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I. INTRODUCTION

Qualitative Discussion of Double Scattering of Electrons

Double scattering of electrons 1s an experiment in which (a) an
unpolarized beam (a beam in which the spins are randomly oriented) of
electrons is allowed to impinge upon & target called the "polarizer"; (b)

a portion of the scattered wave from this target is allowed to impinge

on a second target called the "analyser"; (c) the angular distribution

of this second scattered wave is studied. The motivation for performing
this type of experiment lies in the fact that in certain scattering
processes a partially polarized beam (a beam in which there is a preferred
direction for the spins) of scattered electrons may be produced from an
incident, unpolarized beam. This polarized beam, when scattered by the
analyser, will produce an angular distribution of scattered electrons

that depends on the azimuthal angle ¢>(that angle measured around the
direction of the incident beam). In contrast, the angular distribution
from an unpolarized beam has no azimuthal dependence at all. A measurement
of the azimuthal asymmetry after double scattering yields information about
the polarization of the first scattered beam and thus about the spin-orbit
interaction in the scattering process.

A study of double scattering is of interest for several reasons.
(1) The theory of it developed by Mott(l) in 1929, has been only sketchily
verified in the twenty-nine years since then. Quantitative agreement is
almost totally absent and several qualitative effects are still unobserved.
(2) It is one of a very few presently available methods of obtaining a
polarized beam of electrons and of analysing the polarization. This fact
has already been utilized in the first experiment(2:3) that measured the

gyromagnetic ratio of the free electron. (3) Measurement of the azimuthal

1



asymmetry serves as a calibration for using single Mott scattering as a
polarization analyser for beams of arbitrary polarization. This is cur-
rently in demand in connection with determining the polarization of B-rays.
[Mott scattering, however, serves only as a detector for transverse polari-
zation (preferential spin direction perpendicular to the momentum direc-
tion) while B-rays from unaligned nuclei possess purely longitudinal polari-
zation (preferential spin direction parallel or antiparallel to the mo-
mentum direction). Thus the polarization direction of the B-rays must
first be rotated so that at least a measureable component of the polari-
zation is transverse to the beam.] (4) It is expected that when the
present lack of agreement of theory and experiment is resolved either
better experimental techniques will have been devised, or that information
on the perturbing effects, such as atomliec electron screening, will have
been learned, or perhaps both. (5) Measurement of the Mott asymmetry

is one of three measurements necessary to confirm the theory of Coulomb
scattering which is assumed to be correct in high energy electron scat-
tering where deviations are attributed to nuclear size effects.

That three independent measurements (for a given energy E,
scattering angle 6, and atomic number Z) are needed can be seen as follows.
For a spin 1/2 particle a two-component wave function is necessary. Two
scattering amplitudes f(©) and g(6) result, each being a complex number.
Thus, there are four real numbers needed for a given E,Q, and Z to describe
the scattering. One of them, however, is a phase common to both f(e) and
g(e) which will be unobservable in pure Coulomb scattering. The other

three, the magnitudes of f(6) and g(6) and their relative phase, need



to be measured. Measurements of the single scattering cross section for

an unpolarized beam, of the Mott asymmetry in double scattering (which
measures essentially the polarization of the first scattered beam), and

of the azimuthal asymmetry in triple scattering (which measures essentially
the polarization of the second scattered beam) are sufficient. The phase
common to both £(©) and g(O) will be observable only when there is an
interference between the nuclear Coulomb scattering and another type of
scattering such as electron-electron scattering. Measurement of this

phase would thus be necessary for a complete experimental confirmation of
Coulomb scattering.

The origin of the azimuthal asymmetry may be seen from a classi-
cal model.(a) Consider an unpolarized beam of negative point charges,
which also possess magnetic dipole moments, incident on the Coulomb field
of the nucleus. Borrowing from quantum mechanics(h), we will represent
the unpolarized beam as consisting of equal numbers of electrons with
spin up and with spin down. Consider first an electron incident on a
nucleus with an impact parameter b,, see Figure 1(A), such that by Ruther-
ford scattering alone the electron would be scattered into an angle o,
path (&) in Figure 1(A), at which a detector is placed. It experiences
an attractive Coulomb force F;"v-b/tf in the process. Since, however,
the electron is endewed with a magnetic moment, it will experience a
second force, the spin-orbit force. The magnetic moment of the electron
will experience a torque, also, but a discussion of this torgque is not
necessary to obtain the qualitative conclusiqns desired. The spin-orbit
fbrce may be understood as fellows: An electron moving through & static
electric field sees a magnetic field in the coordinate system fixed in the

electron by a Lorentz transformation of the electric field. If the electric
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field is also inhomogeneous, as a Coulomb field is, a force on the mag-
netic dipole will result. This is the spin-orbit force. Since it is due
to a gradient of the Coulomb field, it has the form Fg. .~ F ,/b?
where the minus [plus] sign depends on whether the magnetic moment is
up [down]. Note that it depends on a Lorentz traﬁsformation. In the
nonrelativistic limit (B= —g—"ao) the spin-orbit force will thus become
vanishingly small. Hence relativistic electrons (Bnul) must be considered.
Now, for electrons with'ﬁ pointing up [down], the spin-orbit force is
attractive [repulsive] and causes the electron to follow path (b) [(c)]
in Figure 1(A). 1In both these cases, the electron misses the detector.
However, for electrons with impact parameter bo{bl [b2)>bl], see Figure
1(B), only those with [i down [up] will enter the detector by path (B) [(7)]
while those with § up [down] will miss it by paths (a) [(3)]. Since there
are as many electrons with U up as with I down at any impact parameter
for an unpolarized beam, the ratio of the numbers of electrons entering
the detector with W up to those with W down will be equal to the ratio
of the elements of area perpendicular to the beam at the impact parameters
b, and b. This ratio becomes Jjust b2/bo which is greater than one.
Hence, the beam entering the detector is partially polarized, the direc-
tion of polarization being up.

If now the partially polarized beam is allowed to impinge on
a second target, an azimuthal asymmetry results. This is seen as follows:
Only that number of electrons with §f up in excess of the number of elec-
trons with §I down need be considered since the remainder will give rise
to a scattered distribution which is symmetric in the azimuthal angle .

Electrons with ﬁ up incident at the bottom of the nucleus with impact

parameter by, see Figure 1(C), are scattered by the attractive Coulomb



force and attractive spin-orbit force inte a detector located at a scat-
tering angle © in the ¢ = O direction. However, electrons with i up
incident at the top of the nucleus with the same impact parameter bl

are scattered by the attractive Coulomb force and the repulsive spin-
orbit force and, thus, miss the detector located at a scattering angle ©
in the direction @ = =. Neﬁertheless, electrons with ﬁ up incident on
the left with an impact parameter b,< b are scattered into this detector.
Since the ratio of the elements of area, perpendicular to the incident
beam, at by to that at bo is bl/bo> 1, more electrons are scattered in
the ¢ = O direction than in the ¢ = = direction. Thus, an azimuthal
asymmetry after double scattering has been demonstrated by a classical
model.

Certain qualitative features of the asymmetry factor 8, defined
as one-half the difference in the counting rates at ¢ = O and @ = =, may
be inferred from the classical model. The asymmetry factor is a function
of Gl’ Y Zl’ Zo, and B (or the energy). It is expected that the de-
pendence is symmetric in the polarizer and the analyser parameters.
Hence, let © refer to either 6, or ©, and Z refer to either 7y or Z, in
the following discussion.

For a very small angle of scattering (6 > 0) the asymmetry
factor vanishes. This is understood as follews: For small @ the impact
parameter will be large. Since the spin-orbit force is a l/bi law and
the Coulomb force is a l/bi law, an electron impinging on the nucleus
with a large impact parameter will feel essentially no spin-orbit force
compared with the Coulomb force. The spin states of electrons incident
at this large impact parameter are thus only slightly separated. This

is to say that for small © the trajectories (b) and (c) in Figure 1(A)



are nearly coincident: Thus, referring now to Figure l(B), the change in
impact parameter from by to bo and from by to bo necessary to bring into
the detector the opposite spin states is very small and so b, = bs. The
ratio of the number of electrons with [ up to those with | down enter-
ing the detector (for 6->0), which is proportional to b2/bo, is essen-
tially unity. Thus, no significant polarization results on single scat-
tering for small ©. The asymmetry factor will be small, if the second
scattering angle is also small, because of the small polarization of the
beam and also because of the action at the analyser. By the latter is
meant that for small 9, the deflection due to the spin-orbit force is

so small that, referring to Figure l(C), b, and by are essentially equal.
The asymmetry factor being proportional to bl/bo, as shown before, is thus
small.

In the limit of very large scattering angles (Q~+ﬂ) the asym-
metry factor again vanishes. This may be understood as follows: TFor
back angle scattering the impact parameters are small. The spin-orbit
force then becomes dominant over the Coulomb force, causing wide separa-
tion of the spin states, see Figure 2(a). Thus, for only small changes
in impact parameter, from by to by and by to by in Figure 2(B), are needed
to bring the different spin states into the detector. Thus, b ~bp and
so a small polarization results. If this beam is scattered by the analyser
at a large angle (9w>n), the asymmetry will be vanishingly small. Again
this is due to both the small polarization and the action at the analyser,
see Figure 2(c). By arguments similar to those above, it is seen that
by by in Figure 2(0) and hence the asymmetry is very small for extreme

back angles.
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The asymmetry factor increases with increasing atomic number Z.
This is understood as follows: Conslder an electron beam incident on a
nucleus of charge +QZ&53 with a glven energy and at such an impact param-

eter b% that it is scattered at an angle 8. Consider also an electron

béam incident on a different nucleus of charge -l-Zeﬁ <Z€> ZDJ with
the same energy and at such an impact parameter bB that it is scattered

1

at the same angle ©. If these two electron beams feel only a Coulomb
force, they will follow respectively paths (aa) and (aﬁ) in Figure 3(A).
If the electron beams also feel a spin-orbit force, the spin states will
be separated in each case. ©Since the spin-orbit force is proportional
to Z2, the separation will be greater for larger Z, see Figure B(A). Since
the spin-orbit force is a l/b% law, a proportionately larger change in
the impact parameter for case (B) than for case (a) is necessary in order
to bring the different spin states into the detector, see Figure 3(B).
The ratio of the numbers of electrons with ﬁ'up to those with ﬁ'down,
which is proportional to bg/bl, is thus greater in case (B) than in case
(a). Hence a larger polarization results in case (B). This tends to make
the asymmetry factor larger in case (6). The actlon at the analyser also
tends to make the asymmetry factor larger for case (ﬁ). As explained
before, only the excess of i up states need be considered. The asymmetry
factor is proportional to bl/bo' Hence, it is seen from Figure 3(0) that
the action at the analyser also tends to make the asymmetry factor larger
for case (B). Hence the asymmetry factor increases with increasing Z.
Also it can be seen from the above reasoning, that the asymmetry factor
tends to zero as Z tends to zero.

The energy dependence of the asymmetry factor is more easily

seen. It has been noted previously that the spin-orbit force depends
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on a Lorentz transformation of the field and so tends to zero as the
velocity of the electron tends to zero. Hence, 3+0 as B+0. The high
energy limit may be understood by remembering that the spin-orbit force
is proportional to the magnetic moment of the electron and, hence, is
inversely proportional to the relativistic mass of the electron. Hence,
the spin-orbit force vanishes for high energies. Thus 50 as B—>1.
The assumption of pure Dirac particles (no radiative corrections to the
gyromagnetic ratio) has been made here. It is expected by this reasoning
that & would be a maximum for B~1/2.

In spite of the success of the classical model, the scatter-
ing process cannot be considered a truly classical process since the
de Broglie wavelength of the impinging electron is of the order of the
impact parameter. For instance, for an electron of ~100 kev of energy

Ocm while for scattering at 90°

the de Broglie wavelength is ~3 x 1071
its classical impact parameter is ~~1071lem.  The process is, therefore,
essentially wave-mechanical. Hence, the classical model discussed above
must be considered only as a heuristic mental picture.

From the viewpoint of wave-mechanics, the classical model
violates the Heisenberg uncertainty principle in two ways. By simul-
taneously specifying the momentum and the position exactly, it violates
the uncertainty principle in its most common form. Of more importance
here, it violates the Bohr(5) form of the uncertalnty principle by
simultaneously specifying the magnetic moment direction and the trajec-
tory. In the actual double scattering experiment, however, the mag-
netic moment is not resolved as a function of position. Only the asym-

metry in scattered intensity is measured and this requires no knowledge

of the orientation of the magnetic moement as a function of trajectory.
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By avoiding any measurement of the trajectory, the spin effects can be
measured precisely.

A resumé of the Mott theory(l) is given in Chapter II, but it
is advantageous here to review the basic assumptions and the qualitative
results of the Mott theory.

The assumptions are (1) the use of the Dirac relativistic
wave equation to describe the electron, (2) the use of the ideal Coulomb
field to describe the scattering field, (3) the use of positive energy
wave functions only, (4) the initial beam being unpolarized, and (5)
single, elastic scattering occuring in both the polarizer and analyser.

Based on these assumptions the theory is a mathematically ex-
act (in the asymptotic region) partial wave analysis of the scattering

process. The double scattering cross section that results has the form

T®88=06)0G)I+56,8)cosd] (1.2)

where 0(9) i1s the single scattering cross section for an unpolarized beam,
6(91,92) is the asymmetry factor and the subscripts 1 and 2 refer to the
first and second scatterings.

The qualitative predictions of the Mott theory are (l) the
double scattering cross section has an azimuthal asymmetry of the form
given in Equation (l.l), (2) the asymmetry factor d has its maximum value
for p~1/2, 0~130°, Za~1 where a = /hc = 1/137 (0 and Z refer to
either scatterer), (3) 8-+0 as 60 or 180°, (4) 50 as B+0 or 1 and
(5) 8+0 as Z+0. Note that the classical model gives complete agree-
ment with the quantum mechanical Mott theory in all the qualitative

features.
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Review of Previous Electron Double Scattering Experiments

(6-14)

Farly attempts to observe an azimuthal asymmetry after
double scattering either found no asymmetry or one now believed to be

of instrumental origin. The most significant of these experiments were
those of Dymond(ll), Thomson(lg), Richter(l3), and Kikuchi(lu). A brief
discussion of the faults of these experiments is worthwhile.

The experiments of Dymond(ll), Thomson(le), and Richter(l3>,
observed no polarization asymmetry. Their failure to observe one is
generally attributed to inadequate beam monitoring schemes that allowed
the introduction of asymmetries caused by time varying beam energies and
intensities and to their use of the "reflection side" of the scattering
foils. The "reflection side" of a foil is that side on which the inci-
dent beam impinges [side (a) in Figure 4(A)]. Side (b) in Figure 4(A)
is called the "transmission side." It was found by Chase and Cox(15>
that the scattered intensity for a glven scattering angle © depended on
which side of the foll the detector was located. They found that the
detector on the reflection side received more electrons than the detector
on the transmission side did, see Figure 4(B). This effect was attribu-
ted by Goertzel and Cox(lé) to plural scattering, which is a combination
of a small number of large angle scatterings. They obtained by an ap-
proximate theoretical treatment qualitative agreement with experiment.
Their treatment has since been refined by Ryu(l7) with correspondingly
better agreement. Ryu, Hashimoto and Nonaka(l8) have also studied the
effect experimentally.

The so-called reflection-transmission asymmetry may be under-
stood qualitatively from plural scattering by the following simplified

picture. The most probable combination of scatterings for a very thin
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foil consists of a first scattering in the plane of the foil and a second
scattering out of the foll into the detector. The detector on the re-
flection side of the foil in Figure M(B) thus receives electrons scat-
tered through 90° and electrons twice scattered through 45°. The detec-
tor on the transmission side of the foil in Figure 4(B) receives elec-
trons scattered through 90° and electrons scattered first at 135° and
secondly at 45°. Since the cross section for scattering at 45° is much
larger than at 135°, more electrons will enter the detector located on
the reflection side of the foil. The point of most interest here is that,
by using the reflection side of the foil, Dymond, Thomson, and Richter
did not fulfill the single scattering assumption of the Mott theory.

The Kikuchi experiment did find asymmetries agreeing with the
predictions of Mott over a range of energies from 39 kev to 86 kev.
However, the reflection side of both the polarizer and analyser were used,
thus allowing plurally scattered electrons to enter the detectors. The
polarizer was a gold foil 10-3 cm thick. According to the calculations
of Rose and Bethe(l9’2o) a depolarization of 40% would result from
multiple scattering in a foil as thick as this. It is thus very doubt-
ful that the asymmetry found by Kikuchi was the true Mott asymmetry.
Though momentum analysis of the doubly scattered electrons was employed
to eliminate inelastically scattered electrons from his data, the elastic
peak must have contained many electrons either plurally or multiply scat-
tered. Kikuchi's method of elimination of spurious instrumental asym-
metries is open to question since his method requires the assumption that
the spurious instrumental asymmetry is independent of the energy of the
electrons. With the magnetic fields of the momentum analysers present

this assumption seems doubtful. Also, because of the structure of the
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apparatus Kikuchi was unable to demonstrate the cosine dependence in
azimuth as predicted by Mott. Hence, it is nOW'believed(gl) that the
asymmetry found by Kikuchl was of instrumental origin.

In 1942, Shull, Chase and Myers(22) detected an azimuthal asym-
metry which agreed with the Mott value within experimental error. Thin
foils were used to avoid depolarization by multiple scattering. The re-
flection-transmission asymmetry was eliminated from the data by taking
suitable ratios. Spurious instrumental asymmetries were eliminated from
the experimental asymmetry by dividing the asymmetry obtained with gold
by that obtained with aluminum in the analyser. The asymmetry found in
the latter case should be essentially the spurious instrumental asymmetry
since the Mott asymmetry is very small for low Z elements. Unfortunately,
they did not report any demonstration of the cosine dependence of the azi-
muthal asymmetry. Though successful, the experiment was very limited in
scope. The asymmetry factor was found only for one set of the five
parameters: ©; = @, = 0°, 2, = Z, = 79(Au), E = 400 kev (B = .83).
Trounson and Simpson(23> repeated this experiment with the same apparatus
except for an improved detection system and obtalned compatible results.

Shinohara and Ryu(eu)

attempted a study of the energy depend-
ence of the Mott asymmetry. They used thin gold foils in transmission
positions. The angles of scattering were € = 90° and 6, = 78°. The
energies studied were 45, 60, 70, 90, and 92 kev. Rough agreement with
theory was obtained. Though care was taken in the construction of the
apparatus to avoid instrumental asymmetries, they were not directly
measured nor were they eliminated from the data. The asymmetries reported

were not shown to have a cosine dependence in azimuth as the Mott asymmetry

possesses.
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Ryu(l8:25) subsequently studied the Mott asymmetry for angles
of scattering greater than 90° over a range of energy from 60 to 130 kev.
Thin gold foils were used. The polarizer was in the transmission posi-
tion but the analyser was used in the reflection position. The instru-
mental asymmetries were divided from the data. The resulting asymmetries
were shown to have. a cosine dependence in azimuth but only about one-half
the predicted amplitude. Plural scattering was suspected as the cause of
the discrepancy but was not evaluated experimentally. A theoretical
estimate of plural scattering was unsuccessful in accounting for the dif-
ference. Indeed, arrangements more conducive to plural scattering gave
consistently larger asymmetries.

The experiment of Louisell, Pidd and Crane(3) that measured
the gyromagnetic ratio of the free electron utilized Mott double scat-
tering. Thin gold foils in transmission positions were used. The scat-
tering angles were ©; = 90° and 6 = 78°. The energy of the electrons
was 420 kev. The instrumental asymmetry was found using aluminum as the
analyser and was divided from the data. The resulting asymmetry was
shown to have a cosine dependence in azimuth and about the predicted
amplitude. Actually, the exact amplitude was not of interest in this
experiment, so long as it was detectable, since only the rotation of the
plane of maximum asymmetry by a perturbing magnetic field needed to be
measured.

Recently Pettus(26) has studied the Mott asymmetry using thin
gold targets. Using scattering angles of 90° and 120° at the polarizer
and analyser respectively, he measured the Mott asymmetry for eight
energies between 80 kev and 200 kev. The measured values of 8 are from

lO% to 80% low compared to theory, the better agreement being obtained
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at the higher energies. Spurious instrumental asymmetries were measured
using an aluminum scatterer in the polarizer and were eliminated from the
data. The cosine dependence of the asymmetry was not demonstrated how-
ever. The reflection side of the analyser foil was used by each counter.
At 130 kev Pettus also measured the Mott asymmetry at second scattering
angles of 60° and 90°, the first scattering angle being fixed at 90°.

The point at 60° is in good agreement with theory. Since the reflection
- transmission effect was not eliminated from the measurement at 90°

this point is of doubtful validity.

To summarize, the Mott asymmetry has been observed by four
groups of experimenters - Shull, Chase and Myers, Ryu and co-workers,
Louisell, Pidd and Crane, and Pettus. Quantitative agreement with theory
is almost entirely lacking. Also, several qualitative features of the
Mott theory have not been satisfactorily demonstrated. Among these is the
increase in the asymmetry factor with increasing energy in the low energy
region (30 kev to 130 kev for gold at right angle scatterings). Both
Ryu and Pettus obtained limited success in observing this effect. Ryu
had even less success in demonstrating the increase in the asymmetry
factor with increasing angle at angles of scattering somewhat greater
than 90°. No attempt has been made to observe the decrease in the asym-
metry at extreme back angles or at high energies. Essentlally no study
of the atomlc number dependence of the asymmetry factor has been made.

Only gold (Z = 79) and aluminum (Z = 13) have been studied except for

]

the insertion of a silver (Z = 47) foil in the analyser in the Louisell,
Pidd and Crane experiment to check whether the observed asymmetry had the
expected property of smaller asymmetry for smaller Z. A summary of the

experimental values of the asymmetry factor has been given by Tolhoek(zl).
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Present Experimental Proposal

It is readily seen from the last section that further experi-
mental study of the Mott asymmetry is desirable., Thus, an experiment
aimed at obtaining quantitative agreement with theory over a range of
scattering angles was undertaken. The particular energy 121 kev was
chosen for intensive study because the Mott asymmetry is near its maximum
there and because corrections to the Mott theory due to atomic electron
screening of the Coulomb field should be small. This is true since the
bombarding energy 121 kev is larger than the binding energy of any of the
atomic electrons (80.67 kev for the K electrons in gold). The element
gold was chosen for intensive study since it is a high Z element (z = 79)

-6

and self-supporting targets 107~ cm thick can be made while gold leaf

9 x 10'6

cm thick is even commercially availlable. Due to this fact, most
experiments in the past have used gold and many theoretical calculations
have been done for it.

Since the asymmetry factor depends symmetrically upon the
parameters of the polarizer and the analyser, it was decided, for experi-
mental convenience, to fix the angle of scattering at the polarizer at
90° and to construct the analyser assembly so as to allew detection of
scattered electrons at scattering angles between 65° and 165°. This
range includes the increase of the asymmetry factor with increasing angle
and its subsequent decrease with increasing angle at extreme back angles.
The analyser assembly was also constructed so as to allew rotation about
the direction of incidence to the second target and thus allow measurement
of the cosine dependence of the asymmetry. Both the polarizer and the

analyser were constructed so as to allow insertion of different target

elements.
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Three maJjor experimental problems were anticipated in the
construction of the apparatus: inclusion in the data of spurious instru-
mental asymmetries, poor signal to background ratio, and the possibility
of non-single or non-elastic scattering in the target foils. Actually
the three problems are not completely distinct, but are somewhat inter-
related. The equipment was bullt so as to minimize if not eliminate
these errors.

To avold the inclusion of spurious instrumental asymmetries
in the data, a two-pronged attack was undertaken. First the apparatus
was bullt and adjusted to have as complete symmetry about the direction
of incidence to the analyser as possible. To eliminate any residual
spurious asymmetry from the gold data, the theoretical prediction that
low Z elements should exhibit no appreciable Mott asymmetry was used.

The asymmetry found after inserting aluminum targets in place of the
gold targets was considered to be spurious and this asymmetry was then
divided from the gold data.

The problem of obtaining a good signal to background ratio was
believed to be a potentially difficult problem since for typical scatter-
ing angles, aperture, energy, and atomic number only one electron would

be counted after double scattering for every lO12

electrons impinging on
the first target. ILead shielding and collector cups to absorb the trans-
mitted beam at each target were used. They were not expected to be
adequate. Further reduction of background at the analyser may be obtained,
using the inverse square law, by removing the analyser far from the polar-
izer. If the beam were allowed to also fall off by the inverse square

law, nothing would be gained. If, however, the beam were magneti-

cally focused from the polarizer to the analyser, as originally suggested
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by Crane(27), the signal to background would be greatly improved. Mag-
netic, rather than electric, focusing was used since it preserves the
relation between the spin angular momentum vector and the momentum
vector.(28‘3l) A transversely polarized beam thus remains transversely
polarized.

To insure single scattering at each target precautions must
be taken to avold the occurrence of both multiple scattering and plural
scattering. Multiple scattering may be minimized by using thin target
foils. The gold foils used, which were 9 x 10'6 cm thick, were thin
enough to insure single scattering in the range of scattering angles 65°
to 165° that was used. As pointed out previously, the occurrence of
plural scattering in thin foils is markedly affected by the angles the
target foil makes with both the direction of incidence and direction of
scattering. For this reason, a mechanism for tilting the target foil
independent of all other adjustments was built into the analyser head.

In most previous investigations of the Mott asymmetry, two
counters separated in azimuth by 180° were used. It can be seen, however,
that for scattering angles greater than 90° two such counters cannot both
view the transmission side of the target. To avoid the use of the re-
flection side of the target, this symmetric arrangement of counters was
abandoned and only one counter was used to actually observe the Mott
asymmetry. A second counter was used to monitor the beam intensity. A
monitor placed at a position where multiple or plural scattering is preva-
lent can give erroneous readings of the beam intensity if slight varia-
tions in the target orientation or the beam alignment occur. The effect

might be magnified if there were local variations in the target thickness
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in the region where the beam strikes the target. Thus, it seems that a
beam monitor should be located so as to monitor the single-scattered beam
intensity. To do this, it must be on the transmission side of the target,
out of the way of the working counter, and away from the transmitted
beam. TFor these reasons, the monitor was placed at a scattering angle

of 45° on the transmission side of the target and in the azimuthal plane
of the working counter.

Though there are some theoretical grounds to believe that
inelastic scattering does not appreciably affect the measurement of the
Mott asymmetry, it was felt worthwhile to investigate this experimentally.
Since it was felt that only the inelastic tail on the energy distribution
need be discriminated against, a low resolution electrostatic energy
analyser was constructed. It was made interchangeable with the plain
Geiger counter. Thus, a comparison between measurements of the Mott

asymmetry with and without rough energy analysis was possible.

Results and Conclusions

The Mott asymmetry has been observed for 121 kev electrons scat-
tering from thin gold targets at scattering angles of 90° at the polarizer
and from 80° to 1L4L0° at the analyser using energy analysis. Good agreement
between the measured asymmetry factors and the theoretical predictions for

an unscreened Coulomb field was obtained for angles between 90° and 110°.

The discrepancy between observed and predicted values from 120° to 140°

is believed due to plural scattering. The measurement at 80° is enough

higher than the unscreened field prediction to indicate, though perhaps

not prove, the existence of screening effects on the asymmetry amplitude
at this angle. For all measurements of the asymmetry amplitude, the

cosine dependence on the azimuthal angle was observed.
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It is believed that the success of the present experiment in
comparison to previous attempts at observation of the Mott asymmetry in
this energy region can be attributed in the most part to the following
techniques: 1) the observation of the entire azimuthal dependence of the
double scattering cross section rather than Jjust at the points of ex-
pected maximum and minimum asymmetry, 2) the careful design and testing
of the slit system and analyser assembly, 3) the great improvement in the
ratio of scattered electron counting rate to the background counting
rate through the use of a magnetic lens between the two scatterings, and
L) the use of energy selection after double scattering. On the basis of
the present data, it cannot be concluded that energy selection is neces-
sary in a double scattering experiment in which no magnetic lens between
the two scatterings is used. Such a conclusion does, however, remain a

possibility.






II. THEORY OF THE EXPERIMENT

The Mott Theory

In 1929 Mott(l) investigated theoretically the scattering of
relativistic electrons by a central field. Specifically, he calculated
by the Dirac relativistiec wave equation the single and double scattering
cross sections of a beam of electrons, described by positive energy wave
functions and initially unpolarized, which undergo single, elastic scatter-
ing by an ideel atomic Coulomb field. Impliecit in the Dirac equation is
the fundamental property of spin possessed by the electron. It is the
interaétion of this spin with the scattering field that gives Mott
double scattering its great importance.

Mott(l) folnd that the wavefunction in asymtotic form describing

this scattering process could be expressed as

Y

%,\J B eLkz——Lx]n k(rﬁzi{Bw((@)JrAg(@)eLﬂCék”u )n kr (2.2)
r

with

flo=L-.r'Fo + G (2.5

a(e) = _‘k-E/;K'co’o% Flo) + tan%(}(e)] (2.4)

Fle)= f{i(-l)ﬂgg +(0+ DCAZ R(cos®) (=)

A=0

G(@:‘%Z(‘DQBZ@' (1) Cp; [ (cos6) (&6
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(= — ™" M (p-1y)/ [yt 1 +ix) (2.7)

f)f:+ fe—x? (2.8)
L= Z e’ (2.9)

(2.10)

Y'=yVvi-g* (2.12)

(2.12)

L B (2.13)

Mott scattering may be charaeterized by a scattering matrix §
which is the matrix that transforms the ineident amplitudes in (2.1) and

(2.2) into the scattered amplitudes, denoted by uz and u, .
(ug) _ ( f® -9 e“q’) <A)
Uyl \gee®  £(o) /\B (2.14)

_(for - (e)e'“b) "
Ne9=( ] gee I (e

Mott double scattering may eonveniently be described by density
(32,33,21,29)

matrix techniques., It is not a necessary formalism for the

purposes of this section but it will be necessary for the calculations in

a later section and so will be used here,
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The double scattering experiment is schematically represented
in Figure 5. The first ineident beam, characterized by the density
matrix {%L , the first scattered beam, characterized by Gﬁs , the second
incident beam, characterized by fki , the X1 axis, the Zy axis, the X,
axis, and the 22 axis all lie in the plane of the paper of Figure 5.
The ¥ axis and the Yo axis are directed into the paper.

The beam incident on the first target is assumed unpolarized

and of unit intensity. It may be characterized by the density matrix

PlL: % 1 (2.16)

where 1 is the 2 x 2 identity matrix. The first scattering matrix (2.15)

may be expressed as

\Q:(eud?) = WC(G,) —Lg(e,)o't’ﬁ, (2.17)

The incident beam has been taken in the + Zl direetion and
czl teken as diagonal, E’being the usual Pauli spin operator. ﬁa is

a unit normal to the scattering plane defined by

\i‘s = (—S\nQA,CO‘SCA,O) (2.18)

...)
where kli and E;S are the wave vectors associated with the first incident
and first scattered beams respectively.

The density matrix of the first scattered beam is given by

ps=LLOM O (QACE:Y (2.19)
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Pis = ‘IQ-DWC(@,) 2+ |(3(9,)’2]+%Eﬂ(el\a?@)—ﬂaéﬁg@j@— R (220

The first scattering cross section is given by

Ei)“' t;r. 1 fz (2.21)
Tr €%L

Ca(e)=fe)+ 196 (2.2

The polarization vector of the first scattered beam is given by

Pl = %fﬁ- (2.2
r (DIS

Pl = Pen

| (2.24)
P6)= A flage)-fkg(e) .
@)% + I9(e) =

Thus the first scattered beam is partially polarized. Note that {he
polarization vector is normal to the scattering plane indicating that the
polarization is entirely transverse. The degree of polarization is defined
by the absolute value of P(Ql). The density matrix of the first scattered

beam may now be expressed as

pe= T2 1+ PO, T (2.2



The second scattering matrix is given by

6,8 =F@) 9@ R, (221

where the second incident beam has been taken in the Z2 direction and

o, taken as diagonal. ﬁ% is the unit normal to the second scattering

Zo

plane given by

>~ —eh” 2s = ("SIY\QDZ)COSQ%)O) (2.28)

- -
where k21 and k2s are the wave vectors of the second incident and the

second scattered beams respectively.

In order to properly represent the second incident beam the
spin density matrix of the first scattered beam must be transformed from
its representation having azl diagonal to the representation having 022
diagonal. This is done by a rotation sbout the y axis through an angle Gl.

460, £6.0y
==Y - =%
PZ- =e Pis e (2.29)

L

The direction of first scattering is teken as qz::CD in accordance with

the work of Mott.

, PIS:‘— q—é—e-')[i + P(@,) U&] (2.20)

L@CW _ '90—
=€ % TO1+PE)g)e B e

" pu= 1+ Plac;] =
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Express this as

Coi = 0—32‘—@[1 + P(e) ﬁ,-dﬂ

remembering that E; is now a unit vector in the y direction.

The second scattered beam is now given by

=060 0, h
- =T8T 1+ Po)Re)n i, + PO,
+PO)R -JﬂJrOl(%)@[ Q) (hxh)-T
+RO (R A)(1,F)— 7T} ]
mere (6) = £(0)g10) + floig(6)
R(e)=2lg(0)

The double scattering cross section is given by

. 7°(6,6,4) = TE)TE+PEPRIA, 7]
06,8, %) =T @)@ +PEIPg)oss)

or

(2.33)

(2.34)

(2.35)

(2.36)

(2.37)

(2.38)

(2.39)

(2.k0)

Thus the double scattering cross section has an azimuthal asymmetry.

The Mott asymmetry factor S(e')ez) is given by

$(6,6)=P(6)P(8,)

(2.41)
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The asymmetry factor is a function of the atomic numbers Z; and Z, of
the two scatterers and the energy as well as the two scattering angles
6, and 6.

Numerical calculations of the single scattering cross section
o(e) and the polarization P(®) are very diffieult owing to the slow
convergence of the series for both F(8) and G() given in (2.5) and (2.6)
respectively. Over the years a few calculations(IJBh) of P(8) have been
made. Recently Sherman(55) has made an accurate and compreshensive tabu-
lation of the polarization P() and also the eross section o(8) with the
aid of UNIVAC. His ealculations cover the range of scattering angles
from 15° to 165° in 15° intervals, the range of energies corresponding
to g =<=2.2, .4, .5, .6, .7, .8, .9, and atomic numbers 13, 48, and €0.
Sherman(36) has also calculated P(@) [ and o(8)] for gold (Z = 79) and
aluminum (2 = 13) at 121 kev (8 = .59) from 15° to 165°. These are.given

in Table I. His results for gold are plotted in Figure 6.

Mott Scattering in a Magnetic Field

Mott scattering in a magnetic field has been discussed by
Loutsell(®) and Menatow1tz(29:99) | Mendlowitz has shown that the effect
of the magnetie field on the scattering process itself is negligible and
only the space rotation and spin precession oeccurring between the two
scatterings need be considered. For a magnetic field constant in space
and time Mendlowitz showed that the effect of the field between the

seatterers may be represented by an interaction operator

R: eigc—/ﬂ(jb)aft e—L_(O.lELZM (2.142)
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TABLE I

MOTT POLARIZATION AND CROSS SECTION AS CALCULATED BY SHERMAN(56)

= .59 GOID (Z = 79) ALUMINUM (2 = 13)

o P(o) a(e)* P(o) a(e)*®
15° .003347 2,549 x 106 -.0003%192 | 6.318 x 104
30° .01616 1.600 x 107 | -.002338 | 4.086 x 107
45° .0014L6 5.79 x 10 | -.006359 | 8.4k x 10°
60° .0613% 1.494 x 10* | -.01193 2.798 x 10°
75° .1586 7.591 x 102 | -.0182% 1.217 x 10°
90° .2666 4,482 x 10° | -.02ke2 6.327 x 10%

105° 3601 2.956 x 10° | -.02869 | 3.755 x 10"
120° L4136 2.095 x 10° | -.0%046 2,480 x 10t
155° 4058 1.612 x 105 | -.02850 | 1.80k x 10%
150° 5264 1.356 x 10° | -.02225 | 1.438 x 10%
165° 1824 1.194 x 10° | -.01229 | 1.25k x 10t

*

o(e) in Barns Per Steradian
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where 7 is the orbital angular momentum in units of h, ¥ is the Pauli
- .
spin vector, b is a unit vector in the direction of the magnetic field,

¢ is just a phase for present purposes and

w=1eB _lelBVi-¢ (2.43)
T Mo

where B is the magnitude of the field.

The density matrix of the second incident beam is now given by

Q_Zf'—‘- RaR (2.14)

where py; is given by (2.33). This yields directly
rot

Cai = (6'3[4_‘!- P(e,)ﬁ{'ﬁ,coswt ~AxD sinwt
+(|—coswt)(ﬁl.B)B}] (24

The polarizatim of this beam is

Pm b=0) = tr giT (2.46)
ZL tr P;:t

-P;T?e, & =0)= Pg)[Acos wt -hxb sinwt

- - (2.47)
+{(I-cos wt)(A:B) b ] 7

or

—

ot
P (6,9-0=PEO)R™ 240

where

= Ticos wt = A xb sinwt+(I-coswifB)b e
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This states that the polarization vector has precessed about the field

direction through an angle wt. It is just the classically expeeted

P N
result. Using the definition of rhrOt the density matrix of the

second ineident beam is

Pzrzt O—(e')[i P(@ j (2.50)

The second scattered beam is now characterized by

o =em) e (Vb X

where Q(65,9p) is given by (2.27) as before. Substitution into (2.51)

yields

5= TOTA 1+ POPQIH, + Pt

P(@ﬁg@‘f 7)H) [ QBN 7)-T (2.52)

TR (R, ) - (Ao}

The double scattering cross section is given by

g ?e,)ez)cpz) = :_ri_ﬂg_os_ (2.53)

a“te 6,8%) =a(6) O”(OZ)E+P(9 \FB) n"’*‘n} (2.5%)
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If the magnetic field is assumed in the direction of the second incident

beam, then

T6,6,%) = )T B 1+ PEIP(G) cos - wt)| @

It is seen from (2.54) and (2.55) that the precession of the polarization
vector through an angle wt has caused the azimuthal asymmetry in the
double scattering cross section to rotate through an angle wt as compared
with (2.40). Note that the amplitude of the asymmetry is unchanged from
the no-field ecase.

For an inhomogeneous static magnetic field an operator analogous
to R is not easily obtainable. This diffieulty stems from the insbility
to separate the spin and space dependences of the wave funetion as Mendlowitz
did for the constant magnetie field. However, for the case of an axially
symmetric, static magnetic field centered about the direction of second
incidence it is apparent that the angle of precession of the polarization
vector is

X = ~———g B dz (2.56)
mv ), 7=

where B22 is the field along the 22 axis. In this ease the angle  would

replace the angle wt in (2.55).

Atomic Electron Screening Corrections

The Mott theory, as has been pointed out previously, deals with
scattering of electrons from an ideal Coulomb field. The nuclear Coulomb
field of an atom, however, is screened by the atomic electron choud. By

this is meant that at distances from the nucleus comparable to or greater



than the radii of the electron orbits the nuelear field becomes distorted
from an ideal Coulomb field. Care must thus be taken experimentally to
avoid appreciable scattering from the sereened povtion of the nuelear
field.

At least three approaches to this problem are open. One approach
would be to scatter electrons from completely ionized atoms. This, however,
would be fruitless since only low Z elements can be completely ionized
under reasonable eonditiens and the Mott asymmetry is predieted to be so
small for low Z elements as to be unobservable. A second approach to the
problem is to scatter electroms from un-ionized atoms at high enough
energies so that sereening corrections to the Mott asymmetry are negligibly
small. For this to be true the bombarding energy should be greater than the

(57)

binding energy of any of the atomic electrons. This corresponds
classically to the Rutherford impact parameter b being less than the
radius a of the first Bohr orbit. This is easily shown. The Rutherford

impact parameter relation is

= 4% ot B .
b oE cotZ (2.57)

For 90° <6 < 180°, cot % <1 and so

b< 2
>F (2.58)

The binding energy of the first Bohr orbit is

__Zé
F_B_ 5% (2.59)

where & is the radius of the first Bohr orbit. Hence, if E = |Eg|, then



b <aand if E> |By|, then b << a. Two of the experiments¢2®3) that

have succeeded in observing the Mottt asymmetry have worked at energies

easily satisfying E > lEBl. A third approach to the problem of screening

is to calculate the atomic electron screening corrections for low bom-

barding energies and then check these predictions experimentally. Several

numerical calculations of the screening correections have been published§38'hl)
The present experiment lies in the border region between the

second and third approaches. As was pointed out previously, the bomharding

energy in this experiment (121 kev) is somewhat larger than the binding

energy of the K electrons in the gold secatterer (80.67 kev). The screen-

ing corrections are thus small. They have, however, been calculated for

this energy and scatterer as a function of scattering angle by Mohr(uo)

and later more aecurately by Mohr and Tassie(ul). Their procedure was

to replace the atomic number Z of gold with an effective atomiec number

Zopp-glven by

’ZeH: 77¢

where

-3r
a, (2.60)

a,= mh; (2.61)

The replacement was made in the potential terms of the radial equation

which determines the phase shifts which in turn determine the scattering
amplitudes £(9) and g(@). The results of their calculations are shown
in Figure 6.

The effect of the screening corrections is to slightly broaden

and lower the peak in the Mott asymmetry as a function of scattering angle.
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The differences between the curves of Sherman and of Mohr and Tassie eould
possibly be due to caleculational errors or approximations in the work of
Mohr and Tassie. The latter used hand caleulator techniques while Sherman
employed the UNIVAC. Sherman has pointed out that 2% errors in the values
of F(8) and G(6) propagate into 15% errors in &. Supporting this point

of view is the fact that the curves differ the most at large scattering
angles (By_p % 1.6 dgy at © = 162°) where, due to the small impact para-

meters, screening effects would be expected to be smallest.

Depolarization

Any depolarizing event occuring between or in the polarizer
and the analyser will lessen the magnitude of the asymmetry after double
scattering and cause apparent disagreement with the Mott theory. Such
events must be avoided. They fall into three broad categories: (l)
interaction with the magnetic focusing field, (2) non-single scattering
in the target foils, and (5) non-Coulomb scattering. Each of these are
of two or more types. Depolarization due to the magnetic field may arise
from the finite éngular aperture of the beam or from the finite width in
energy of the first scattered beam. Depolarization due to non-single
scattering may arise from either multiple or plural scattering. Depolar-
ization due to non-Coulomb scattering may arise from inelastic eollisions
with the atomie electrons, exchange scattering witn the atomic eleetrons
or from radiative scattering. (The effect of atomie electron screening
on the asymmetry has already been discussed.) These will be discussed

in the order mentioned.
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A constant magnetic field will ecause a Larmor precession of the
spin of an electron and hence of the polarization vector of a beam of
electrons sbout the direction of the field. If the beam were of finite
aperture the focus of a point source would be of finite length. The
spins of all electrons reaching the foeus would have undergone the same
precession (2x radians). However, the electrons reaching a plane per-
pendicular to the focus line would not have all undergone the same pre-
cession. Thus a finite aperture beam in a constant magnetic field can
be depolarized. It would be a small effect for any reasonable aperture
in this experiment.

In an inhomogeneous magneti¢ field a beam of vanishingly small
aperture would experience only a precession of the polarization vector
without any depolarization. If the beam were of finite aperture a more
serious depolarization would result than for the canstant field ecase since
electrons in different portions of the beam aperture would pass through
differing magnetic fields and thus experience different precessions. How-
ever, for a beam originating at a point on the axis of an axially symmetric
field and which does not proceed very far off axis,as in this experiment,
the depolarization from this cause is negligible. This is easily seen.
The focusing properties of such a beam are deseribed by the paraxial ray
equatiOn.(uz) In the development of this equation it is shown that the

rotation of the beam about the field axis is given by

‘75 ‘(O 2) (2.62)
2m
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Here BZ(o,z) is the field on the axis. The factor of two ceames from the

fact that the electron starts from the axis about which the angle is measured.
The criterion of validity of this equation is that the electrons remain

close enough to the axis throughout their trajectory that the field they

see may be expressed only in terms of the field on the axis and its first
derivative. It is a consequence of (2.62) that the spins of the electrons
traversing the trajeetories described will all precess the same amount.

Thus no depolarization of any significance results from this mechanism.

The finite energy width of the first scattered beam in conjunction
with the magnetic focusing field can also csuse a depolarization. The mech-
anism is simply that lower energy electrons spend a longer time in the
magnetic field than higher energy electrons while traveling between the
polarizer and analyser targets. Their spins tiien precess more than those
of the more energetic electrons. Tune net effect is to reduce the magnitude
of the polarization vector. The amount of depolarization from this cause
may be calculated by the following method.(45)

Consider a transversely polarized beam of electrons having a
distribution in energy moving close to the axis of an axially symmetric,
time independent magnetic field. For macroscopically varying magnetic
fields the force on the electron through its magnetic moment caused by
the inhomogeneity of t.e magnetic field is negligibly small compared to the
Lorentz force. 'The effect on the spacial motion by the spin of the electron
is thus negligibly small for such fields. The rotation of the spin will be
that due to the magnetic field E}along the trajectory. The wave equation

for the spin function X is thus, to a good approximation,
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th_%:-\—/u.? BX (2.63)
where
_lelh __ ek
/&L-— om “‘Z—Fﬁ—\“"ﬁz (2.64)

For convenience consider the trajectory that follows the axis (the z axis)
of the magnetic field exaetly. Any other trajeetory close to the axis

would give the same result but would be much harder to calculate.
Zz=vt-d (2.65)
R Y).¢ = M0z az B,(vt-d)X. (2.66)
- t-d)dt .
X(t) — ""%“g B (v ) X(O) (2.67)

o X(#)=Tk) X(o) (2.68)
where U({) = e—"i‘z—iﬁ (2.69)

and gB (vt'-d)dt’ (2.70)

The spin density matrix of an electron beam of unit intensity and polari-

-
zation P(Q) at t = o is

e(o) = —2'-(1+ 5(0) ‘0_:) (2.71)

At time t,

oce) =TUtt) p(o)mt)

(2.72)

-
P(o) represents the polarization due to Mott scattering. Thus , it is in

the y direction.



V.

Po)= (0, Pw),0) (2.73)
Putting (2.69), (2.71) and (2.73) into (2.72) yields

pt)=4[1-GPosine+ g Poycosex] e

The density matrix must now be averaged over the energy distribution
of the beam. Denote such an average by <> .

Tty

57 o e dT)dT

— e a 2.
<P(t)> T gT (2.75)
d(T)dT
To- 4T

d(T) is the number of electrons per unit of kinetic energy, AT is the

kinetic energy interval accepted by the deteetor, and T, is the mean
kinetic energy of the electrons accepted by the detector. Assume that

the initial polarization P(0Q) is independent of T.

<per> = 5 (1-0x Poicsinos +05 Roceos o) (2-16)

This is of tine form

<P = (1 +<Pwp-77) ()
from which it follows that the degree of polarization is
Pa)y = \2tr<pws —1 (2.1

Substituting (2.76) into (2.78) yields

P> = Po) \/<5m0<>é+<COS OF (2.79)
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The amount of depolarization is defined by

[)({) — FDQS)-'<:¥3(t)>> (2.80)
o)
\ D(ﬁ‘): | — J(SIHOOE-}-(COS o<>? (2.81)

In order to calculate < sin @ > and < cos @ > the magnetic field along
the axis and the energy distribution of the beam must be known. Assume

the energy distribution to be of the form

— _|
dT)= A7 (g<7<T,+4T) o
Tt 4l
SIN N —= L S SN AT (2.83)
Cos? AT - %YCOS

For a solenoid field

ams N z4+A A? .
o= "Mie GAEE e =)

where n is the turns per meter, I the current in amperes, 1 the half

length of the solenoid in meters, a the radius in meters, z the coordinate
~7
in meters measured from the center of the solenoid, and /d°= 41=/0 .

From (2.70)

— hIg V{ -d+{ V'{.‘ -d-{ }d’
m—/(h g [V (vtedriprae  \(vE-a-DFal ~ -8

Use (2.65) to change the integration variable.

o= wgwt_[wz+l _ _-Z""g 2:}&2/ (2.86)

wopew \ZR0%2
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This integral must be evaluated at vt - d = +d, the analyser position,
since the depolarization of the beam at a particular point in space is
wanted irrespective of the time it takes different electrons to arrive

there.
o= Kyipe
-8 = (2.87)

where

IEM /u. [\/\d-f—Q *aZ \/— d-£) +a2] (2.88)

Relativistically the kinetic energy is
T= I’Y\Cz—m(,c2 (2.89)

From this it follows that

J—m“ (2.90)

(5 \/[+ M C2 “'
Tﬁ%T

Sih | K
Los%) = —Zﬁg ATgc')ns V[+ 2 )dT (2.91)
Ty m 02

Taking T, = 121 kev, AT = 6 kev, I = 1.325 amp, n = T45 m™%, 1 = 2.9m,

d = .26m, and a = .17m, (2.9l)may'beevaluated by Simpson's rule to give

{Sthad =—62492 (2.92)
{eose>=+.77935 (2.93)
SACSINOOP+H<Cos o = 9989 (2.9%)

. Dit)=.001 (2.95)
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Thus the depolarization arising from the energy spread of the beam is
only .1% for an energy spread of 6 kev, which is believed to be an ample
estimate.

A further mechanism of depolarization in the magnetic field is
that of rediative spin flip transitions. Mendlowitz<29) has shown that

12 for the

the probebility of such transitions is of the order of 10~
paremeters of this experiment.

Multiple secattering in the target foils can randomize the spin
orientations and thus cause a depolarization. Rose and Bethe(lg) have
calculated the effeect on the azimuthal asymmetry of multiple elastic
scattering on a screened Coulomb field Jdccuring between the large angle

scattering in the polarizer foil and the large angle scattering in the

analyser foil. They find that the asymmetry factor will be given by

_ | — -yd
g"’ (%_)QMOTT (2.96)

where y = 890 em L for gold scatterers, electron energy of 100 kev, and
a foil orientation of 45° with respeet to the beam. They find 7 to be
insensitive to energy and screening length. For a foil of thickness

6

d =9 x10™%m, 74 = 8.0 x 10™2, and s0 & = .992 & yopT

Plural scattering as a perturbing effect on double scattering

was discussed in the Introduction. Ryu(l7)

has obtained aen expression
for the ratio of plurelly scattered electrons to singly scattered electrons
for 90° scattering on the transmission side of a foil oriented at 45° to

both the inecident and secattered beams.
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It is given by

Lor_ NdZ%* , 8" b—l06p 58670 +7Txe7 )2 34767 196
I, 2Zméct g 4- Z@ +\/_—'7T{30<Z (2.om)

2
Here N = atoms per unit volume and o = £ =1

RC 137
79) with a thickness d = 9 x lO'6cm and for an energy of 121 kev

For a gold target

]

(z

(B .59) this yields IP-T/IS = ,019. Since these plurally scattered
electrons increase the number of scattered electrons somewhat equally

at all azimuth angles (if the target foil is rotated with the detector)
without changing the number of electrons scattered asymmetrically in
azimuth, the amplitude of the azimuthal asymmetry is effectively reduced
by 2%. Also, a further reduction of 2% in the asymmetry could result
from plural scattering in the polarizer. Though this perhaps cannot
properly be called adepolarization, its effect is nevertheless the same.
Ryu's formula for the plural scattering eontribution cannot be applied
to other scattering angles or target angles. However, he states the con-
tribution probebly remains small if thin targets (m 5 X lO'6cm) are used
in the transmission position.

Depolarization from inelastic scattering in whieh spin f£lip
occurs has been calculated by Rose and Bethe.(l9) Their treatment con-
siders the excitation of any of the atomie electrons consistent with the
condition that the energy loss of the incident electron is muech less than
its initisl energy. Their expression for the azimuthal asymmetry has the

seme form as (2.96). For E = 100 kev and Z = 79 they obtain 7 = 5.0cm™.
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For d = 9 x lO'6cm, yd = 4.5 x 10~° and so § = .999955 8 yopr - Thus
inelastic scattering is a negligible source of depolarization for electrons
in the elastic peak of the energy distribution.

Rose and Bethe(l9) also considered the depolarization from
exchange scattering in which the outgoing electron has the opposite spin
orientation to the incident electron. An equation of the form (2.96)
results with y = 10" Tem™} for E = 100 kev and Z = 79. For d = 9 x 10~Ocm,
7d =9 x 107 and 50 8 = By -

A theoretical treatment of the depolarization from radiative
scattering does not seem to be available. However, the probability of
the emission of a photon of energy comparable to the average energy
loss due to atomic excitations is very small at 100 kev, The interaction

thus seems to be too weak to cause any appreciable depolarization.






ITI. APPARATUS

General Experimental Layout

In broad outline an electron double scattering experiment con-
sists of four main elements: 1) a source of electrons, 2) the polarizer
target, 3) the analyser target, and 4) an electron detector. In this
experiment, two other components were added: 1) a weak magnetic lens
between the polarizer and the analyser, and 2) a removable electrostatic
energy selector following the analyser target. The mechanical and electri-
cal construction of each of these will be described in the succeeding
articles of this chapter. In Chapter IV, the tests to which the apparatus
was subjected will be described. The general layout of the apparatus

is shown in s photograph reproduced in the Frontispiece.

High Voltage Supply

For accelerating the electrons to a chosen energy prior to
scattering, a simple voltage doubler type circuit is used. The high
voltage supply is capable of producing any voltage form zero to 140
kilovolts. To regulate the high voltage, an error signal is taken from
the voltmeter bleeder, converted to an A.C. signal, amplified, and re-
converted to a D.C. signal. This signal is used then to control the
primary voltage on the high voltage transformer. This regulator is
capable, after a suitable warm-up, to maintain a given D.C. voltage to
at least + .25%. The regulator is not capable of eliminating the ripple
of line frequency nor the sporadic hash due to corona. These, however,
represent only an overall + 2% ripple. Since the Mott asymmetry varies
only of the order of 1% per kilo-electron-volt of energy in this energy

region, this regulation is sufficient for this experiment.
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The Electron Gun

Beam intensity for double scattering of electrons in the 100
kev region is not a major problem even for reasonably small apertures.
For 90° - 90° scattering in gold (Z = 79) at 121 kev with total aper-
tures of 3° at each scattering, 12,000 electrons per minute are expected
in the detector for each microampere incident on the polarizer. Elec-
tron guns giving many times this current can be easily made. Thus, elec-
tron gun design is not a major problem for this experiment.

The structure of the gun used is shown in Figure 7. The cathode
and anode structures are spherical in shape. The actual filament is made
of tungsten ribbon with a .050-inch by .050-inch emitting surface. The
filament is heated by a O - 25 amp. A.C. supply and is at a negative D.C.
bias with respect to the anode. This bias can be varied from -300 v to
-900 v. The anode and gun casing are at -121 kv with respect to ground.
The emitted current is adjusted by changing either this bias or the
filament current. Currents of up to 100 microamperes are obtained on

the polarizer target as measured by the collector cup shown in Figure 7.

Polarizer Assembly

The polarizer assembly consists of a double slit leading to
the polarizer target, a target wheel with positions for four targets,
a collector cup to monitor the beam incident on the target, and an exit
slit for the scattered beam. The essential features of the polarizer
assembly are shown in Figure 7.

Since the Mott theory predicts that the azimuthal asymmetry
in the double scattering cross section depends symmetrically on the

parameters of the first and second scatterings, it was decided for
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experimental convenlence to vary the scattering angle of the second
scattering only. The angle of first scattering was fixed at 90°. This
is large enough to give an appreciable polarization (26.7% expected for
gold at 121 kev). The target wheel is of aluminum construction and made
so that the target foils Dbisect the supplement to the scattering angle,
see Figure 7. Any of the four targets can be rotated into position by

a knob external to the vacuum system. The target holders allow one-half
inch diameter targets.

The collector cup was not designed to give an accurate reading
of the absolute beam intensity. Its only use 1s to help locate the beam
and give an approximate reading of its intensity to help in tuning up
the apparatus. For these purposes, a relative reading of the beam in-

tensity is sufficient.

Solenoid

The reason for using a weak magnetic focusing magnet between
the two scatterers was discussed in the Introduction. It is, in a word,
a device to improve the signal-to-noise ratio. The design parameters of
such a focusing device are not critical to this experiment since pre-
sumably the measured values of the azimuthal asymmetry are independent of
them. The design parameters Were, therefore, chosen to meet the needs
of another experiment that used concurrently a large part of the equip-
ment of this experiment.

The focusing device is an ailr core solenoid consisting of four
layers of 2160 turns each of #10 Heavy Formvar copper wire wound on an
aluminum pipe, 19.2 feet long by 12.75 inches in outside diameter. TFor
this experiment, the four windings were put in a series-parallel arrange-

ment.
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Both the polarizer and analyser are located in the end fields
of the solenoid. The solenoid thus acts as a magnetic lens giving both
z-focusing and radial focusing. So that the fields in the target regions
would be as small as possible, the solenoid is operated at a current
to put the first focus on the analyser target. This corresponds to a
field of about 12.5 gauss in the center of the solenoid, and of about
1 gauss at the target positions.

A block diagram of the solenoid current supply is shown in
Figure 8. The current is supplied by a 300-volt D.C. generator. The pass
tubes are a bank of 6AST tubes in parallel. The error signal is obtained
from a 2B23 tube, a magnetic field sensitive diode, in a coil in series
with the solenoid. The error signal is fed into a D.C. amplifier which
controls the pass tube grids. The regulator eliminates ripple to better
than a part in a thousand, and after a suitable warm-up period D.C. drift

is only one part in a thousand per hour.

Correction Coils

The entire path of the electrons is encompassed by two correc-
tion coils, one for lateral corrections in the beam position and one for
vertical corrections. Each of these consists of two ccils separated by
5 feet. Each coil contains 30 turns of #lh Formvar copper wire wound on
a wooden frame 5 feet by 28.25 feet. These correction coils produce a
nearly uniform magnetic field of .16 gauss/amp over the region of the
electron trajectories. As far as possible, iron was excluded from this
region. Under typical operation about 3 amperes are put through the verti-
cal correction coil and .3 ampere through the lateral correction coil.
These currents correspond to fields roughly in magnitude and opposite in

direction to the components of the magnetic field of the earth in the
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laboratory. The correction coils are used not only to cancel the field
of the earth, but to compensate for slight misalignments of the solenoid
field with respect to the slit system. The mode of regulation of these

currents is identical to that for the solenoid, see Figure 8.

Slit System

The slit system is shown schematically in Figure 9. All slits
are made of aluminum to reduce slit edge scattering and prevent crea-
tion of hard x-rays from impinging electrons. All slits have lead back-
ing to stop transmission of x-rays. All slits have a slight taper (10°)
to reduce slit edge scattering. The double slit leading to the polar-
izer target is for the purpose of limiting the beam to the central por-
tion of the target so as to avoid scattering from the target holder.
The purpose of the slit after the polarizer is to mask the target holder,
that is, to prevent any electrons that might strike the target holder
from entering the solenoid. Its purpose is not to give aperture defi-
nition. This function is furnished by the slit in the center of the
solenoid. It limits the aperture to + 1°. The center of the slit is
blocked to prevent passage of electrons which lose an appreciable energy
in the first scattering. It also stops any x-rays from traversing the
slit system. The double slit located Jjust before the analyser was de-
signed to hug the beam cone and thus remove extraneous electrons as well
as to prevent movement of the beam spot on the target. After second
scattering the beam aperture is defined at the counter face. A nozzle
extending from the counter face toward the target is for the purpose of
preventing entry into the counter of spuriously scattered electrons.
The aperture of the monitor counter was reduced at the counter face, in

comparison to the movable counter,so that more intense beams could be used
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without saturating the monitor. The electrostatic energy analyser has
slits at each end of the deflecting plates in order to improve energy

resolution. They are 1/4" in diameter.

Analyser Assembly

The analyser assembly consists of (a) a slit leading to the
analyser target, (b) a four-position target wheel, (c) a mechanism to
change the target angle, (d) a movable Geiger counter, (e) a movable
electrostatic energy analyser with attached Geiger counter [this unit
being interchangeable with the movable Geiger counter], (f) a fixed
Geiger counter for monitoring beam intensity, and (g) a mechanism to
rotate the entire assembly about the incident beam direction. A
schematic view of the analyser assembly is shown in Figure 10, and a
photograph is reproduced in Figure 11.

The target wheel is of aluminum construction. It has four
target holders, one-inch inside diameter. The target wheel can be rotated
to any of its four positions by a control external to the vacuum system.
The target wheel is oriented so that any spurious electrons striking it
could not enter the movable counter.

A target-tipping device was installed so that the target plane
could be put at any angle to the incident beam from 90° to 180°. The
control for this device is external to the vacuum system. A locking
mechanism on the target-tipping device prevents slippage. The purpose
of the target-tipping mechanism is to allow the counter to always look
at the transmission side of the target foll so as to reduce the possi-

bility of plural scattering.
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The movable Gelger counter 1s the counter that observes the
azimuthal asymmetry. It can be set at scattering angles from 65° to
165° in 5° intervals.

An electrostatic energy analyser with attached Geiger counter
can be inserted in place of the movable counter. Since this unit is more
bulky than the movable counter, the range of scattering angles that it
can cover is from 80° to 140°. The purpose of this unit is to study the
effect of inelastically scattered electrons on the measurement of the
Mott asymmetry. When set to accept the elastic peak in the energy profile
it guarantees the condition of elastic scattering in observing the Mott
asymmetry.

A Geiger counter fixed at a scattering angle of 45° and in the
same azimuthal plane as the movable counter is used to monitor beam in-
tensity. It views the transmission side of the target. This position
was chosen, as discussed in Chapter I, because it best insures the moni-
toring of the single scattering counting rate, and because at 45° the
Mott asymmetry is vanishingly small for gold and aluminum. It is also
out of the way of the movable counter.

The entire analyser assembly was built in a cylindrical cage
which could be rotated about the incident beam direction so that the
azimuthal asymmetry can be studied. This rotation can be performed by
a control external to the vacuum system.

An important feature of the design of the.analyser assembly 1s
the openness around the target and especially in the direction of the
transmitted beam. In this direction, the beam is unobstructed for about
3 feet in length and 12 inches in diameter. The end of this chamber
is lined with lucite to help in beam absorption. The entire assembly

is of aluminum construction.
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Gelger Counters

The three Geiger counters used are of identical construction.
Fach has a thin end window of aluminized th-mil mylar (total thickness:
1.9+ .3 mg/cm?) 1/2-inch in diameter. The counter wall is a brass tube
2 inches long. The central wire 1s a 6-mil tungsten wire supported at
one end and beaded at the other end. The counter is filled to a pressure
of 10 cm of Hg with a 9:1 mixture of argon to alcohol, premixed before
entering the counter. The counters can be filled without opening the
vacuum system. An arrangement of pipes makes it possible to equalize
pressure on both sides of the counter windows while pumping down the
vacuum system in order to avold undue stress on the windows.

These counters have plateaus 150 volts long with a slope of
% per 100 volts. They are operated about 50 volts above thresheld.
The voltage supply used is regulated to better than .1%. The Geiger tube
pulses are put through a cathode follower into a coaxial cable and then
into an Atomic linear amplifier (model 204-B) which feeds them into an
Atomic scalar (model 1090). A Tracerlab ratemeter is also put in parallel

with the scalar for the monitor counter to aid in beam alignment.

Electrostatic Energy Analyser

The electrostatic energy analyser is a plug-in unit that can
replace the movable counter in order to study the energy spectrum of the
doubly-scattered electrons. The dimensions of the deflecting plates can
be seen in Figure 12. The deflecting plates are completely encased to
avold any effect on the electron trajectories near the target by stray
electric fields. A voltage of 23.25 kv on the deflecting plates is

sufficient to bend 121 kev electrons on a 10 cm radius through the slits
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at each end of the deflecting plates and into the Geiger counter. The
voltage supply for the deflection plates is a regulated rf type supply

made by Dumont (model RA119).






IV. APPARATUS STUDIES

Beam Alignment

The alignment of the beam was done in several steps. First, a
fluorescent material was placed around the slit leading to the polarizer
target to facilitate aiming the gun at the slit. A fluorescent target
in the polarizer target wheel served to check that the beam was striking
the target properly. A collector cup beyond the target also aided in
this respect besides yielding a rough measurement of the beam intensity.
The alignment of the slit leading from the polarizer was checked with a
beam of light. The alignment of the slits at the analyser was checked
every 30° of rotation of the analyser assembly using a telescope with
cross hairs. The alignment of the counters with the target was checked
with light beams. The electrostatic energy analyser could not be aligned
with light beams and so accurate machining and positioning had to be
depended on.

To locate the beam at the analyser, a large fluorescent plate
was originally used. Later a fluorescent target was placed in the target
wheel for this use. It was found that a visual judgement of the proper
centering of the beam using the fluorescent target coincided with a maxi-
mizing of the counting rate in either of the Geiger counters as measured
by a ratemeter. The latter method was used thereafter. The centering was
accomplished by peaking the countihg rate successively with respect to
the solenoid current, the vertical correction current, and the horizontal
correction current. This centering procedure was found to be independent
of the scatterer (Au or Al), of whether the movable counter or monitor

was used, and of the azimuth angle.
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Spurious Asymmetries Study

Spurious instrumental asymmetries arise from misalignments in
the slits, target holders, and counters, from wobble in the rotation in
azimuth of the analyser assembly, from asymmetric magnetic fields present,
and from the use of finite apertures. The elimination of misalignments
was discussed in the previous section.

The elimination of webble in the rotation of the analyser
assembly was very important in reducing spurious asymmetries. This was
accomplished by centering the slit leading to the analyser target with
respect to the outer circular ring of the analyser assembly. This ring
was then made to roll on positioning rollers in the analyser chamber.

The accuracy of this procedure was then checked with a cross hair tele-
scope as was described in the previous section.

It was found early in the work that deviations from axial sym-
metry of the magnetic focusing fleld, caused apparently by iron equip-
ment in the room and in the structure of the building, could lead to a
spurious asymmetry large compared with the Mott asymmetry. The focusing
field at that time was around 100 gauss. To minimize the effect, the
focusing field was reduced to about 12.5 gauss at the center of the
solenoid. This field corresponded to the first focus of the beam falling
on the analyser target. With this field and the slit system employed in
the final measurements, the spurious instrumental asymmetry was about 5%
(one-half of peak-to-peak value) when the electrostatic energy analyser
was used and about 2% when Just the movable Geiger counter was used.
These values are smaller than the Mott asymmetry factors measured. Instru-

mental asymmetries typical of these two situations are shown in Figure 13.
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As was pointed out in Chapter I, the spurious instrumental
asymmetry was measured by inserting an aluminum target in the polarizer,
the analyser, or both, using the fact that the Mott asymmetry for low Z
elements is very small. This asymmetry could then be eliminated from
the experimental asymmetry found with gold targets in order to obtain
the Mott asymmetry.

An aluminum target with a thickness such as to give the same
scattering power as the gold foil was used. For this thickness of
aluminum the average energy loss, due mainly to ionization collisioms,
is greater than for the gold foil used. If the gold polarizer were re-
placed by an aluminum target, the focusing field would thus bring the
beams from the two targets to focus at slightly different points. The
evaluation of the instrumental asymmetry under such a circumstance would
be imperfect. Thus the spurious instrumental asymmetry was measured by
replacing the gold foil by an aluminum foil at the analyser.

The spurious asymmetries discussed in the previous paragrapis
may be described as static ones since they do not vary in time. Another
type of spurious asymmetry is that which varies in time. This type is
potentially more serious since it is much more difficult to measure.
Such an asymmetry could arise from time variations in the solenoid
focusing field, the vertical and horizontal correction fields, the
accelerating voltage, and the deflecting voltage of the electrostatic
energy analyser.

To avoid these spurious effects a two pronged approach was used.
First the slit system was built so that detuning these parameters made as

small a change as practical in the ratio of counting rates which was used
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for the measurement of the Mott asymmetry. Secondly, each of the five
parameters mentioned was electronically regulated. Figures 14, 15, and
16 show the change in the ratio of the counter-to-monitor counting rate
ratio for gold to that for aluminum for changes in the five parameters.
These changes extend from the setting for the beam focus lying on the
target to settings where the counting rate has dropped to roughly half
value as compared with the focus. The regulation range indicated is
the maximum drift per hour observed. From these graphs it can be seen
that detuning errors in the three masgnetie fields are negligible.
Drifts in the accelerating voltage and the deflecting voltage can be
more serious. Under the worst conditions either could cause a change
in the ratio of 3%.

Since the measurement of the Mott asymmetry must be independent
of the magnetic foecusing field, it must be guaranteed that this field
introduces no spurious effects. The detuning test shown in Figure 15
shows that small changes in this field do not affect the measurements
appreciebly. It must also be shown that large changes in this field do
not introduce systematic errors in the measurement of the Mott asymmetry.
To show this, successive runs were made to measure ®ygpp with the sole-
noidal focusing field in the two opposite polarities. The values of
5 mopr (90°, 120°) obtained, .07T4 + .006 and .073 + .006, agreed within
statistical error.

Another type of spurious asymmetry arises from the use of a
finite aperture at the polarizer target and from the fact that the cross
section varies as a funetion of the scattering angle. It does not arise

from misalignments of slits, from the presence of magnetic fields, nor
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from the spin of the electron. It can be understood qualitatively with
the use of Figure 17. Consider a beam scattered at an angle 91 from a
point on the polarizer target with a total aperture angle of 2 a. If a
constant magnetic field in the direction shown in Figure 17 is present, this
beam will be brought to a focus at a point on the analyser target where it
is scattered at some angle 92. The inclusion of the magnetic field in no
way affects the calculation to follow and is included only to emphasize
that this effect does not depend on a finite sized collision area of the
beam on the analyser target. It also emphasizes the applicability of
the calculation to the present experimental geometry. The solid line
portions of the electron trajectories in Figure 17 lie in the plane of the
paper while the dashed line portions are projections of the trajectories
on the plane of the paper. The effect may be described by this essentially
two dimensional picture.

Consider first the electrons following trajectory (a) in Figure
17. They must be scattered through a angle 92 + (¢ in order to proceed in
the @o = n direction or through an angle ©, -  in order to proceed in the
@o = 0 direction. Assuming a cross section which decreases monotonically
with increasing scattering angle, more of these electrons will be scattered
into the ¢, = 0 direction. Reasoning similarly for electrons following
trajectory (b), it can be seen that more of these are scattered in the
¢o = nt direction than in the @, = O direction. If the same number of
electrons followed each of these two trajectories, no difference in the
numbers of electrons scattered into directions ¢, = O and ¢p = m would
result. However, if the same type of cross section that holds for the

analyser is assumed to hold for the polarizer, then there are more electrons
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scattered along trajectory (b) than along (a). A predominance of electrons
scattered in the @, = x direction over those scattered in the ¢, = O direc-
tion results. This is the finite aperture asymmetry.

(2,3)

Louisell first discussed this effect. He calculated the
expected asymmetry for 90° scattering at both targets. His estimate of
the effect agrees with the more general treatment below. Since his
treatment contains several serious errors, the agreement must be regarded
as coincidental.

Consider the trajectory (e) in Figure 17. The intensity of the

beam scattered in direction @, = m at the analyser from a solid angle dfi4

at the polarizer is

T d0,=INNt tora; ALL A, (x.2)

Here Ii is the beam intensity before the first scattering, N the density

of atoms in the target, t the effective target thickness, ¢ the differential
cross section, and Ay the solid angle accepted by the detector. The sub-
scripts 1 and 2 refer to the first and second scatterings respectively.

Let us assume the Rutherford scattering law to hold.

e (7 o2 @ Jg™da™
— €
TA0=TNNg 1,00, (2 2) o ngl"ds"del7 .
MV7 gint 6 ) %z.
The scattering angles G (ﬂ) and 9 (ﬂ) for this bea&fga b d
y be expressed in

terms of the aperture angle 7 by

6" =6+ (h.5)

and

eém___ 0, +¥ (k. 4)
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The effective target thickness t2 is given in terms of the perpendicular

target thickness d by

t,=dsecy (+.5)
Let
K= INNtd@ez)( >25mesmo(Aﬂ (4.6)
: Migm_ K secy sin(Bi+y¥) dy »
I sinB df :
Lroin6i el 256 sina sint( B.Jrg sm( gé) 1
The average of I over the aperture at the polarizer is
— 0,+c
I= S _T_ sin e(fr demr) (4.8)

6,-

T _ K ( secd SIH(9.+X) CJX (4.9)

T 25n6,SINd » Sm“(% +g) 51n4(% +%)

'I“._: K g‘; (I+cot tany)dy
C

251 Qs simt ) (cosg +eot§sngfeosf rcot Besing)?

(4.10)

Assuming  small («l'), the integrand may be expanded for small y pro-
vided 91 and o, are large enough so that both cot 921- and ecot % are less

than, say, ten.

I= S gs: 6. 7% {d [1+¥(ots 2eotG+2cotBh+12(4
(4.11)
motg. cot% +g.cot g, -2¢ ofg, cotot cctzgg-Zc otgzcoteydx



Integrating, this beeomes

= K .
T Sln‘*% 5”"423 R(B,,Gmcg-’:r)a) (4.12)

where

R(6,8, )d;:ﬂ‘)o() =+ %2(4+4c°t900t%' +23'c°+'2%

(4.13)

+3 ot ~2tot9eots—2cotSecot))

The beam intensity scattered in the direction g, = O can be calculated

in a similar manner, the only change being that 92(0) = 92 € 7. The
result is

T o K
L= SIt9sine, R(6,,8,\%=0,%) (4.2

R (enea)"%:@"‘) =+ %f @‘4Cot%wt%+gcot2g,

- | (4.15)
+§ootB 200t ot +200t S cot)

C 1 _ RBH2=0x) _|_ 448
. ﬁ = RBBETA | 4-395 (260&%—(:&6\\)60{%@.16)

The ratio of beam intensity in the ¢, = 0 direction to that in the P ==
e
direction due to this effect is therefore less than one since both (2 cot E} -

e,
cot Gl) and cot ?§iare positive for ©; and @, between O and n. Hence the
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finite aperture asymmetry opposes the Mott asymmetry and tends to reduce
the measured value of it.

This can be a large effect. If @ =6, = 60° and a = 3° then
the difference of the ratio (L4.16) from unity is .018 which is large
compared with 28ygmp (60°,60°) = .008 for gold targets at 121 kev.

The finite aperture asymmetry decreases with increasing scattering
angles o1 and ©, and with a decreasing aperture angle «. For this

experiment o = 1° and 8; = 90° and so

i

? =1 —.000406 COt & (k.17)

m
The biggest effect in this experiment will be on the monitor at 6, = 45,

i

For this angle the ratio differs from unity by less than a part in a
thousand (.00098).

Since the finite aperture asymmetry, as calculated above from
the Rutherford cross section, is independent of the atomic number of the
scatterer, even this small effect would be divided out of the data by
the procedure of taking a ratio of counting rates for gold to that for
aluminum. However, the scattering of spin 1/2 partieles of relativistic
energies is not accurately described by the Rutherford cross section.
The Mott theory must be used. In the Mott cross seetion formula the
Z and © dependences are not multiplicative. However, the Mott eross
section formula may be written as the product of the Rutherford cross
section multiplied by a function of Z and @. This function has at most
a value of about two for Z = 79, E = 121 kev and any Q.(hl) Thus, by
teking a ratio of the counting rate for gold to that for aluminum, at

least half of the already small finite aperture asymmetry will be
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eliminated from the data. It is conclided that the finite aperture asym-

metry causes no significant error in the present experiment.

Background Studies

Use of the magnetic foeusing field between the polarizer and
analyser allowed the analyser to be far enough from the polarizer so that
background from the very intense source of x-rays at the polarizer was
negligible. Lead shielding aided in this job. This source of background
was evaluated by measuring the counting rates with the beam on and off
when no polarizer foil was present.

With the polarizer foil in position and an empty target holder
in the analyser position, the counting rate dropped to cosmic ray level
for all scattering angles studied. This was true for both the movable
counter, the monitor, and the counter attached to the energy analyser..
This was taken as an indication that no significant source of background
arose from the transmitted beam colliding with the end of the analyser
chamber. It must be called an indication rather than a proof since the
geometry of the beam is different with target in and out. Since the
number of electrons scattered at large angles is relatively small com-
pared to the number in the transmitted beam, the main difference is that,
with the target in,the transmitted beam is cOntained roughly in a cone
with an apex angle equal to the root-mean-square angle of multiple
scattering rather than in a fine line as when the target is out. How-
ever, care was taken in the construction of the analyser chamber to allow
this cone of beam to proeeed about three feet before encountering the
chamber wall. For this reason target-out background and target-in back-

ground were beldieved identical.



Thus the only background was that of cosmic rays. For the
counters used the counting rate from this cause was about ten counts
per minute. Since the lowest beam counting rate used was about 10,000
counts per minute, the background represented a correction of only.l%.
Since this error is a factor of ten below the statistical error quoted
for each of the twelve points used to measure the cosine asymmetry, it
was not subtracted from the observed counting rates. It might be added,
however, that even this negligible source of error was partially eliminated

by the procedure of ratio taking.

Energy Analysis and Calibration

The energy analyser was built to determine whether inelastic
scattering could affect the measurement of the Mott asymmetry. The work
of Rose and Bethe(l9), discussed in Chapter II, indicates that no signi-
ficant depolarization results from inelastic processes in which only a
small fraction of the electron's energy is lost. Their treatment there-
fore does not apply to those electrons in the low energy tail of the
energy profile of the doubly-scattered beam. Even if these electrons
retained the same polarization as those in the elastic peak, it would
be necessary to discriminate against them in the present experimental
arrangement since their spins waould have precessed more due to their
slower speed in the magnetic foeusing field than the spins of the electrons
in the elastiec peak. This leads to a depolarization as discussed in
Chapter IL. From these considerations it is seen that only a low resolution

analyser is needed sinece only the tail of the profile need be excluded.
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Energy profiles of the deubly-seattered beam for a gold énalyser
and for an aluminum analyser are shown in Figure 18. In each case a gold
polarizer of thiekness 9 x lO-6cm was used. Sinece one kilovolt change
on the defleeting plates corresponds to six kilovolts change in the
acecepted beam energy, the full width of the elastic peak at half maximum
for a gold analyser is about 1lc kilovolta. For the aluminum it is sabout
14.5 kilovolts. The defleetor voltage used in measuring d mopr is indi-
cated in Figure 18. Its position between the elastic peaks for the gold
and aluminum was c¢hosen so that running time would be a minimum.

The energy gnalyser in conjunction with a radioactive source
was used to calibrate the beam accelerating voltage. A weak (~ 7000
disintegrations per second) Eul®@ - Eul54 source was mounted on a thin
film in the analyser target holder. The K conversion line at T3 kev and
the L conversion lines (a close doublet) at 115 kev from a 122 kev y-ray
were observed. The deflector voltage corresponding to 121 kev electrons
was then found by extrapolation. The high voltage meter was then cali-
brated by determining the setting for which the elastic peak of the
doubly scattered beam corresponded to the deflector voltage for 121 kev
electrons. The error in this calibration was estimated to be 3%. From
the width of the eonversion lines the resolution of the energy analyser

was estimated to be 8%.

Target Thickness and Orientation

The gold targets used were commercially available gold leaf.
By weighing, the thickness was found to vary from .18 to .19 mg/cm%

This corresponds to about 9 x lO_6cm. The main requirement on the gold
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target is that it be thin enough to insure single scattering, or at least,
to avoid multiple scattering. Mchr and Tassie(uu) have studied the multi-
ple scattering of electrons in gold foils at the energy 121 kev. They
state that the Williams(h5) formula for the root-mean-square angle

V62 — STTNd Zéet(1-82) In 231(Nd)27% &\ (1)
hﬁf(:+f94 ) nqccgcg

gives the best fit to their exact numerical treatment. For gold (N =
5.91 x lO22 atoms per cm5), an energy of 121 kev (B = .59), and a target
thickness of 9 x lO—é‘sec 40° cm (the effective thickness of the target
for the orientation used for measurements at an 80° scattering angle),
this root-mean-square angle of multiple scattering is 9°. However,

Mohr and Tassie(qh) state that values of this angle below 30° for this
energy and element are rather meaningless since they correspond to target
thicknesses so thin that an insufficient number of collisions occur to
allow the application of multiple scattering theory, The average number

of collisions n is given by the William's treatment to be

4 ~4
n = 5.36x10% %?EZC—;?@" (4.2)

0

For the parameters given above, n & 3. This bears out the statement of
Mohr and Tassie. Thus multiple scattering is negligible for the gold
targets used.

The aluminum target used had a thickness of .67 mg/cm2 corre-
spondingto 2.5 x lo'ncm. The multiple scattering is small since the root-
mean-square angle (~ 11°) and the average number of collisions (n & 3)

are close to those discussed for the gold foil. The main criterion in

choosing a foil thickness for the aluminum was to match the counting rate
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for the gold target for a scattering angle of about 90°. In doing this
an energy analyser setting corresponding roughly to acceptance of the
elastic peak from the gold target was used.

At the lowest angle of scattering studied,(Q2= 80°) the effect
of target thickness on the measurement of the Mott asymmetry was studied
experimentally. A gold foil of thickness 1.8 x 10 ”cm was used as the
analysing foil. The dyopp measured for this foil (.053 + .003) agreed
within statistical error with 8 ygpp measured with a foil.9 x 10"7cm
(.036 + .003). At larger scattering angles the effect of target thick-
ness would be expected to be less important. Hence, it was concluded
that targets thin enough to insure single scattering were used.

The calculations of Ryu on plural scattering, discussed in
Chapter II, indicate that the transmission side of the foil should face
the detector if single scattering is to be insured. For this reason
the plane of the target was placed so as to bisect the supplement to
the scattering angle. The plane of the target was also perpendicular
to the plane determined by the trajectories of the electrons scattered
into the counter and monitor. For this target orientation grazing of
the target by both the incident and scattered beams is minimized con-
sistent with using the transmission side of the foil. For large scatter-
ing angles the angle of scattering approaches the target plane with this
scheme. Thus plural scattering contributions may thus increase with
scattering angle even while using the transmission side of the foil.

Unfortunately no calculations are available to estimate the amount.
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Unpolarized Nature of Initial Beam

An electron beam obtained from a hof filament has always been
considered to be unpolarized. The reasons for this belief have been
theoretical rather than experimental. Since it is easy to check this
assumption of the Mott theory experimentally with this apparatus, it
was felt worthwhile to do so.

From symmetry considerations it can be seen that the beam
leaving the electron gun, if polarized, must be longitudinally polarized.
This is apparent since the only preferred directions are the momentum
and the accelerating electric field which are in the same direction.
Hence, any polarization must be parallel or anti-parallel to the momentum.

A method of detecting this longitudinal polarization with the
present apparatus is to use an aluminum target at the polarizer position
and a gold analyser target. The aluminum target will not produce any
appreciable Mott polarization but will rotate the longitudinal polari-
zation vector into a predominantly transverse orientation(28) since the
angle of scattering at the first target is 90°. Therefore, since Mott
scattering on the gold seeond target acts as an analyser for transverse
polarization, an azimuthal asymmetry should result if the first incident
beam were longitudinally polarized. A run of this type was made. The
results are shown in Figure 19. A Fourier analysis of the experimental
points yielded an asymmetry amplitude of .007 + .006. This amplitude of
the cosine asymmetry agrees well with & yopp (A1,90°; Au,90°) = .0065
calculated by Sherman(56) (see Table I). Of equal importance is the
fact that the phase of the cosine agreed with that expected of a Mott

asymmetry considering the precession of the polarization vector in the
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