSIS AND EXPERIMENTAL ERROR
There are several sources of experimental error which must be
considered in connection with Mott scattering analysis.^^

Ex-

change scattering, inelastic scattering resulting from excitation
or ionization of the scattering atom, and scattering resulting from
a succession of small angle scatterings, all diminish the final
polarization resulting from Mott scattering, but fortunately the
effects of these three processes have been shown to be negligible
-5
49 50
for foil thicknesses on the order of 10

centimeter or smaller.

'

The thickness of the foils used in this experiment are (9.24 ± .18)
X 10

cm so that v;e can neglect these three influences.
A fourth process which affects the Mott polarization is called

plural scattering and is not negligible at these foil thicknesses.
Plural scattering refers to a scattering process which is the result
of two large angle scatterings.

The effects of multiple and plural

scattering can be eliminated by foil thickness extrapolation.

A

value of the Sherman function is determined for several foil thicknesses and a plot of S(e,t) versus foil thickness is made. For
2
thicknesses below about 300 micrograms/cm the plot is found to be
linear and the effective value of S can be found for any foil thickness.

Strictly speaking the S(e) versus foil thickness determination
85
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should be made for each separate apparatus, since the dependence is
a function of the geometry of the apparatus and the energy discrimina
tion of the detection system.

But assuming similar energy discrimina^

tion and minimal background scattering, the results should be
approximately transferrable from one Mott analyzer to another.
The Sherman function is usually measured in a double scattering
experiment in which the scattering angle, electron energy, and target
are the same for both scatterings.

It is obvious that in such a case

the counting asymmetry is x = (1 + S^)/(l - S^) and S can be measured
from the scattering asymmetry.

Figure (21) shows a plot of S(e,t)

versus foil thickness made by Kessler for e = 120 degrees and E =
47
9
120 KeV.

For the 177 microgram/cm^ foils used in this experiment,

the corresponding value for S(e) is S(e) = .271 ± .01, as compared
to van Klinkens value of S(e) = .376 ± .008 extrapolated to zero
foil thickness. The foils used by Kessler ranged from 20 to 185
2
micrograms/cm .
The production of background electrons can also be a serious
problem.

This effect can be eliminated neither by foil thickness

extrapolation, nor by null measurement without the foil, but the
problem can be minimized by making the scattering chamber and Faraday
cup as large as possible and by using low Z materials to encourage
inelastic scattering which can be discriminated against.

The energy

spectrum plots for 120 KeV electrons would seem to indicate that
this precaution has been met. The most serious problem however is
backscattering of the primary beam out of the Faraday cup.

Electrons
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are backscattered out of the Faraday cup and then are scattered from
the gold foil into the detectors, and there is no simple way to
determine the contribution of this effect, though it can be minimized
by making the Faraday cup as large as possible.

Kessler

has

measured the contribution of backscattered electron in a similar
apparatus; this was done by placing a detector on the sample wheel
close to the primary beam, and counting the backscattered electrons.
It was found that the contribution of electrons scattered into the
Mott detectors was negligible compared to that from the primary beam.
The statistical error in the polarization measurements follows
from equation (34) together with the laws of error propagation and is

-2
2 1
AP ~ (§
Z-L.) 1
^
^N + N^
e
r

(41)

For small polarizations AP is somewhat insensitive to P and hence
the percent uncertainty is proportional to 1/P.

For example, if

P = 0.06 and the total number of counts is 4 x 10^, then AP = 0.0054.
And for P = 0.02 and the same number of total counts, AP = 0.0054
also. The percent statistical uncertainties are 9% and 27% respectively.

The experimental uncertainties measured with this apparatus

were all less than their corresponding statistical uncertainties, so
the measurements may be assumed to be reliable.

CHAPTER VII
RESULTS AND CONCLUSIONS
The initial experiment utilizing the apparatus described in
this paper is currently being conducted using krypton as a target
gas.

For unpolarized electrons incident on the target, one would

expect from previous considerations that for suitable combinations
of energy and scattering angle, the scattered electrons would be
totally polarized.

At these particular combinations of angle and

energy, the sensitivity of the cross section to changes in the polarization of the incident beam is at a maximum.

If, for example, a beam

with 6% polarization is'incident on the target gas under the conditions specified above, one would expect to see approximately a 6%
change in the measured cross section when the polarization of the
incident electron beam is reversed.

One particular combination of

e and E which yields total polarization for krypton can be extrapolated
4
from the theoretical results of Yates which were discussed earlier
in Chapter One.

The extrapolations, which should only be considered

approximate, yield for krypton the values of e = 124.5 degrees and
E = 458 eV.
Preliminary cross section measurements have been made to test
the statistics and to determine precisely the location of the cross
section minimum where the greatest spin dependency of the cross
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section is expected.

Typical data sets are shown in Tables (3) through

(12) for various angles and an incident electron energy of 458.3 eV.
For each scattering angle, several counts were made of the number
of scattered electrons for a constant total incident charge Q.

This

was done both with the gas beam on and with the gas beam diverted
into a side port to provide an equivalent background pressure.

The

standard deviation of the mean was then determined for each case, as
shown in the tables, and the average background count was then subtracted from the average count with the gas beam on.

This difference

is reported as X in the tables. An examination of these results
shows that in most cases the experimental uncertainty in X is less
than 0.5%, which is quite sufficient to test the results of Yates
cited above.

The next step to be taken will be to vary the incident

electron energy and the scattering angle and determine the cross
section for polarized electrons around the value of representing a
minimum in the cross section.

This has not yet been done, but the

feasibility has certainly been demonstrated and a reliable check of
some of Yates' theoretical results should be possible.
The use of an optically pumped He

discharge as a source of

polarized electrons has also been amply demonstrated.

Tables (12)

through (17) give explicit examples of the statistics and data
accumulation procedure involved in the polarization measurements.
The results given in these tables are for source bulb pressures of
125 and 112 microns and for various percent absorption values.

In
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practice the scalers were preset so that they both stopped counting
when one of them reached 40,000 counts.

Ten sets of data were taken

for each polarization measurement, with the electron beam polarization being reversed after each set.

A +P in the tables referrs to a

polaroid orientation that provides right hand circularly polarized
light and therefore a beam with positive polarization.

The alternating

procedure helps to cancel the effect of any small fluctuations in
the discharge during the data accumulation period.

Small fluctuations

in the beam current are unimportant since the right and left Mott
detectors accumulate counts at the same time.
A value of the beam polarization was calculated for each pair
of sets and a standard deviation of the mean was determined for
the distribution of polarization values thus obtained.

Each polariza-

tion measurement is thus reported with its experimental error and
the corresponding percent experimental error.

The statistical error

A P , obtained from equation (41), is also given for each measurement,
and is not to be confused with the experimental error.

The statis-

tical error was in each case greater than the experimental error,
so the measurements may be considered reliable.

The maximum polariza-

tion obtained was about 6.5% at a source pressure of about 125 microns
and about 10% absorption.
The reliability of the apparatus described in this paper has
thus been amply demonstrated.

It is capable of making accurate rela-

tive cross section measurements for a beam of polarized or unpolarized
electrons incident on a gaseous target.

Improvements can certainly
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be made in some areas, but the apparatus itself is completely
functional in all respects and should provide worthwhile results in
a variety of experiments related to spin dependent effects in electron scattering.
It is also hoped that the publication of further experimental
data in the area of spin dependent scattering effects will stimulate
further theoretical work on related topics.

Present experiments

are being conducted relating to the location of polarization peaks
in electron scattering from krypton, as already discussed.
This is an appropriate place to mention possible future experiments and possible modifications in the existing apparatus which might
need to be made at a later date.

After the experiments with krypton,

similar experiments with nitrogen are planned.

Such experiments

might provide useful information regarding the range of validity of
the independent-atom model for molecules and the influence of
molecular structure on polarization.
It should also be pointed out that the apparatus has been designed
in such a manner that the polarization of the scattered electrons
can be analyzed.

This, however, requires higher incident beam in-

tensities than have been attained as of yet.

But improvements in

the electron optics and extraction geometry will, it is hoped, produce
the necessary currents and this will be investigated at a later date.
Such experiments would permit the verification of some aspects of the
theory which have not yet been tested, i.e. the change of the polarization vector in the scattering process (see section II.5 above).
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It will also be desirable at a later date to design a filter
lens to be placed in the extraction column.

This will allow the

energy distribution of the scattered electrons to be found, and
thus permit the effect of inelastically scattered electrons to be
determined.
One reason for the lack of theoretical results in the area of
spin effects in electron scattering has been the view that experimental results would not be soon forthcoming to test them.

The

construction of experimental apparatus capable of such measurements
is therefore of great practical value and should lead to improvements in the state of theoretical knowledge in this area as well.

95
Table 3
Cross Section Data for Unpolarized Electrons Incident on Krypton
e = 131.8 degrees
Beam
133889
133806
133556
134006
133227

E = 458.3 eV

P = 2.60 mm

Q = 9.47 x lO'^ c

Background
22715
22373
22905

'Beam = 133697 ± 138, 0.10%
'Bkgd = 22664 ± 1 5 5 , 0.69%
X = 111033 ± 293, 0.26%
0

Table 4
Cross Section Data for Unpolarized Electrons Incident on Krypton
e = 128.3 degrees

E = 458.3 eV

Beam

Background

89642
89758
90095
89478

15286
15526
14999
17016
17418

P = 2.70 mm

Q = 9.47 x 10'^ c

Xc
= 89743 ± 1 3 1 , 0.14%
Beam
^Bkgd = ^60^5 ^ 4^^' 3
X = 73694 ± 619, 0.839%
a

Table 5
Cross Section Data for Unpolarized Electrons Incident on Krypton
e = 125.2 degrees

E = 458.3 eV

Beam

Background

82856
82953
82500
82840

13150
13124
12940
13076
12936

P = 2.72 mm

Q = 9.47 x 10"^ c

Xn
= 82787 ± 99, 0.12%
Beam
XD, A = "13045 ± 45, 0.35%
Bkgd
X = 69724 ± 144, 0.21%
a
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Table 6
Cross Section Data for Unpolarized Electrons Incident on Krypton
e = 126.3 degrees

E = 458.3 eV

Beam

Background

80868
80051
80370
80382
80307
80334

13667
14461
14009
13635

P = 2.70 mm

-6 c
Q = 9.47 x lO"

^Beam " ^°^^^ - ""^^^ ^'"'^"^
W=^3^3^^^92, 1.Xa = 66442 ± 300, 0.45%

Table 7
Cross Section Data for Unpolarized Electrons Incident on Krypton
6 = 118.8 degrees

E = 458.3 eV

Beam

Background

149218
148750
148406
148717
149167
149087

22480
21851 •
21564
21804
22696

P = 2.80 mm

Q = 9.47 x 10"^ c

Xn
= 148633 ± 318, 0.21%
Beam
^Bkgd " ^^^''^ - ^^^' ^-^^"^
X = 126554 ± 534, 0.42%
a

Table 8
Cross Section Data for Unpolarized Electrons Incident on Krypton
0 = 115.3 degrees
Beam
196365
196743
195945
196380

E = 458.3 eV

P = 2.70 mm

Q = 9.47 x 10"^ c

Background
28382
27546
27111
27481
27452

X„
= 196358 ± 1 6 3 , 0.08%
Beam
%gd=

27594 ± 2 1 1 , 0.70'c

X = 168764 ± 374, 0.22%
a
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Table 9
Cross Section Data for Unpolarized Electrons Incident on Krypton
e = 124.5 degrees

E = 458.3 eV

Beam

Background

87132
87860
86807
87578
87388

13911
13671
13831
13826
13875

P = 2.70 mm

XDBe

Q = 9.47 x 10"^ c

= 87353 ± 181, 0.20%

= 13823 ± 41, 0.30%
Bk
•
•= 73530 ± 222, 0.
• XX^
a
'^rti

Table 10
Cross Section Data for Unpolarized Electrons Incident on Krypton
6 = 122.3 degrees

E = 458.3 eV

Beam

Background

95815
95451
95477
95057
94609

14332
14338
14015
13989

P = 2.60 mm

Q = 9.47 x 10"^ c

^Beam " °^^^^ " ^^'^' °*^^°^
X = 81114 ± 303, 0.37%

Table 11
Cross Section Data for Unpolarized Electrons Incident on Krypton
e = 127.3 degrees

E = 458.3 eV

Beam

Background

86389
86597
86685
86280
85977

14323
13889
13798
13835
13734

P = 2.72 mm

Q = 9.47 x 10"^ c

X,
= 86387 ± 129, 0.15%
Beam

^Bkgd " ''^^"'^ - ^°^' ^''^^''
X = 72471 ± 234, 0.32%
a
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Table 12
Cross Section Data for Unpolarized Electrons Incident on Krypton
e = 111.8 degrees
Beam
243277
242705
243196
241952
243654
245169

E = 458.3 eV

P = 2.75 mm

Q = 9.47 x lO" c

Background
34405
33885
33414
33445

^Beam " ^43330 ± 439, 0.18%

hkqd " ^^^^^ - ^^^> °'^^^"
X = 209551 ± 670, 0.32%
a
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Table 13
Mott Asymmetry Data for Determination of Electron Beam Polarization
^source " ""^^^

Percent Absorption = 15%

Left

+P
Right

Time(sec)

Left

-P
Right

40000
40000
40000
40000
40000

36686
36880
36411
36985
36007

33.2
31.9
37.5
53.5
45.1

40000
40000
40000
40000
40000

38225
37677
37768
37929
37436

%P = 3.03 ± 0.37, 12.2%

TimeTsec)
33.0
31.8
44.8
47.4
43.9

3.86
1.97
3.38
2.32
3.59

AP = 0.006, 19.8%

Table 14
Mott Asymmetry Data f o r Determination of Electron Beam Polarization

source

^

Percent Absorption = 10%

Left

+P
Right

Time(secT

Left

-P
Right

Time(secT

40000
40000
40000
40000
40000

36289
35817
36100
35821
35663

63.3
62.1
61.1
59.9
59.9

40000
40000
40000
40000
40000

38179
38150
38170
37622
37662

63.2
63.3
62.4
61.5
61.3

%P = 5.04 ± 0.23, 4.6%

AP = .006, 11.9%

4.68
5.82
5.15
4.52
4.66
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Table 15
Mott Asymmetry Data for Determination of Electron Beam Polarization
^source = n 2 y

Left

+P
Right

40000
40000
40000
40000
40000

35773
35976
35699
36084
35821

Percent Absorption = 7.5%

Time(sec)
78.9
71.1
69.6
71.9
73.6

Left

-P
Right

40000
40000
40000
40000
40000

38481
37612
37914
38543
37859

%P = 5.51 ± 0.45, 8.2%

AP

Time(sec)
75.7
72.3
72.3
76.4
74.3

P
6.73
4.11
5.56
6.08
5.10

= .006, 10.9%

Table 16
Mott Asymmetry Data f o r Determination of Electron Beam Polarization
p
= 125y
source
Left

+P
Right

40000
40000
40000
40000
40000

35659
35360
35551
35574
35414

Percent Absorption = 10. 3%

Time(sec)
57.9
61.8
64.8
64.4
66.2

Left

-P
Right

Time(sec)

P

40000
40000
40000
40000
40000

38369
37828
37909
37480
38199

62.4
65.1
67.3
67.0
68.3

6.76
6.22
5.92
4.81
6.99

%P = 6,.13 ± 0.38, 6.7%

AP = . 006 , 10.5%
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Table 17
Mott Asymmetry Data for Determination of Electron Beam Polarization
Source = ""2^^

Left

+P
Right

40000
40000
40000
40000
40000
40000

35681
35755
35931
35149
35670
35181

Percent Absorption = 7.8%

Time(sec)
89.2
87.3
86.8
85.6
87.3
87.0

Left

-P
Right

40000
40000
40000
40000
40000
40000

38084
38614
38029
37999
38504
38070

%P = 6.47 ± 0.39, 6.0%

Time(sec)
90.6
90.4
89.3
89.5
90.1
90.2

P
6.01
6.58
4.94
6.67
6.54
7.28

AP = .006, 9.2%

Table 18
Mott Asymmetry Data for Determination of Electron Beam Polarization
p
= 125ii
source
Left

+P
Right

40000
40000
40000
40000
40000

36248
35799
36093
35847
35903

Percent Absorpt-ion = 15. 6%

Time(sec)
38.2
36.4
37.0
37.1
37.7

Left

-P
Right

Time(sec)

P

40000
40000
40000
40000
40000

37683
38069
37966
36971
37789

37.5
38.0
37.5
37.5
39.0

3.58
5.26
4.67
2.85
4.72

%P = 4,.29 ± 0.49, 11.3%

AP = . 006, 13.9%
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