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ABSTRACT

This thesis describes the design, construction and operation of
an intense source of polarized electrons suitable for application to
most proposed scattering experiments.

Polarized electrons are pro¬

duced in a flowing helium afterglow apparatus by chemiionization reac3
tions involving optically pumped helium 2 S metastables. These
electrons are electrostatically extracted from the flow tube and
formed into a beam.

The electron spin polarization is measured by a

unique "on-line" Mott scattering polarization analyzer designed and
constructed as an integral source component.
In this thesis, applications for a polarized electron beam are
reviewed and a comparison of the best available sources is made.

The

operation of the optically pumped flowing helium afterglow source is
described in detail and current and polarization performance character¬
istics are reported: 0.1
30% and 10 JJA at 20%.

pA

at 50% polarization; 1 juA at 45%; 5 juA at

Measurements of the beam emittance show it to

be very low (2 mrad-cm at 400 eV).

Significant advantages of this

source are the ease of electron spin reversal or modulation without a
change in beam trajectory and the novel "on-line" Mott detector which

allows simultaneous polarization analysis and low energy beam use.
Several proposed experiments are suggested with a report on progress
to date.
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CHAPTER I

INTRODUCTION

The importance of spin-dependent interactions in atomic, nuclear
and solid state physics has been gaining recognition since the discov¬
ery of the phenomenon of electron spin.

In the last fifteen or twenty

years there has been a concerted theoretical and experimental effort
to isolate spin-dependent effects by calculation and measurement of
electron spin polarization in scattering or ionization processes.

A

distinct aspect of this effort has been the development of methods for
production of high intensity beams of polarized electrons suitable for
scattering experiments.

Until recently, crucial spin information has

been lost in unpolarized electron scattering measurements due to the
necessity of averaging over all spin directions.

Examples of the addi¬

tional information derivable from the scattering of a spin oriented beam
appear in atomic, nuclear, solid state physics and even biochemistry.
The polarized electron source described in this thesis has develop¬
ed in the manner described above.

McCusker, et^al^ demonstrated by

spin polarization analysis of extracted electrons that the metastablemetastable reaction
He (23S1 ) + He (23S1 )—*- He (l1SQ) + He+ + e"

(1-1)

is the predominant source of ionization in a weak, optically pumped
helium discharge.

The possibilities for development of a polarized

2

electron source were recognized at that time and led to the construction of a flowing helium afterglow apparatus.

Keliher, et al.

2

demonstrated spin conservation in collisions of spin-oriented metaO

stable He (2 S) atoms with a variety of gaseous targets and chemical¬
ly cleaned surfaces by polarization analysis of electrons extracted
from this optically pumped flowing helium afterglow.

He simultan¬

eously established this method as a high intensity source of elec¬
trons with considerable polarization.
This thesis describes the design, construction and successful
operation of a polarized electron source suitable for most proposed
spin-dependent scattering experiments.

The source is based on the

flowing helium afterglow technique.

Referring to Figure 1, high
4
purity helium flows at speeds on the order of 10 cm/sec through a
nozzle in which a discharge is lit by a microwave source. The
o

(2 S-j ) metastables in the flow tube are optically pumped in the
presence of a weak magnetic field by the absorption of circularly
polarized resonance radiation from a helium discharge lamp.

These

spin-oriented metastables are de-excited by chemiionization reac¬
tions with an injected reactant species.

An example of one such

reaction is Penning ionization:
He (23S1) + AB-*-He (11SQ) + AB+ + e"
where AB is any atomic or molecular species except neon.

(1-2)
Other

possible reactions are associative, dissociative, and rearrange¬
ment ionization.

The electrons released in this ionization process

are electrostatically extracted from the afterglow, formed into a beam
and spin analyzed.
The current and polarization characteristics of this polarized

FIGURE I *

APPARATUS (1/8 ACTUAL SIZE)

3

4

electron source are impressive.

A maximum polarization of 50% has

been achieved at a current of 0.1 „uA and a 1 JJA beam with 45%
polarization has been produced.

Very intense beams of 5 and 10 JLIA

with polarizations of 30% and 20% respectively have also been attained.
A unique Mott scattering polarization analyzer (Figures 1 arid 5)
has been constructed specifically for use with this source.

This

novel design eliminates the need for the accelerating column, energy
discrimination electronics, isolation transformer and protective cage
employed in conventional Mott scattering systems.

The inherent beam

focussing properties eliminate fluctuations of the beam position, a
major source of random error in polarization measurements.

The most

significant advantage of the polarization analyzer is its unique "on¬
line" capability which allows simultaneous Mott scattering polariza¬
tion analysis and experimental use of the beam at low energies.

Possible applications of a polarized electron beam are surveyed
in Chapter II along with a comparison of existing polarized electron
sources based on a variety of physical processes.

The remainder of

this thesis describes the construction and operation of a second gen¬
eration flowing helium afterglow apparatus designed with the intention
of optimizing this technique as a polarized electron source suitable
for scattering experiments.

A description of the apparatus and diag¬

nostic measurements of the source is given in Chapter III.

Chapter

IV reviews the polarization, current, and beam characteristics of the
source and additional measurements of source performance are pro¬
posed in Chapter V.

Finally, three proposed experiments using this

apparatus are described with a discussion of progress and preliminary
*

5

results.
An extended flow tube configuration of the apparatus is not
discussed in the body of this thesis since it is unsuitable for use
as a high intensity source of polarized electrons.

However, signifi¬

cant insight into processes occurring in the afterglow is made pos¬
sible by investigation of the current and polarization characteristics
of the apparatus discussed in Appendix A.

6

CHAPTER II

POLARIZED ELECTRON SOURCES AND APPLICATIONS

A. Introduction

Polarization analysis of electrons from ionization and scatter¬
ing experiments has rapidly developed as an effective tool in the
understanding of a variety of physical processes, particularly in
atomic and solid state physics.

The additional knowledge derivable

from the application of polarized electron beams to scattering
experiments has been recognized in almost every field of physics.
Until recently, however, the development of polarized electron beam
technology has been insufficient for most applications.

In this

chapter, proposed investigations utilizing polarized electron beams
in a variety of fields are reviewed.

Also a survey of the most

promising sources of polarized electrons is presented.

A quanti¬

tative comparison of source characteristics establishes the source
described in this thesis as the state-of-the-art in polarized beam
technology and confirms its suitability for most of the proposed
experiments.
B. Applications in Atomic and Molecular Physics
Several experiments employing polarized electron beams have been
proposed to investigate electron exchange and spin-orbit effects in
o c

atomic scattering. "

One example is the investigation of the spin

7

exchange interaction in the low energy elastic scattering of electrons
by alkali atoms.

Differential cross-section measurements using un¬

polarized atomic and electron beams yield only one relationship be¬
tween the direct (f) and exchange (g) scattering amplitudes.

Two

other independent relationships are required at a given energy and
angle to completely determine f, g, and their relative phase.

Recoil

experiments,^ in which a polarized atomic beam is scattered by an un¬
polarized electron beam with subsequent spin analysis of the scattered
atoms furnish a second relation ;between f and g.

Finally, if the

scattered electrons are spin analyzed, a third relation is obtained,
completely defining the scattering process.

This last measurement

is extremely difficult due to the low intensities required by the
double scattering (Mott scattering analysis of the electron polarization has an efficiency on the order of 10-5). An additional compli¬
cation arises because the electron and nuclear spins cannot be de¬
coupled since the necessary magnetic field would deflect the scattered
electrons, thereby destroying angular information.

The reduction in

polarization due to this hyperfine coupling requires the measurement
of very small scattering asymmetries.

As a result of these difficulO

ties, the only experiment of this type was attempted only at small
angles (< 50°) where the initial scattering intensities were large
and, even then, error in these results was estimated to be 30%.
Because these three measurements are difficult, another inde¬
pendent relationship between the scattering amplitudes is highly
desirable.

This independent measurement appears now to be technologi¬

cally feasible using a polarized electron beam.

For example, the

direct measurement of the triplet scattering amplitude, If-gl can be

8

made by scattering atomic and electron beams with parallel spins.
The application of polarized electron beams to inelastic exchange scattering 4 * 9 and combinations of electron exchange and spin5
orbit scattering has also been suggested. A method for measuring
"spin-reversal" cross-sections using polarized electrons in a flowing
helium afterglow will be described with preliminary results in Chapter
V.

Spin-orbit effects have been studied extensively1O’11 for elastic
scattering of electrons in the energy range 50 to 400 keV from high
Z targets.

The azimuthal asymmetry in the angular distribution of

elastically scattered, transversely polarized electrons due to the
spin-orbit interaction is well understood.

This asymmetry forms the

basis for Mott scattering polarization analysis 12 discussed in Chapter
III.

An example of spin-orbit effects in inelastic scattering

is the

production of an azimuthal asymmetry in the angular distribution of
bremsstrahlung from transversely polarized electrons. 1T

Proposed

measurements of this asymmetry for incident electron energies from 50
to 125 keV using the polarized electron source described in this thesis
are discussed in Chapter V.
C.

Applications in Nuclear Scattering Experiments

In spite of numerous proposals for experiments employing pola¬
rized electron sources in nuclear and particle physics, preliminary
measurements for only one experiment have recently been made.

Elec¬

tron scattering at GeV energies furnishes information on the charge
density within the nucleus.

Analogous to atomic scattering experiments,

9

the use of high energy polarized electron beams supplies valuable
spin-dependent structure details, since the spin-dependent part of
the cross-section is considerably more sensitive to the model
dependent parameters than the spin-averaged cross-section.

The

experiment, first proposed by Bjorken,^ involves the measurement
of the asymmetry in the differential cross-sections for parallel
and anti-parallel spins in deep inelastic scattering of polarized
electrons on polarized protons.

Recent experimental measurements 18

of this asymmetry lend support to the quark-parton models 19 * 20 of
particle structure.
D.

Applications in Solid State Physics

In the last ten years, polarization analysis of electrons ex¬
tracted from solid materials has contributed significantly to an
understanding of band structure, particularly in magnetic metals.
Potential applications of a polarized electron beam in solid state
scattering experiments are plentiful.

Two examples are:

1) high energy (4 - 40 keV) scattering from magnetic materials,
and
2) low energy electron diffraction (LEED) of polarized electrons
from clean crystalline surfaces.
Vriens

21

has shown that the momentum and spin-density distribu¬

tion of bound electrons in magnetic materials can be calculated from
measurements of the cross-section for large angle, large-energy-loss
scattering of a polarized electron beam.

His theoretical results are

quite explicit and he discusses the specific requirements of experi¬
ments to test his conclusions.

However, to date, no experimental

10

measurements have been made.
Calculations by Jennings 22 ’ 23 and Feder 24 predict that a pola¬
rized incident beam produces a left-right asymmetry in the intensity
of diffracted beams in LEED.

Thus, calibration of these intensity

asymmetries using a polarized electron beam and conventional Mott
analyzer would furnish a low energy polarization analyzer especially
suitable for ultra-high vacuum experiments.
The first experimental measurements of spin-polarization effects
in LEED have been performed by O'Neill, et al_.

25

using an unpolarized incident electron beam.

Spin analysis of one of

in this laboratory

the diffracted beams has demonstrated the presence of large polariza¬
tion effects.

The location of this LEED apparatus adjacent to the

polarized electron source described in this thesis will allow the even¬
tual use of the polarized electron beam as the incident beam in future
LEED experiments.
E. Applications in Biochemistry
Qualitative measurements of the asymmetric degradation of equal
mixtures of chemical enantiomers by longitudinally polarized electrons
(one of the few positive results in a myriad of negative experiments)
has led to a demand for more conclusive experiments.

As discussed in

Chapter V, this experiment will be repeated in this laboratory in the
near future.
F. Summary and Comparison of Pôlarized Electron Sources
1. Introduction
In view of the potential scientific usefulness of an intense
beam of polarized electrons, it is not surprising that a large number

26

11

of techniques which-result in spin-oriented free electrons have^been
investigated as possible sources.

In many cases, the primary experi¬

mental objective was the use of electron spin polarization analysis
as a diagnostic tool.

However, the intensity and polarization were

often sufficient to suggest development of the technique as a source.
Despite the wide variety of physical processes involved in
these techniques, the origin of electron polarization results from
one or both of the following fundamental interactions:
1) Preferential spin orientation results from a spin-dependent
interaction (normally spin-orbit coupling) experienced by an
unpolarized incident beam, for example, low energy electron
scattering from atomic mercury.

27

2) At least one of the participants in the process producing
the free electron has been pre-polarized.

Examples are:
i) photoionization of polarized alkali atoms 28
ii) photoemission 29
and field 30
emission from magnetic
materials

iii)

chemiionization of polarized

(this thesis)
1+2)

Spin polarization results from a combination of spin-orbit
effects and the use of circularly polarized light:
i) photoionization of Cs, the Fano effect31
ii) photoionization of GaAs

op

Although many other techniques exist33 for producing spinoriènted electrons, the methods listed above have been developed
beyond the proposal stage.

While almost all could benefit from future

technological advances, e.g. high power cw lasers at specific wave-

12

lengths, most of these sources have been optimized for existing
technology.
2. Source Criteria
When comparing polarized electron sources for application to
a specific experiment, several characteristics must be considered
in addition to current and polarization.

The frequently employed

p

figure of merit, polarization squared times intensity (PI), is
relevant only where counting statistics are the limiting effect
and where neither the intensity nor the polarization is restricted
by experimental conditions.

Of course, large values of both

polarization and current are desirable.
Beam quality is important for scattering applications and is
generally parameterized by the beam emittance defined by
£

1

= r

+ e/ni r
o 0o
^ ) o^ (Bo/vo) (H-D
where r o = the radius of the beam at its source
0Q = the angular spread of the beam at that point

EQ

and E = the initial and final beam energies

BQ

= the magnetic field at the source

The energy dependence of the first term requires specification of
the beam energy at which the emittance is measured.

Sources em¬

ploying large magnetic fields generally have emittance problems due
to the second term in the above expression.

For experiments where

energy resolution is required, the energy spread of the electron
beam is also an important source criterion.
Since almost all experiments involving polarized electrons
require the measurement of an asymmetry in the scattering of the

13

beam, instrumental asymmetries must be calculated, measured or elimi¬
nated.

The ability to reverse the electron spin orientation without

affecting the beam trajectory, thereby allowing cancellation of instru¬
mental asymmetries, is a distinct advantage.

Further, rapid modula¬

tion of the polarization is desirable for measurements of extremely
small asymmetries because narrow-banding (lock-in) techniques can be
effectively employed.
There are, of course, many other criteria to be considered for a
particular experimental application, for example, simplicity of opera¬
tion, stability, and initial and operational costs.
3. Comparison of Polarized Electron Sources
Table 1 contains a compilation of polarization, current, and
beam characteristics of six optimized sources, as well as the special
features peculiar to each.
a.

Scattering from Atomic Mercury

The sources based on low energy electron scattering from an atomic
beam34 employ a mercury beam crossed by an electron beam of several
hundred volts, rotatable in the plane perpendicular to the atomic
beam.

At these energies the electron wavelength is comparable to the

atomic radius so that the elastic scattering is essentially a diffrac¬
tion of the incident electrons resulting in a scattered intensity
typical of an interference pattern.

However, the spin-orbit contribu¬

tion to the scattering potential results in different "effective"
scattering radii for spin-up and spin-down electrons so the interfer¬
ence patterns (cross-sections) differ slightly.

Thus, a high polari¬

zation is produced at angles where the cross-section for one spinorientation is zero.

Unfortunately, since the spin-orbit contribution

to the potential is a small effect, the cross-sectiqn for one §pin
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orientation is very small near the minimum in the cross-section for
the other.

The result is the polarization corollary to Murphy';s Law:

polarization maxima occur at intensity minima.
As can be seen from the table, the current and polarization of
this source are not competitive with more recent techniques.

Addi¬

tional problems are the difficulty in reversing the polarization (the
electron gun angle must be changed) and the technical problems of
working with a mercury atomic beam.
b) Photoionization of Polarized Alkali Atoms
The most intense effort in optimizing a technique as a polarized
electron source has been directed at the photoionization of polarized
alkali atoms.

’ ’

3

An alkali atom beam is spin selected by passage

through a six-pole magnet.

This beam is then photoionized by a pulsed

spark discharge lamp and the longitudinally polarized electrons are
then electrostatically spin rotated for polarization analysis.
This method can yield high polarization but the intensities are
relatively low and are not expected to improve significantly.

The

ionization efficiency of 20% combined with the state-of-the-art atomic
beam and magnetic state-separation technology indicates that an order
of magnitude improvement in current is unlikely.

Electron spin

reversal is accomplished by adjustment of the magnets, which eliminates
the possibility of rapid spin modulation and raises serious questions
regarding instrumental asymmetries due to the beam trajectory.

Emit¬

tance problems are present because of the high magnetic field necessary
to eliminate hyperfine coupling effects; note that the value for emittance in Table 1 is measured at 70 keV.
The performance characteristics of this source are deceptive.
The many technical problems combined with the low average current

16
O

(10 A) make this technique unsuitable for most of the applications
suggested earlier.

However, this source is the only one presently

capable of meeting the basic polarization and current requirements of
a polarized electron injector for particle accelerators (P>50%,
Ipuise> 10^ electrons/! .5 jusec pulse at 100 pulses/sec, 10~4 A peak
current).

This source, PEGGY,

OO

(polarized electron £un), has been

successfully applied at SLAC in the deep inelastic scattering problem
discussed earlier.^
c)

Photoionization of Cs, Fano Effect
Photoionization of alkali atoms with circularly polarized light

also yields polarized electrons, although this result is not as obvious
as it sounds’, the spin of the absorbed photon normally reappears as
orbital angular momentum of the photoelectron according to the selection
rule Am^ = - 1.

However, Fano

showed that spin-orbit coupling in

the continuum angular momentum states could lead to electron spin orien¬
tation.

The net result is a difference in the photoionization cross-

section at certain wavelengths for the two spin states using circularly
polarized light.

Similar to electron scattering from an atomic beam,

this difference in cross-section can produce large polarizations when
the cross-section for the production of one spin orientation approaches
zero.

Again, however, the high polarizations correspond to low inten¬

sities.
The best results employing this technique were obtained using a
pulsed, frequency-doubled dye laser crossing an array of 20 atomic
cesium beams from a recycling oven.

Very high polarizations and inten¬

sities comparable to the best polarized alkali photoionization results
indicate that this source could easily compete with the latter for an
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accelerator injector system.

An advantage of this technique is that

rapid electron spin reversal is possible by reversal of the sense of
circular polarization of the laser radiation.
However, the present repetition rate is three pulses/minute.
Extrapolation to the minimum requirement of 50 pps for LINAC applica¬
tions, while maintaining the high laser power necessary for the present
intensities, is not an easy task.

Again, although it is well developed,

atomic alkali beam technology presents formidable system cleanliness
problems.
d)

Field Emission from EuS
Magnetic materials present a system of pre-polarized electrons for

a polarized electron source if they can be removed from the bulk with¬
out losing their spin orientation.

Measurements of the spin polariza¬

tion of electrons extracted from magnetic materials by field or photo¬
emission represent excellent examples of the development of polarized
electron sources as a by-product of fundamental physical investigation.
Ferromagnetism arises from the exchange interaction in the 3d
bands of Fe, Co, and Ni which causes a shift in the energy of the 3d
spin-up band with respect to the spin-down band.

Since both bands are

filled to the Fermi level, this shift results in unequal numbers of
spin-up /and spin-down electrons.

The magnitude of this difference

depends critically on several factors.

Among these are the shape of

the density of states function vs. energy, the relative shift of the
spin-up and spin-down bands, and the position of the Fermi level.
Thus, measurements of the spin polarization of the extracted electrons
provide detailed information on the electronic structure of magnetic
materials.

The population differences for spin-up and spin-down
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electrons are small -in the normal ferromagnets, so measured polarizations are very low (< 15%).

However, for elements in the europium

gadolinium group, where ferromagnetism results from the half-filled
4f shell, which contains totally spin-oriented electrons, large
polarization effects are expected and have been found using both
photoemission 39
and field 40
emission techniques.
The results for field emission are reported in Table 1 since
photoemission from magnetic materials was abandoned as a source in
favor of semiconductor materials, as will be described later.
Field emission from EuS covered tungsten tips appears attractive
as a polarized electron source due to the high polarizations measured.
However, intensity measurements are not reported except that "in static
operation a current of 10"^A seems possible".^ The present source is
pulsed and experience has shown that maintaining polarization under
conditions of maximum intensity is usually not as straightforward as
it seems.
Although modulation of the electron spin orientation can be ac¬
complished by reversal of the magnetic field

(the source operates in

a pulsed mode with a 250 /jsec pulse length at 6 - 30 pulses/min), it
is comparatively slow and, more importantly, can easily result in in¬
strumental asymmetry problems due to beam trajectory changes.
In spite of the high magnetic field

20 kilogauss) required to

align the magnetic domains, the emittance is very good since the elec¬
trons are emitted from a true point source.

The magnetic field in

the second term of equation II-l is compensated by an infinitesimal r .
The major problems for sources of this type result from the
requirement of extreme purity.

This requires crystal cleaning and
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evaporation in situ in an ultra-high vacuum system.

Since the Curie

point of such thin films is on the order of 20°K, liquid helium
technology must also be employed.

Finally, the polarization varies

dramatically with slight variations in evaporation and annealing
procedures so that reproducibility is a problem,
e)

Photoionization of GaAs
Just as polarization analysis of electrons extracted from mag¬

netic materials yields electronic structure information, the reverse
is also true.

Extensive experimental and theoretical studies of the

band structure of the semi-conducting material GaAs are in excellent
agreement.

As a result of this understanding, measurements of the

degree of spin polarization of photo-ejected electrons have agreed
remarkably well with predictions.
The observed polarization of electrons photoemitted from GaAs
is similar in origin to the Fano effect in Cs.
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In this case, however,

the calculations are complicated by the use of wave functions appro¬
priate to the solid and, in fact, can only be done for materials such
as GaAs where extensive calculations are available.

The selection

rules for circularly polarized light and the spin-orbit splitting
of the energy bands result in preferential transitions of one spin
orientation to the conduction band.

Surface treatment with layers of

Cs and 0 reduce the conduction band minimum from 4ev above to slightly
below the vacuum level (a negative electron affinity - NEA).

Al¬

though the exact nature of this mechanism is not completely under¬
stood, it results in much higher photoemission yields than from
untreated surfaces.
The GaAs crystal is cleaved and transported under vacuum to a
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sample preparation chamber where it is alternately treated with Cs
and oxygen several times.

The crystal is then transported to a

liquid helium cold finger where it is exposed to circularly polarized
radiation from a mercury-xenon arc lamp, monochromator and polarizer.
The longitudinally polarized "photoemitted" electrons are then spin
rotated, accelerated and Mott scattered.
The polarization and current figures for this source are im¬
pressive, but little or no improvement can be expected in the polariza¬
tion since the reported value of 45% is very close to the theoretical
maximum of 50%.

Advantages include the ability to rapidly modulate

the electron spin orientation by reversing the circular polarizer,
the absence of a magnetic field and the small energy spread and
emittance of the beam.
As in the magnetic material sources, liquid helium technology
and surface treatments under ultra-high vacuum conditions are required
to operate this source.

Variations in the polarization are extremely

dependent on surface treatment as indicated by measured polarizations
opposite to the expected direction for two of the seven surfaces
tested.

Even in the ultra-high vacuum environment, surface contamina¬

tion causes a variation in the polarization with time; it deteriorates
on a time scale of 2 to 5 hours after which the entire surface treat¬
ment must be repeated.
f)

Optically Pumped Flowing Helium Afterglow
The remainder of this thesis describes the operation and perfor¬

mance characteristics of a polarized electron source based on the
chemiionization of optically-oriented helium metastables, as described
in CHAPTER I.

As can be seen in Table 1, the polarization and current
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produced by this technique are excellent.

The low energy spread

and emittance of the beam are particularly desirable for low energy
scattering experiments.

The rapid reversal or modulation of the

electron spin without a change in the beam trajectory and the
unique, "on-line" capability of the polarization analyzer cannot
be overemphasized.

This polarized electron source is ideal for

atomic scattering experiments (even swarm experiments can be per¬
formed in the flow tube) and is suitable for all of the applica¬
tions suggested earlier, with the possible exception of the nuclear
scattering experiments.
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CHAPTER III
APPARATUS AND OPERATION

A. Introduction

The apparatus, as shown in Figure 1, consists of three basic
systems :
1. A flowing helium afterglow in which electrons are produced by
chemiionization reactions between optically pumped helium (2 S-j)
metastables and a reactant gas.
2. An electron extraction and lens system for the extraction and
focussing of these electrons into a usable beam.
3. An "on-line" Mott scattering polarization analyzer of novel
design for monitoring the spin polarization of the beam.
B. Optically Pumped Flowing Helium Afterglow
1. Buffer Gas Flow and Excitation
With reference to Figure 1, high purity helium is injected
through a converging-diverging pyrex nozzle into a 10 cm. diameter
pyrex tube which is exhausted by a 500 1/sec Stokes-Roots pumping
system.

Typical pressures of 65-150 microns are maintained for

helium flow rates of 25-55 torr-l/sec (Table II).

The hélium flow

rate is regulated with a needle valve and measured on a ball flowmeter
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FLOW TUBE
FRESSURE
(nierons)

FLOW RATE
(torr-l/sec)

64

25.0

5.11 x 103

3.2

73

28.4

5.06

3.9

82

32.0

5.14

4.5

93

36.1

5.23

5.1

100

40.4

5.32

5.5

113

45.2

5.41

6.1

124

49.7

5.47

6.7

136

55.4

5.57

7.5

METASTABLE
AVERAGE VELOCITY DIFFUSION DECAY
( ca/sec )
LENGTH
(cm)

TABLE 2: HELIUM FLOW PARAMETERS and MET ASTABLE DECAY LENGTHS
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which was calibrated using a positive displacement gas meter, which,
in turn, was calibrated accurate to 1% using a standard proving bell.
Confidence in the flow rate based on these measurements is 2%.

The

flowmeter calibration curves are accurate to within 5% of the
measured flow rates.

The bulk or average flow velocity is relatively
3
constant over this flaw range, increasing slightly from 5.06 x 10 to
5.57 x 10^ cm/sec (Table II).
The flow characteristics are determined essentially by the
Knudsen number defined as the ratio of the mean free path, L, to the
tube radius, a.

For L/a <.01, the flow is viscous whereas for L/a>l,

molecular flow dominates.

For a typical operating pressure of 80

microns, the mean free path of helium is 0.19 cm so that L/a = 0.04,
which falls in the transition region.

The large volume of literature 41

describing gas flow in afterglows is not directly applicable to this
experiment because the analysis is valid for the tube pressure range
0.2 to 2 torr used in ion-neutral reaction rate studies where the flow
is almost purely viscous.
42
Keliher's extension of this viscous flow analysis to the lower
pressures used in this experiment agree with measured values to about
20%, below 100 microns.

At these pressures, slip flow at the walls is

estimated to account for 20% of the total flow.

Measurements of the

metastable diffusion decay lengths in the present apparatus, compared
with Keliher's calculation (based on the viscous flow model with a
parabolic velocity profile and slip flow at the walls) agree to within
about 15% (Table II).

This is as good an agreement as can be expected

because of the mixed flow characteristics at these pressures.
The helium flow yields a time independent, spatially dependent
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distribution of the products of the microwave discharge located at
the nozzle.

All excited species with sub-millisecond lifetimes decay

in the "arm" of the pyrex "Y" section.

In constrast to higher pres¬

sure afterglows, molecular ions and metastables formed in three
body reactions 41 are negligible at these low pressures.
Thus, the only discharge products surviving in significant
quantities into the body of the flow tube are helium neutrals,
triplet (2 S-j ) and singlet (2 SQ) metastables, ions and electrons.
Unpolarized source-produced electrons which would reduce the polari¬
zation of the extracted beam diffuse to the walls by ambipolar diffusion. Measurements by Oskam and Mittelstadt 43 for thermalized ions
and electrons indicate that when the electrons are thermalized, ambipolar diffusion of He+ ions in He proceeds at approximately the same
rate as the triplet metastable diffusion.

However, the electron

energies immediately after the discharge are very high so that for
these low pressures, where the diffusion time is shorter than the
thermalization time, source-produced electrons and ions will quickly
diffuse to the walls.

Radio-frequency heating applied after the

microwave discharge to enhance this diffusion showed no effect on the
extracted current indicating that for the source-extractor distance
used here (40 cm)

no significant quantity of source-produced elec¬

trons reach the extraction region.

R-f heating could be used to

eliminate these electrons if a shorter source-extractor separation
were desired, but care must then be taken to shield the optical
pumping region from stray r-f fields.
The polarization of the extracted beam is also reduced by the
contribution of electrons from chemiionization reactions with singlet
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metastables; however, the microwave discharge produces a singlet
to triplet ratio of less than 0.1 as determined by resonance absorp¬
tion measurements to be discussed in the next section.
2. Optical Pumping
The flow tube is surrounded by a set of magnetic field coils
which cancel the earth's field and superimpose a one gauss field
to define a unique quantization axis.

The hélium (2 } metastable

atoms are optically pumped (Figure 2) by the absorption of circularly
polarized 2 3
S -3
2 P resonance radiation from a helium discharge
lamp, directed parallel to the magnetic field.

The right (left)-

hand circularly polarized pumping light imposes the selection rule
Amj = +1 (-1) in upward transitions.

For the spontaneous P-state

decay radiation, the selection rule is Amj = 1,0,+1.

The net result

of many absorptions and radiations is an increase in the population
of the mj = +1 (-1) magnetic sublevel at the expense of mj = 0, -1
(+1); the spin angular momentum of the triplet metastable is thus
preferentially oriented in:space.
The optical pumping lamp consists of a helium filled pyrex tube
excited by a 60 MHz, 250 watt multivibrator.

Since the lamp is opti¬

cally thick, no significant increase in light intensity is possible
by increasing the excitation level.

R-f from the oscillator is

shielded from the chemiionization region, where it could enhance
diffusion of polarized electrons to the walls by enclosing the lamp
in an aluminum box with copper shielding tape.

The gas pressure in

the lamps used at present is not well known since they were filled
to 10 torr at least ten years ago.

As discussed in Chapter V, new
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lamps are being prepared for an evaluation of the optical pumping
efficiency as a function of lamp pressure.
Light from the lamp passes through an infrared filter, linear
polarizer and quarter-wave plate.

The sense of circular polarization

of the light and hence the magnetic sublevel (mj = +1 or -1) which
is preferentially populated is easily reversed by a 90° rotation
of the linear polarizer.
A lead sulfide detector across the flow tube from the lamp
monitors the light absorbed by the discharge.

Fractional absorption

is defined as the ratio of the difference in light reaching the
detector with the discharge off and on to the total light received
from the lamp.

Both triplet and singlet resonant absorption at

1.08 ju (2^S - 2^P) and 2.06 ju (2^S - 2^P) can be measured using
appropriate narrow band interference filters in the front of the
detector.
Calculation of the metastable density from fractional absorp¬
tion measurements is complicated even in the thin absorber limit
(<1% absorption) by several factors.

Among these are:

i) the relative widths of the high pressure discharge emission
and low pressure absorption lines,
ii) the relative intensities of the different lines (see Figure 2)
iii) the overlapping of more than one absorption line by broad
emission lines, and
iv) frequency shifts between emission and absorption lines.
In the flowing afterglow, an additional complication is the spatial
variation of the density of absorbers due to the parabolic flow dis¬
tribution.

Since neither the absorption nor emission line widths have
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been measured for this experiment, results of even the best calcula¬
tion are approximate.

Using spectral data from similar experiments,

Keliher calculated a relationship between the density of metastables
and fractional absorption of the pumping light.

Variation of emis¬

sion and absorption line widths, frequency shifts, and relative
intensities over reasonable limits indicate that estimation of abso¬
lute metastable densities from fractional absorption measurements
are valid within a factor of three.

However, relative values should

be much better.
The measurement of fractional absorption is particularly help¬
ful as a diagnostic tool since it is an accurate relative measure
of the metastable density under normal experimental conditions.
A decrease in extracted current can be due to electron optics problems
or a decreased metastable density, caused for example, by impurities
in the helium flow.

The latter is easily checked by measurement

of fractional absorption.

Typical values of the metastable density

at the optical pumping site are given in Table 3 with estimated values
at the extractor calculated from the metastable decay lengths given in
Table 2.
McCusker*, et al_. derived a relation between the relative popula3
tions of the 2 S magnetic sublevels and another optical pumping measure¬
ment, the optical signal, in an effort to determine the extent of spin
orientation of the metastables.

The optical signal is defined by

Al/IQ, where AI;is the difference between the amount of light ab¬
sorbed by the pumped metastables, I, and the amount of light absorbed
when the metastables are "de-pumped", IQ.
measured two ways:

The optical signal can be

31

PLOW TUBE
PRESSURE
(microns)

TYPICAL
METASTABLE
DENSITY at Che
OPTICAL PUMPING
SITE .
( ca ^ )
9

TYPICAL
METASTABLE
DENSITY at the
EXTRACTOR
(cm*3)

ESTIMATED
MAXIMUM CURRENT
EXTRACTABLE,
*tnax
(uA)

7

64

1.0 x 10

1.3 x 10

0.67

73

2.4

6.3 x 107

3.4

82

4.9

2.2 x 10

8

11.4

93

8.0

5.1 x 108

26.5

XOO

ua

8

45.2

9

8.7 x 10

113

15.0

1.5 x 10

78.0

124

21.2

2.6 x 109

135.2

TABLE 3: TYPICAL METASTABI£ DENSITIES and ESTIMATED I,3UX
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1) The quantization field is sinusoidally varied about the one
gauss value while an r-f field is applied perpendicular to the field
at a frequency corresponding to the magnetic sublevel separation.
This induces magnetic dipole transitions forcing equal sublevel pop7
ulations.

A schematic of this apparatus and the quantities measured

is shown in Figure 3a.
2) The quantization field is held constant and the r-f field is
modulated.

The optical signal is then measured by phase sensitive

detection using a lock-in amplifier (Figure 3 b).
In McCusker's modelJ the optical signal is the sum of three
separate contributions from the three lines, Dq, D^, and D£ (see
Figure 2) which are absorbed in the ratio 1 : K:L;
2

(j)

where

AI^ _
9K , N- 1\
IT CxQlJ-l/
" 5+3L+K Vv 3O ‘Q/
9

1

I

A

JL

/

5+3L+K

K

O

J_\

2

~ 3'

_ 9 fN.,. +

I
o

5+3L+K

K

3
and N+, NQ and N_ are the relative populations of the 2 S atoms in the
optically pumped condition.
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FIGURE 3a: MEASUREMENT OF OPTICAL SIGNALS
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FIGURE 3b: MEASUREMENT OF OPTICAL SIGNALS
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When the pumping radiation is right hand circularly polarized,
the NQ and N_ populations will be depleted below their equilibrium
values of 1/3 so that AI^°Vl° and Al^VlQ will be negative while
À Iv

’/l

will be positive.

Thus, the total signal is the small

difference between large numbers and as a result is extremely sensi¬
tive to the unknown relative intensities, K and L, of the lines in
the pumping radiation.

Predictions of the metastable polarization

based on this model depend so critically on the spectral profile of
the lamp that they are not very useful.

In spite of this failure

to accurately predict the metastable orientation, the optical signal
provides another diagnostic technique for monitoring source perform
mance.
Measurements of the optical signal for the present apparatus
have been unreasonably low and nonreproducible.

Since these measure¬

ments are not essential to the operation of the source, they have
been deferred.

However, accurate measurements of the optical signal

should be made, at least as calibration data for diagnostic studies
of optical pumping problems.

As discussed in Chapter V, new measure¬

ments of the optical signal will be made in conjunction with proposed
studies of the optical pumping efficiency.
The helium metastàble polarization is less than 55%, as indicated
by the electron polarization measurements reported in Chapter IV.
While this is substantial, the processes responsible for this limi¬
tation are not well understood, but it may be due to transitions from
the 2 3
S to3
2 P states that do not obey the selection rule correspond¬
ing to the sense of circular polarization of the pumping radiation.
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Examples are:
i) "IT transitions (knij = 0) result from light rays which
are not parallel to the magnetic field,
ii)
(Amj =

-

1.08 ju radiation from the discharge is un
1 or 0).

iii) spontaneous emission from the 2 P states (& nij = - 1 or 0)
is reabsorbed (radiation trapping).
Investigation of the role these play in the optical pumping process
is an important possible avenue of improvement in the polarization
characteristics of this source.
The optical pumping lamp extends from 10 to 20 cm upstream of
the extractor.

The lead sulfide detector is usually centrally located,

but is movable so that absorption measurements can be made as a func¬
tion of position in the optical pumping region.
3. Chemiionization and Reactant Gas Injection
As described in Chapter I, polarized electrons are released
3
in chemi ionization reactions involving spin-oriented helium 2 S-j
metastables.

A reactant gas can be injected into the flow tube

through a ring injector mounted so that it can be positioned along
the axis of the tube (see Figure 1).

The flow rate (typically 1-4%

of the helium flow) is adjusted with a precision needle valve and
measured with a ball flowmeter.

The extracted current is a function

of ring injector position and exhibits a maximum when the injector is
placed about 1 cm downstream of the extraction aperture because the
metastables are de-excited at the aperture by backstreaming gas.

As

the injector is moved upstream, the current decreases due to increased
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diffusion of product electrons to the walls.

If no reactant gas

is injected, electrons are released from chemiionization reactions
with absorbed species on the brass extraction aperture.
The magnitude of the extracted current is different for chemi ionization by surface-ejection and reactant gases, and, in fact,
varies dramatically with the gas species.

The cause and effects of

this difference will be discussed in the next chapter.
C.

Electron Extraction

A detailed drawing of the extraction and focussing system is
shown in Figure 4.

The aluminum extraction optics chamber is

pumped by a freon-baffled 6" diffusion pump which maintains an
-5
ambient pressure of 10 -7
torr, and
10 torr when the flow tube
is in operation.

The wedge-shaped brass extractor allows the inser¬

tion of interchangeable extraction apertures.
All metal parts of the flow tube, including the extractor,
are floated at a negative voltage, typically 400 volts, with respect
to the grounded extraction anode so that electrons are accelerated
from the chemiionization region of the flow tube through the extrac¬
tion aperture to this beam energy relative to ground.

After extrac¬

tion, the beam passes through a series of cylindrical lenses which
produce a nearly parallel beam for the voltages indicated.

Because

of the focussing properties of the extraction system, if the accelerat¬
ing potential, and thus the beam energy, is changed, these lens
voltages must also be adjusted to maintain the optical qualities
of the beam.

The lenses and beam line are surrounded by mu-metal

tubing to eliminate deflection by the earth's magnetic field.

FICURE 4

I EXTRACTOR AND UNS ASSEMBLY (ACTUAL SIZE)
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Since the pumping lamp is directed along a vertical quanti¬
zation field the electrons are extracted with their spins trans¬
verse to their momenta.

Longitudinally polarized electrons can be

produced by rotating the lamp and quantization field 90°.
Recently a Wien filter 44 has been constructed for direct rotation
of the electron spin, and testing will commence in the near future.
A manipulator located 35 cm from the extractor allows move¬
ment of a faraday cup, energy analyzer, phosphor and several aper¬
tures into the beam line for analysis.

Final beam alignment is

accomplished by a second set of steering plates between the extrac¬
tion and Mott scattering chambers, to be^described in the next
section.

The versatile extraction and electron optics chamber

was designed to also serve as a low energy electron scattering
chamber suitable for the atomic scattering experiments suggested
in Chapter II.
D. Mott Scattering
High energy Mott scattering 12 is the most reliable method
available for electron spin polarization analysis.

The technique

consists of measuring the small azimuthal asymmetry in the Ruther¬
ford scattering of transversely polarized electrons in the Coulomb
field of a heavy nucleus.

This asymmetry results from the differ¬

ence in cross-sections for spin-up and spin-down electrons due to
the spin-orbit interaction.

Experimental measurements^ of this

Mott scattering asymmetry agree well with theory^ as a function of
incident electron energy and angle of detection.

Usually, incident

energies of 100-120 keV are used and electrons elastically scattered
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from thin gold targets are detected at 120° where the asymmetry
exhibits a broad maximum.
The measurement of instrumental asymmetries can be accomplished
by direct measurement using aluminum targets for which the spinorbit effect is negligible or by placing a second set of symmetri¬
cal detectors at small angles (45°) where the Mott asymmetry is
negligibly small.
Direct measurement of instrumental asymmetries is possible for
this source by measuring the asymmetry in the scattering of the
unpolarized beam produced by blocking the optical pumping radiation.
Simple cancellation of instrumental asymmetries is accomplished by
reversing the sense of circular polarization of the pumping light
which reverses the electron spin polarization without changing the
beam trajectory.

This is the technique employed in the work reported

here.
Due to the high energy requirement (~100keV) conventional
Mott scatterers employ an accelerating cblumn to achieve the desired
beam energy.

This requires the scattering chamber, with pump, foils,

detection and counting electronics, to float at the scattering volt¬
age so that access and adjustments are inconvenient.

Also energy

discrimination electronics must be used since inelastically scattered
electrons can reach the detectors.

Most importantly, "on-line"

polarization analysis is difficult due to the necessity of decelerating
the electron beam for low energy experiments.

A deceleration from

100 keV to 10 eV produces an increase in the emittance of the beam
by a factor of 100 (see Eq. II-l).
The unique Mott scattering polarization analyzer designed for
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this source eliminates the accelerating column, energy discrimina¬
tion electronics, isolation transformer and inconvenience while
allowing simultaneous polarization analysis and experimental beam
use with very little degradation in beam quality.
Figures 1 and 5 show top and front views respectively of the
Mott chamber with which the polarizations reported here were
measured.

The system consists of 2 concentric cylinders, the

inner of which is mounted on a plexiglass top plate and held at 120
keV.

In order to minimize the electric field strength between the

cylinders, the ratio of their radii is e, the base of the natural
loagarithm.

In addition, all apertures and edges are radiussed.

No high voltage breakdown has occurred inside the chamber up to
the limit of the present supply, 130 keV.
The aluminum middle cylinder is inserted to maintain a radial
field distribution in the presence of the irregularities of the
outer chamber.

The middle cylinder is electrically isolated so

that it can be floated at the energy of the beam as it enters the
Mott chamber.

The aluminum vacuum chamber is at ground potential

so that the pump and counting electronics require no electrical
isolation.

This chamber is machined with ports at 0°,

-

30°,

- 120° and 180° for use as a versatile Mott scattering analyzer.
The chamber can also be inverted so that ports on the beam line
are positioned at 0,

-

90° and 180° for simple adaptation to a

general purpose vacuum chamber.

The freon-baffled 4" diffusion
£

pump maintains a pressure of about 10

torr regardless of the

flow tube pressure.
Upon entering the Mott chamber, the electron beam is
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FIGURE 5: ON -UNE MOTT SCATTERING POLAR 12ATION ANALYZER

(1'4 ACTUAL SIZE)
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automatically accelerated and focussed along the radial field lines
to the inner cylinder.

A manipulator on the inner cylinder allows

movement of foils, phosphors or targets into the beam line.

If

allowed to traverse the inner cylinder, the beam is automatically
decelerated back to the incident beam energy as it exitsjthe
chamber.

Because of the cylindrical symmetry inherent to the

design, this deceleration is accomplished without the usual
extreme degradation in beam quality (i.e., increase in emittance).
In fact, the measured emittance of the decelerated beam is 4 mradcm, only twice the value of the incident beam.
For polarization analysis, the electron beam is accelerated
to the gold foil at the center of the inner cylinder.

Electrons

scattered at 120° exit the inner cylinder, again along the field
lines, to the symmetrically placed Channeltron detectors.

The

Channel tron input is biased to the energy of the beam at the
entrance to the Mott chamber.

Only elastically scattered elec¬

trons are sufficiently energetic to reach the Channeltrons,
eliminating the need for energy discrimination electronics.
The capped rear ends of the Channeltrons are biased 3000 V
positive with respect to the cone shaped input which results in
hard saturation of the multiplier with 15 mV, 20 nsec, negative
pulses.

As a result of the excellent pulse shape, no preamp is

used and the Channeltrons are simply capacitively coupled to
the linear amplifiers.

Measured polarizations for counting

rates under 70,000/sec are independent of Channeltron bias
between 2600 and 3200 V.
Typical counting rates of 20,000 to 30,000 counts/second are
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maintained by aperturing the beam before it enters the Mott chamber,
although counting rates up to about 70,000 counts/second can be handled
accurately.

Normal background, even with the r-f lamp operating and

120 keV applied to the inner cylinder is less than 10 counts/second.
A polarization measurement is taken by counting for approximately
20 seconds with one polarization, rotating the sense of circular
polarization of the pumping light, and repeating.

One polarization

measurement takes approximately one minute.
The electron polarization is calculated from the ratio of the
scattering asymmetry for the two spin directions:
N
N
P = -g- , where X = L+ R*
/L+ NR4-

and S is the well known Sherman function.The well established
thin-foil value of S = 0.376 is reduced by multiple scattering in
the thick targets usually employed in Mott scattering.

The polariza-

?

tions reported here were measured with a 193 jug/cm foil corresponding
45
to S = 0.26 .
A series of foils of varying thickness (50, 100, 150, 200, 250,
o
300, 400, 600, 800 and 1000 Â) have been made by vacuum evaporation of
gold onto 1000 ft parylene substrates.

These foils will be utilized

to directly measure the reduction in the Sherman function for 120 keV
electrons scattered at 120° as a function of foil thickness.

No

measurements have been published for this energy and angle despite
its widespread use in Mott scattering polarization analysis.
The scattering efficiency of this Mott detector defined by
^scattered/^incident ~ 10”^ is slightly lower than usual because of
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the comparatively large foil-detector separation and small Channel tron input cone.

The initial design was over-engineered to protect

against high voltage breakdown; a smaller chamber with a large area
detector would increase the efficiency by an order of magnitude.
A distinct advantage of this Mott detector is the radial
focussing of the input beam.

A primary source of .error in Mott

scattering experiments is a change in the effective solid angle
exposed to the detectors due to beam drift across the gold foil.
The intense radial focussing present in this analyzer eliminates
this problem so that the standard deviation of several polarization
measurements is rarely greater than the statistical error.
A unique aspect of this analyzer is its "on-line" capability.
If the entire polarized electron beam is necessary for experimental
use in the Mott chamber at 120 keV or in a subsequent scattering
chamber, the polarization can be periodically verified by lowering
the gold foil into the beam line.

However, because of the high

forward scattering cross-section and the use of thin gold foils,
a significant fraction of the beam (85% into a 10°
a 1000

%

solid angle for

gold foil) is available at the Mott chamber exit so that

the polarization can be monitored concurrent with experimental
application.

This simultaneous polarization analysis without degra¬

dation of beam quality by deceleration is a distinct advantage over
traditional Mott scattering analyzers.
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CHAPTER IV

RESULTS AND SOURCE PERFORMANCE

A. Introduction

This chapter describes the results of measurements made to
understand and optimize the performance characteristics of this
apparatus as a polarized electron source.

Magnitudes and dependen¬

cies on operational parameters are discussed for the extracted
current, electron polarization and beam quality.
B. Extracted Current
1. Sources of Extracted Current
An understanding of the possible sources of extracted current
is important since electrons from any process other than chemiionization reactions with oriented triplet metastables degrade the pola¬
rization of the extracted beam.

There are three primary sources of

unpolarized extracted current:
1.

Electrons from chemiionization reactions with singlet

metastables are unpolarized and will degrade the polarization of the
beam.

The singlet to triplet ratio as measured by fractional absorp¬

tion is less than 0.1 over the entire operating pressure range so that
the polarization is decreased by at most 10%.
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2. Source-produced electrons do not contribute significantly
for the present source-extractor separation.

Further, r-f heating

can be used, as described earlier, to reduce this contribution to
the extracted current for shorter source-extractor distances.
3. An unpolarized current of unknown origin which depends
primarily on microwave power and the source extractor separation,
(also, a slight pressure dependence is observed, see APPENDIX A),
is present in this apparatus. Keliher 42 also measured this phenomenon
which he called the residual background current (RBC).

An estimate of

the magnitude of this current is made in the next section and actual
measurements of the RBC in an extended flow tube configuration are
42
discussed in APPENDIX A. Keliher suggested that this background
current results from "non-resonant u.v. photons from the excitation
source".

Another possible origin is trapped u.v. photons which flow

downstream from the discharge region essentially as metastable atoms.
Electrons produced by collisions between chemiions and the brass
extractor make a negligible contribution to the total extracted
current since electron yields from low energy collisions between ions
(particularly molecular ions) and heavily contaminated surfaces are
typically well under 0.05 electrons/ion.
2. Dependence of Extracted Current on Operating Parameters
Since the number of electrons produced in chemiionization
reactions is proportional to the metastable density in the reaction
region, the extracted current increases with the helium pressure in
the flow tube.

As will be established shortly, the current is also

a function of the particular reactant gas injected and the efficiency
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with which electrons are extracted from the afterglow.
The variation in extracted current with flow tube pressure for
four reactant gases and surface-ejection is shown in Figure 6.

The

measured current was collected in a faraday cup with a 1/4" entrance
aperture located 35 cm from the extraction aperture (see Figure 1).
This data was obtained operating the microwave discharge at about
35 watts and using a 2 mm extraction aperture, an extraction voltage
of 400 volts and the injector positioned 1 cm downstream of the
extraction aperture.
a. Microwave Power, Nozzle Shape and Cavity Position
The! current is nearly independent of microwave power above
this operating point (35 W).

Slight degradation in the polarization

at higher excitation levels indicates the possibility of a contribu¬
tion of source-produced electrons.

This hypothesis is reinforced

by the disappearance of this current when r-f heating is applied
immediately after the discharge.

The same result can be accomplished

by moving the microwave cavity slightly upstream on the nozzle so
that these hot electrons diffuse rapidly to the walls of the small
diameter tube; in this configuration no microwave power dependence
is measured.

The extracted current is also independent of nozzle

shape (converging-diverging or simple horn shape).
b. Flow Tube Pressure and Reactant Gases
From Figure 6, it can be seen that extracted currents on the
order of a microamp are easily achievable and, in fact, currents as
high as 10 juA have been measured using CO2 as the reactant gas.
is an extremely intense beam in terms of present polarized beam;

This

FIGURE 6: FLOW TUBE PRESSURE VS. EXTRACTED CURRENT <A>
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FLOW TUBE PRESSURE (microns)

50

technology and is a significant advantage in experiments in which the
scattering efficiency is small.
Referring to Figure 6, the current increases with helium pressure
for all gases, as expected, but the variation among gases is consider¬
able.

Since the metastable density is constant for a given pressure,

this effect must be due to differences in chemiionization and extrac¬
tion efficiencies.
At a given flow tube pressure the reactant gas flow rate was
adjusted to yield maximum current.

As would be anticipated, this

reactant flow rate varies inversely with the chemiionization crosssections as can be seen in Table 4.

The reactant flow rates in

this table are estimated from the calibration curves for the ball
flowmeters used to measure the reactant gas flow.

Absolute flow

rate measurements are not required in the operation of this
apparatus as a pôlarized electron source and these flowmeters
are employed primarily for resetability with a confidence level
of better than 10%.

The importance of choosing a reactant gas

with a large chemiionization cross-section is apparent from the
order of increasing current extracted at a given pressure: Ar,
CO, and CC^, the same order as the increase in chemiionization
cross-section.
The extraction efficiency is enhanced by rapid thermalization
of the electrons which reduces losses due to ambipolar diffusion.
As a result, it would be expected that a gas with a large crosssection for rotational and vibrational excitation by low energy elec¬
trons would enhance the extraction efficiency.

The fractional energy

loss per collision for a 2 eV electron due to rotational and
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REACTANT
CAS

TYPICAL
FLOW RAIES
(torr•l/âec)

ELECTRON
FRACTIONAL
ENERGY LOSS
CHEMUONIZAITOï at 2 «V by
CROSS-SECTION^ '/I3RATI0NAL &
ROTATIONAL
2
EXCITATION b

a)

AT

*2
CO

5*3

0

1.6

5.2

0.016

1.1

7.3

0.025

0*3

44,2

O
N

o

1*9

0.054

TABLE- 4: REACTANT GAS CHARACTERISTICS
a

Measured by RE?* 49 ia flowing afterglow at 300

Q

X

b

REF. 50

C

RE?. 51

FLOW
TUBE
PRESSURE
(microns)

SURFACEEJECTION

Ar

N2

64

.451

.6%

.6%

.73

• 24%

.4%

82

.12%

93
100

CO

co2

.6%

1.9%

.5% .

1.2%

5.0%

.4%

.8%

3.0%

8.2%

.11%

1.3%

1.7%

.10%

1.3%

TABLE 5: EXTRACTION EFFICIENCY ( X of Imax)

21.1%
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vibrational excitationHs given in Table 4 for the molecular reac¬
tant gases employed here.

The increasing order of fractional energy

loss is the same as the extracted current ordering at a given
pressure shown in Figure 6: N2> CO and C02*

It would be expected

that the current from surface ejection and Ar where thermal ization
is possible only by collisions with atomic species would be smaller,
as is observed. Energy spread measurements by Keliher 42 indicate
an order of magnitude difference between electrons from chemiionization reactions and surface ejection due to the lack of opportunity
for thermalization in the latter case.
Thus, more electrons are produced in a smaller region and.are i
more quickly thermal!zed for reactant gases with large cross-sections
for both chemiionization and rotational and vibrational excitation
by low energy electrons.

This effect is clearly visible in Figure 6.

c. Electron Extraction Efficiency
A rough approximation for the extraction efficiency can be
calculated from fractional absorption measurements as follows.

As

explained in Chapter III, the metastable density at the optical pumping
site can be calculated from these measurements.

The density at the

extractor can then be calculated using the measured metastable
diffusion decay lengths (Table 3).

Assuming one electron is produced

for every metastable, the number of electrons at the extractor can be
calculated.

The extracted current as a fraction of this maximum is

shown for several reactant gases, and for surface ejection, as a func¬
tion of flow-tube pressure in Table 5.

Because of the uncertainty

in the calculation of the metastable density from fractional absorp¬
tion measurements and the 15% error in the metastable decay lengths,
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these efficiencies are probably valid only to within a factor of
three.
As discussed previously, the extraction efficiency at a
given pressure increases in the order surface ejection, Ar, N2, CO
and C02.

From Table 5, it can be seen that this efficiency in¬

creases with flow tube pressure due to faster thermalization and
slower ambipolar diffusion loss of electrons.
d. Extraction Aperture
Extraction apertures of 1.5 mm, 2.0 mm and 2.5 mm have been
used in an effort to increase extracted currents.

When the 2 mm is

substituted for the 1.5 mm aperture, currents increase by a factor
of 5 for the surface and reactant gases.

Since the corresponding

increase in area is only a factor of 1.78, the large increase in
current may be due to greater field penetration.

When the 2.5 mm

aperture is substituted (an area increase of 1.56 over the 2.0 mm
aperture) the current increases by only 10% indicating a maximum
in extraction efficiency by field penetration has been reached.
Significant increase in extracted current is not expected with
larger apertures.
e. Extractor Anode - Aperture Separation and Flow Tube Bias
The degree of field penetration can also be adjusted by
varying the extraction anode-aperture separation and the extraction
potential.

The extraction anode and lens elements are mounted on a

movable lens rail with a remote drive so that the distance between
the anode (1st lens element) and the extraction aperture can be
varied.

It was thought that a focussing effect might be present
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which could be optimized with this freedom of movement.

However,

the extracted current decreases monotonically as the separation
is increased indicating that field penetration is the primary
extraction mechanism.
In contrast to the results of Keliher

42

, who found (for a

very different extractor configuration) the current to be indepen¬
dent of the flow tube bias, the extracted current for this apparatus
is a strong monotonie function of extraction voltage as indicated by
the table below.

Defining the current extracted at the usual tube

bias of 400 V to be 1, the fraction of this current extracted is given
as a function of applied voltage:
TABLE 6
TUBE POTENTIAL (V)
(BEAM ENERGY)

FRACTION OF CURRENT
EXTRACTED AT 400 V

100

.28

200

.57

300

.75

400

si

450

1.1

600

1.23

It should be emphasized here that the voltages on the lens
elements must be adjusted (changed by the same fraction as the tube
bias) to insure proper beam focussing.

If the extraction voltage

alone is decreased, the current decreases due to improper focussing.
As can be seen from the above table, the extracted current is
not saturated at the typical extraction voltage of 400 V.

Unfortunaté?,

ly, above 400 V the tube bias intermittently breaks down through the
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plasma to the grounded T>ump.
While Keliher found the extracted current to be independent of
tube bias he did discover it to be a strong function of a 10-20 V
positive bias on the aperture itself with respect to the rest of the
tube.

By adjusting this bias he achieved an increase in the extracted

current by a factor of 200 in the best case.

Such a large increase

is not expected for this apparatus because the present extraction
efficiencies are relatively high.

However, preliminary results (no

corresponding polarization measurements have been made) indicate
an increase in current by a factor of 5 when the aperture is
slightly biased. This investigation will be continued in an effort
to obtain higher currents while maintaining the polarization of
the beam.
The difference in behaviour of the two systems is probably
due to the extraction materials and geometry.

In Keliher's apparatus,

the brass nose-cone-shaped extractor was coated with PVC insulation
except for the aperture itself.

The present brass wedge-shaped

extractor is fully exposed and the extractor region is primarily
constructed of aluminum instead of pyrex.
f. Stability
The measured currents are stable over a typical four hour
running time to within 5% and reproducible on a day to day basis to
within 10%.
The basic parameters affecting the magnitude of the extracted
current have been summarized above.

While the present current

characteristics of the source are impressive, it is hoped that the
extraction efficiency can be increased by the application of a small
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bias to the extraction aperture.

Since it is doubtful that the

current can be increased by more than a factor of 5, further optimi¬
zation of the machine as a source must come primarily from increased
polarization.
C. Polarization
1. Introduction
The polarization of the extracted current is dependent on
the spin-orientation of the optically pumped helium metastables
and the relative contribution of other sources of electrons.

As

mentioned in the last section, the contribution of electrons from
reactions involving singlet metastables reduces the net polarization
by about 10%.

Since the degree of metastable orientation cannot

be measured accurately, a realistic upper limit for the electron
polarization cannot at present be determined.

Thus, it is not

easy to separate the effects of optical pumping efficiency and
extraneous current sources on the measured polarization.
2. Dependence of Polarization on Operating Conditions
The polarization of the extracted beam is shown in Figure 7
as a function of flow tube pressure for surface-ejection and the
four reactant gases employed.

The points plotted are the average

of between 5 and 8 separate polarization measurements.

As mentioned

in CHAPTER III, the standard deviation of these measurements is
generally less than the statistical error (typically .75%), due to
the excellent beam stability characteristics of the Mott chamber.
The polarizations reported here are reproducible over the short
term (e.g., an 8 hour run) to within 1% and day-to-day reproducibility
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POIARIZATION

FLOW TUBE PRESSURE (microns)
FIGURE 7j POLARIZATION VS. PRESSURE
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is generally better than 3%.
The general shape of the curves is the same for all cases: an
increase in polarization at low pressures until a maximum is reached,
and a severe decrease at higher pressures, except for the polarization
of the surface-ejected electrons, which falls off more slowly.

The

pressure corresponding to the peak polarization shifts to higher
pressures in the order C02> CO, ^ Ar and surface-ejection as
will be explained below.
a.

Low Pressure Behaviour and Reactant Gas Dependence

Perhaps the most noticeable and disturbing aspect of these
curves is the variation in the polarizations measured for different
reactant gases under identical flow tube conditions.

In Keliher's

measurements the polarization was the same within experimental
error for all reactant gases and surface ejection (except CO).

In

fact, this was a primary reason for the conclusion that spin was
totally conserved in these chemiionization reactions.
The clue to this discrepancy lies in the increasing order of
the peak polarizations: surface ejection, Ar, N2> CO, and CI^; the
same increasing order of the extracted current at a particular
pressure.

This phenomenon and the low pressure behaviour of the

polarization (for all reactant gases and surface ejection the polari¬
zation increases sharply at low pressures) are understandable in
terms of the contribution of the unpolarized residual background
current mentioned briefly in the last section and in detail in .
Appendix A. At pressures below 65 microns, this current is a signifi¬
cant fraction of the total current extracted.

As the helium pressure
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(and thereby the number of metastables) increases, the number of
electrons produced by chemiionization reactions increases dramatically,
whereas the background current remains essentially constant (see
APPENDIX A).

As a result of this increase in the fraction of the

beam which is polarized, the measured polarization initially in¬
creases with pressure.

Since the increase in current with pressure

(see Figure 6) varies for each reactant gas, the background durrent
makes a different relative contribution to the total current resulting
in the variation in polarization with reactant gas at a given pressure.
Since the metastable-produced current increases in the order: surfaceejection, Ar, N£, CO, and CO » it is not surprising that the polariza¬
2

tion peaks are shifted slightly to higher pressures in this order.
With two reasonable assumptions, the data supports this hypo¬
thesis and can be reconciled with the fact that the polarization
of the electrons resulting from chemiionization is the same for all
reactant gases.
The polarization peak of 50% for CO occurs at 72 microns corres¬
2

ponding (see Figure 6) to a current of 0.13 juA.

This is almost an

order of magnitude greater than currents using other reactant gases
at this pressure due to the extraordinary extraction efficiency (Table
5).

Let us assume that this current is entirely due to metastable-

produced electrons (other current sources being negligible) and that
50% represents the maximum polarization attainable.

Now invoke the

hypothesis, mentioned above, that the reduction in polarization of the
surface-ejected current is due to the contribution of an unpolarized
background current Ig, i.e.:

whepp

P

M = measured polarization for surface-ejection at 72 JJI

PT = true polarization of current without background
(assumed to be 50%)
1^ = current due to chemiionization of triplet metastables
(polarization = 50%)
IQ+IB

=

Total Extracted Current: Iy

For surface ejection at 72 microns P^ = .28 from Figure 7 and
Iy = 6.66 nA from Figure 6.
Solving for 1^ yields 3.7 nA which results in a value for the
residual background current of 2.9 nA.

Now, if this value for Ig

and the appropriate values of PM and Iy for the reactant gases are
substituted into the above expression and solved for Py, the result
is:
TABLE 7
Iy (na)

REACTANT GAS PM
(FIGURE 7)

(FIGURE 6)

P

T

(calculated)

Ar

.31

7.8

.494

N2

.37

11.1

.507

CO

.43

20.0

.503

Thus, the polarization of the current component due to
chemiionization of triplet metastables is the same for all the
reactant gases and surface emission.

The relative contribution

of the unpolarized RBC to the total extracted current is responsible
for the differences in polarization between gases and the decrease in
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polarization on the low side of the maximum.
b.

High Pressure Polarization

The sharp decrease in polarizations at high pressures is
particularly disappointing since this is the high current operating
condition.

Nevertheless, it should be noted that currents as

high as 10 juA can be achieved with polarizations of 20%.

Three

possible reasons for this high pressure reduction in polarization are:
a. an unpolarized contribution to the extracted current,
b. a reduction in optical pumping efficiency, and/or
c. the presence of a depolarization process.
These possibilities will now be considered in turn.
a.

Several possible sources of increased unpolarized current at

high pressures are:
i) electrons from singlet metastable chemiionization reactions
ii) source produced electrons
iii)

residual background current

iv) electrons from low level excitation background ionization
As described previously, there is no indication of a significant
increase in either the singlet metastable density or the number of
source produced electrons as the pressure increases.

Also, measure¬

ments of the RBC show no significant change with pressure (APPENDIX A)
so sources i, ii, and iii are eliminated.
Keliher42 also found a decrease in polarization at pressures
above 150 microns but, in addition to occurring at a higher pressure,
the decrease was much more gradual than that measured here.

One

common characteristic of the pressure dependence is that the surface
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polarization^drops off more slowly than the polarization of ■
chemiionization gases.

This would be reasonable if excitation of

the background gas behind the extraction aperture was responsible
for the high pressure decrease since the reactant gases would
offer a better environment for such a discharge.

Several tests

of this hypothesis were performed with the present apparatus.
The polarization remained constant when:
1) the extraction voltage was decreased,
2) the anode was moved back to increase the pumping speed
behind the extraction aperture,
3) the pressure in the chamber was increased and
4) a larger extraction aperture was inserted.
Since all these tests yielded positive results when performed by
Keliher, it must be concluded that the source of high pressure
polarization is different for this apparatus and, in fact, is
not due to this background ionization phenomenon.

The absolute

test of the unpolarized current hypothesis is described in the
next chapter.
b.

The second possible cause for the high pressure reduction in

polarization is a decrease in the optical pumping efficiency.

How¬

ever, this would not explain the different rate of decrease for
reactant gases and surface ejection.

Also, the shape of the

polarization vs. pressure curves are independent of the lamp
position (APPENDIX A).

At a given flow tube pressure, the lamp

can be moved upstream to a position where the metastable density
corresponds to that typical of a higher tube pressure measured
at the optical pumping site.

For example, at a tube pressure of
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73 microns, if the lamp is moved upstream 1.2 metastable decay
lengths (4.75 cm at this pressure from Table 2) the metastable
density will be equivalent to that at the normal optical pumping
site for a tube pressure of 93 microns (8.0 x 10 cm

).

Thus,

if the decrease in polarization at high pressures is due to
radiation trapping, a similar reduction should occur at lower
pressures with the lamp moved forward since the metastable densi¬
ties at the pumping site are equal.

No such reduction in polari¬

zation is observed.
P-state mixing 46 is not a likely depolarization process
3
since at 0.1 torr the radiation lifetime of the 2 S state
(lO'^sec)^ is shorter than the time between J-level-changing
collisions (5 x 10"^)^
c.

A possible depolarization process which might account for

a decrease in polarization at high pressures is spin exchange
collisions between polarized electrons in the flow tube and ions
of the reactant gas.

A simple test for this effect is made by

moving the injector upstream while the lamp position remains con¬
stant.

If such spin exchange reactions are responsible for a

decrease in polarization of the electrons in the flow tube, the
polarization should decrease as a function of reaction length.
No significant variation in polarization is observed with the
reactant gas injector moved as far as 18 cm upstream from the
extractor.
Since none of the proposed mechanisms for the high pressure
reduction in polarization appear to have a significant effect,
this phenomenon remains unexplained.

Despite this problem, the
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polarization and current characteristics of this source are
sufficient for any of the proposed experimental applications of
a polarized electron beam except those with the special require¬
ment of a polarization greater than 50% and pulsed, high peak
current (nuclear scattering).
The polarization vs. current curves are shown in Figure 8 for
surface ejection and the four reactant gases.

The general

features explained above are present: an increase in polarization
as current (pressure) increases, a polarization peak and decrease
at high currents (pressures).
range are obtained using

The best results over the entire
as the reactant gas.

The peak polari¬

zation of 50% corresponds to a current of 0.1 juA but the highest
2

P I of the source lies on the high current side of the peak at
about 27% at 6 uA as can be seen from Figure 9.
D. Beam Quality
The third important parameter of a polarized electron source
is beam quality usually characterized by the emittance as defined
in Eq. II-l.

The actual emittance of the beam extracted from the

afterglow cannot be calculated because the angular divergence at
the extraction anode is unknown.

An effective emittance for the

extraction system as a whole can be calculated from measurements
of the angular divergence of the beam at the exit of the lens
system.

The extracted current is measured by a faraday cup with

a 6.4 mm diameter entrance aperture located 13 cm from the last
lens element where the measured beam diameter is 3 mm.
data yields an emittance of 2 mrad-cm at 400 eV.

This

Measurements

FIGURE 8:

POLARIZATION VS. EXTRACTED CURRENT (A)
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of the beam size on an axially tracked phosphor confirm this
extremely small angular spread.
If a lower energy beam is required without an increase
in emittance, the extraction and lens voltages can be reduced.
As explained in Chapter IV, this will result in lower current
because of the reduction in extraction efficiency at lower tube
biases (Table 6).

It is anticipated that independent biasing

of the extraction aperture as described in Chapter IV may be
able to compensate, maintaining

the same emittance at lower

beam energies.
Keliher's measurements showed an energy spread of about 0.5 V
for electrons from chemiionized reactant gases which was about
equal to the resolution of his filter lens.

No energy analysis of

the present beam has been made but an improved analyzer has been
built so that measurements can be made with a resolution of better
than 50 meV.
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CHAPTER V

CONCLUSIONS AND PROPOSED EXPERIMENTS

A. Summary of Source Performance

As the results in the previous chapter and Table 1 indicate,
the flowing helium afterglow is an excellent source of polarized
electrons.

A polarization of 50% is more than sufficient for all

the applications proposed in Chapter II with the possible exception
of the nuclear accelerator experiments.

Further, the very high

II

current capability is especially advantageous in scattering experi¬
ments when counting statistics are the limiting factor.

The low

emittance and energy spread are comparable to the best of the sources
listed in Table 1.

The ease of electron spin reversal without a

change in beam trajectory allows for simple cancellation of instru¬
mental asymmetries and rapid modulation of the polarization.

Al¬

though Mott scattering analyzers are usually not considered part of
a polarized electron source, the unique "on-line" capability of the
Mott detector described here makes it an integral source component.
B. Proposed Operational Measurements
Despite the superior characteristics of the apparatus as a
polarized electron source, there are still unanswered questions
concerning the physical processes involved in its operation.

There
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are four basic investigations required for a better understanding
of the source performance before it can be considered optimized.
1. Optical Pumping Measurements
a. Optical Pumping Efficiency vs. Lamp Pressure
It has been found tn the past that the effectiveness of
optical pumping lamps similar to those used in this apparatus
was fairly constant over a pressure range of about 2 to 10 torr
but deteriorated badly below 2 torr.

Presently, lamps are being

filled at several pressures in this range to determine quantita¬
tively the lamp pressure dependence of the optical pumping efficiency
Polarization analysis of the electrons from the chemiionized helium
triplet metastables will be a direct measure of the relative effec¬
tiveness of spin-orientation produced by lamps at different pressures
It is!hoped that this measurement will also explain a recent,
sudden decrease in the polarization of the extracted beam.

The

lamps in use at this time were filled to 10 torr at least ten
years ago and the color of the discharge indicates the pressure has
decreased to below 2 torr.

In any case, this measurement will

resolve a long standing apprehension concerning the optical pumping
efficiency as a function of lamp pressure, particularly in aging
lamps.
b. Microwave Lamps
Preliminary measurements with microwave-excited flowing helium
lamps yield much lower intensities than the r-f lamps in use at
the present time.

However, the intensity does not saturate with

applied power to the limit of the microwave power generator.

Thus,

70

improved coupling or cavity tuning may produce higher intensities.
Also, polarization studies, which are a more sensitive test of
optical pumping efficiency, have not yet been performed.
c.

Optical Signal Measurements
Finally, definitive optical signal measurements must be

made; firstly in conjunction with the above studies to provide
additional insight into the optical pumping process and secondly,
as a comparative calibration point for possible optical pumping
difficulties encountered in the future.
2.

Current vs. Extraction Ap

As mentioned in Chapter III, the extractor has been modified
to permit an^investigation of extracted current magnitude and
polarization as a function of bias on the extractor aperture.

This

technique will determine if the electron current characteristics
of the source have been optimized.
3.

E

The improved energy analyzer design and the ability to totally
cancel the earth's magnetic field should allow for better resolution
in the energy analysis of the beam, hopefully 50 meV.

This would

allow determination of the energy spread of the extracted beam as
well as provide the basis for some interesting experiments on
48
electron-atom cooling rates in the afterglow tube.
4.

Comparison of Metastable Decay Rat

The most important problem to be examined with respect to
optimizing this apparatus as a polarized electron source is the
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determination of the cause of the "high pressure" decrease in the
polarization.

If this reduction could be prevented, it would be

possible to extract 10 juA at 50% polarization, clearly the best
polarization and current characteristics ever achieved.

Essestial

to this investigation is an unlderstanding of the sources of
extracted current as discussed in the previous chapter.
If the excitation source is moved upstream while the optical
pumping and electron extraction separation remains fixed, the
metastable density and beam current should decrease at the same
rate.

Repetition of these decay measurements as a function of

pressure would indicate the presence of an additional current source
if deviation from identical rates were observed.

Simply increasing

the pressure for a given source-optical pumping-extractor separation
(the present configuration) will not provide this information due
to the complicating effects of the pressure dependence of the
diffusion rates and electron extraction efficiency.

Thus, the meta¬

stable density:electron current comparison must be performed using
an electron gun excitation source.
Investigations of these four areas in an effort to understand
and optimize the source operation will be continued in parallel
with experiments using the existing performance characteristics.
C.

Proposed Experiments

The experiments employing this apparatus as a polarized electron
source can be divided into two groups:
1)

Experiments conducted in the flow tube using polarization

analysis of the extracted beam as a diagnostic tool, and
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2)

Extraction of the polarized beam for subsequent use in

scattering experiments.
Three proposed experiments are described here with a dis¬
cussion of progress and preliminary results.
1.

Asymmetric Degradation of Biochemical Enantiomers

The first experiment to be undertaken is a measurement of
the asymmetric degradation of chemical enantiomers by longitudi¬
nally polarized electrons.

Chiral molecules are chemical com¬

pounds whose molecular structures are mirror images of one another
and are generally denoted D (dextrorotation) or L (levorotation)
according to the sense of rotation of the plane of polarization
of light passed through a sample.

A racemic (equal) mixture

of the two enantiomers does not produce any optical activity in
this sense.

Chemical synthesis of a product capable of optical

activity produces a racemic mixture of the two enantiomers unless
an asymmetric catalyst is present.

A long-standing puzzle in

biochemistry has been the existence of exclusively L-amino acids
in proteins and enzymes and D-sugars in nucleic acids with very
few exceptions.
Proposals for this natural sélection are numerous but
can generally be divided into three groups:
1. Random generation (i.e., production by chance) of a
particular isomer and subsequent amplification by selected precip¬
itation or even reproduction.
2. Stereoselective synthesis or catalysis by environmental
agents, i.e., enantiomorphus minerals, geomagnetic fields, circularly
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polarized sunlight, etc.
3.

Selective decomposition by longitudinally polarized

electrons from

p -emitters or the circularly polarized brems-

strahlung resulting from their radiative deceleration in matter.
A fourth possibility, that optically active organic
compounds reached the earth from other regions of the universe,
awaits data from chiral analysis of compounds discovered on
neighboring planets which, in fact, is a project planned for the
Viking mission. 53
Analysis of these various sources by a large number of
investigators^-^ has led to the general conclusion (though
certainly not unanimous) that the first two proposals are
probably not responsible for the asymmetry observed in nature.
Both are basically eliminated because of the probability that
conditions for the synthesis of these compounds were generally
favorable over the entire planet.

Thus, even if a particular

enantiomorph was generated by chance in a specific location,
a large number of samples would show a global racemic mixture.
Similarly, environmental conditions have varied considerably over
the biological timescale.
The third proposal has received considerable theoretical
and experimental attention.

Until recently, the mechanism for

the interaction of the spin of a very high energy electron with
a biological molecule has been that proposed by Ulbricht and
Vester. 57 In this model deceleration of polarized electrons
from /s-emitters gives rise to circularly polarized bremsstrahlung 58
which in turn gives rise to an asymmetric photochemical interaction

eg
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leading to optical activity.

v

.Keszthelyi6^ has shown for a

specific experiment that even if the entire radiation energy is
absorbed by the sample, less than 0.1% of the observed degradation
would be due to bremmstrahlung.
Garay

fil

has proposed a model based on the helical potential

field resulting from the asymmetrical static charge distribution
in chiral molecules.

Differential interaction of polarized electrons

with optical isomers results from this "helical electron gas".
As a point of interest, recent calculations ^ of the energy
difference between optical isomers due to parity non-conserving
interactions indicate an upper limit of 10 -13 eV (to within a
factor of 101)
A survey of the experimental work 53-57 shows many negative
results, and the few positive results have been on the edge of
experimental error and/or nonreproducible.

The typical experiment

has consisted of encasing or mixing a racemic mixture of isomers
in a

p -emitter source with subsequent analysis for optical

activity.

The only positive results

using this technique were

not reproduced when the experiment was repeated and extended by
Bonner 64 . However, using a 120 keV polarized electron beam pro¬
duced by scattering from an atomic mercury beam, asymmetric degrada65
tion of the amino acid leucine was recently detected.
Significant¬
ly, "natural", left-handed electrons asymmetrically degraded the
D-amino acid leaving an excess of the naturally occurring L-amino
acid.

Reversing the electron spin orientation reversed the degrada¬

tion.

This marginal but positive result is only qualitative, as

admitted by Bonner, due to fluctuations in polarization (10-23%)
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and current of the polarized electron source used.
Significant improvement in polarization, current and stability
will be achieved using the polarized electron source described
here.

While it is doubtful that the origin of life controversy

will be settled, it is anticipated that a firm experimental
determination of the presence or absence of this effect can be
accomplished.
Basically, the experimental format consists of repeating
Bonner's measurements on the amino acid leucine.

Bombardment

by polarized electrons will take place in the present Mott chamber
by placing the samples on the target manipulator.

If his positive

result is reinforced, continued investigation on a number of other
optical isomers will determine if the "natural" pattern of L-amino
acids and D-sugars is followed.

Finally, an investigation of

the mechanism responsible for this effect will be studied.

The

bremsstrahlung hypothesis can be verified by decelerating the
beam in front of the target thereby allowing onÿy an x-ray photon
interaction with the compounds. This test should be straight¬
forward since x-ray detectors have been obtained for use in an
experiment described in the next section.
The biochemical analysis will be performed by George
Schroepfer and his associates of the Biochemistry Department at
Rice who have ascertained that detection of asymmetric degradation
of the stereoisomers in his laboratory will meet or exceed the
sensitivity of Bonner's work.
Finally, a Wien filter has been constructed for rotation of
the longitudinally polarized electrons (necessary for irradiation
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of the biochemical sample) to transverse for Mott analysis.
Experimental measurements will begin immediately after the
filter has been tested.
2.

Asymmetric Angular Distribution
of Bremsstrahl ung

As mentioned in Chapter II, there is an azimuthal
asymmetry in the angular distribution of bremsstrahl ung from
the inelastic scattering of transversely polarized electrons
similar to the Mott asymmetry of elastically scattered electrons.
Previous experimental measurements of this asymmetry^*^ have
employed p -emitters as the source of polarized electrons which,
while yielding 74% polarization, produced currents on the order
of only 10 -15A.

The resulting photon counting rate of 0.2/sec

required 700 hours running time for suitable statistics despite
2

the use of a relatively thick 9.3 mg/cm lead foil.

The nature

of the source did not allow electron spin reversal so that
mechanical rotation of the detection assembly was required.

Thus,

the evaluation of instrumental asymmetries is suspect.
These experiments (both done by the same group) disagree with
one another and with several theoretical works 13 * 68-70
~ which agree
only in that peaks in the asymmetry of opposite signs occur at 75°
and 150° (for 125 keV electrons on a gold target, detecting 95 keV
x-ray photons).

Calculations by Tseng and Pratt^ of the brems-

strahlung production cross-section for unpolarized incident electrons
agree well with experiment, and they express confidence that their
results for the bremsstrahlung-polarization calculations are equally
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accurate, but no reliable experimental data exists.

They have

calculated the asymmetry in the x-ray photon angular distribution
for incident electron energies of 50, 100 and 125 keV (at several
photon energies/electron energy), over the entire angular range
0-180?

The variation of this asymmetry is a smooth function of

incident electron energy, photon energy, and detection angle and
is on the order of 10%.
A pair of x-ray detectors (Nal(TH) scintillation crystals
with photomultipliers and preamps) have been obtained and used
for a preliminary investigation of counting rates and backgrounds.
Rough (short counting period) measurements indicate an energy
resolution of about 10% over the energy range'i50-I30' kèV.

From

these studies it has been confirmed that even at large angles
where the cross-section for bremsstrahlung production is smallest,
the counting rate is sufficient to insure that 2% fractional
error in a 10% asymmetry can be accumulated in 5 hours using the
2

present apparatus employing a 200>ug/cm gold foil.

A factor

of 4 increase in the counting rate is expected using a thin-wall
aluminum chamber presently under construction.
Counting rates are expected to be even higher in the new
apparatus because of the elimination of a large background
counting rate due to bremsstrahlung from the deceleration of 120 keV
electrons in the aluminum inner cylinder.

This background appears

as a low energy peak in the photon energy distribution which can be
diminished by extreme collimation of the x-ray detector with lead
shielding so that only the gold foil is viewed.

The low energy

peak can be artificially reproduced by allowing the beam to strike
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an aluminum target verifying the source to be deceleration
in the aluminum cylinder.
The inner cylinder constructed for this experiment is
composed of three layers: two concentric aluminum cylinders with
1/8" lead sheet between them to prevent x-rays produced inside
the inner cylinder from reaching the detector.

Replaceable

aperture inserts will allow x-ray measurements at 20°, 40°, 60°,
100°, 120°, 135° and 150°.

Incident electron energies of 50,

100 and 125 keV will be used with the full range of photon
energies counted simultaneously using a dual multichannel
analyzer.
Construction of this new chamber will continue simultaneously
with work on the biochemistry experiment so that this investigation
can proceed immediately thereafter.

As described in the previous

section, the study of the effects of bremsstrahlung radiation in
the asymmetric degradation of biochemical enantiomers may be
important.

The ability to produce a state-of-the-art polarized

electron beam, analyze biochemical samples and monitor bremsstrahlung
production is a unique capability of this làborato^y and should
enable a definitive study of both the asymmetric x-ray photon angular
distribution and the contribution of bremsstrahlung to the asymmetric
degradation of biochemical isomers.
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3. Measurement of Spin-Reversal Cross-Sections in the Flow Tube
As discussed in Chapter II, electron spin reversal in atomic
collisions can result from electron exchange and/or spin-orbit
interactions.

Measurements to date of spin-exchange cross sections
have employed atomic alkali beams 72 or optically pumped alkali
swarm experiments, 73 * 74 which have been limited to S-states of
atomic systems.
Keliher 42 suggested a method for measuring "spin-reversal"
cross-sections, (spin-exchange and spin-orbit effects are indis¬
tinguishable for this method), for any non-singlet atom or
molecule employing the flowing helium afterglow reactor with pola¬
rization analysis of the ^extracted electrons as a diagnostic technique.
The measurements are made in the extended tube configuration shown in
Figure A-l and described in APPENDIX A.

This increased length allows

improved separation of the various afterglow processes.

Referring

to Figure A-l, helium metastables are produced and optically pumped
as described earlier.

Polarized electrons are produced in chemi-

ionization reactions resulting from reactant gas injection 18 cm
upstream of the extractor.

Sufficient reactant gas is injected to

reduce the metastable density by a factor of 100, 4 cm downstream
of the injector.

A second gas, S, whose spin reversal rate is to

be studied is injected through a second.ring injector and suffers
spin-reversal collisions with the polarized electron swarm.

Polari¬

zation of the extracted electrons as a function of reaction length,
L, and the density of S allows the calculation of the spin-reversal
reaction rate by a procedure similar to the well-established ion-
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molecule reaction rate derivation from flowing afterglow studies.
Using this technique, Keliher

42

measured spin-reversal

reaction rates for NO and 02 of 2.2 x 10"^ and 4.1 x 10"^
3

(cm /sec), respectively.

The systematic error, estimated to be

about 25%, is due to the uncertainty in the effective reaction
length due to backstreaming of the spin-exchange gas.
At first glance, these reaction rates seem remarkably small;
the thermally averaged spin-reversal cross-section is ■<!% of the
momentum transfer cross-section.

51

These low reaction rates are

especially surprising in view of the many observations of negative
ion resonances and vibrational excitations by low energy elec1
trons.

75-80
”

However, these data are misleading since the ground

states of these molecules are resonant with very highly excited
rotational states of the negative ions.

Excitation of these states

by thermal electrons is unlikely so the small cross-sections are
not surprising.
For example, the ground vibrational state of 02 lies 60 meV
above the v = 3 level of 02" and 72 meV below the v = 4 level.
Thus, the ground state of 02 is resonant with a very high rotational
level of 02“.

The extremely large impact parameter required for a

thermal electron to resonantly excite this state precludes signifi¬
cant interaction with the molecule so the small cross-sections are
reasonable.^8
Preliminary measurements of these reaction rates using the
present apparatus, although of the same order of magnitude as
Keliher's, show disturbing variation with reactant (chemiionization)
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gas and flow tube pressure.

These measurements have been

deferred until a complete study can be made, including the
measurement of the spin-exchange cross-section for atomic
hydrogen.

Also a study of the Og spin-reversal cross-section as

a function of electron energy (to be adjusted by heating the
flow tube) would be interesting if the electron energy could be
raised sufficiently to resonantly excite the v = 4 vibrational
level of O2 .
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APPENDIX A
RESULTS FOR THE LONG FLOW TUBE CONFIGURATION
A. Introduction

In the short tube configuration shown in Figure 1, the sourceextractor separation of 40 cm is advantageous for achieving high
currents but interferes with attempts to isolate processes occurring
in the afterglow because the optical pumping and chemiionization
regions are insufficiently separated.

For example, if the injectorr

is moved upstream to check the variation in the polarization with
reaction length, this effect is complicated by backstreaming of the
reactant gas into the optical pumping region.
In an effort to interpret the processes contributing to the
current and polarization characteristics of the source, the length
of the tube was extended 30 cm by the insertion of a pyrex section
between the source and extractor (Figure A-l).
B. Measurement of Residual Background Current
In Chapter III, the relative contribution of an unpolarized
background current was suggested as an explanation for the variation
in the polarizations measured for different reactant gases at low
pressures.

Actual measurement of the residual background current

is made possible in the long configuration by the elimination of all
other sources of current.

Radio-frequency heating applied after the

discharge confirms that source-produced electrons do not reach the
extractor as is expected since they are not present even in the short
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FIGURE A It EXTENDED TUBE CONFIGURATION (SPIN EXCHANGE APPARATUS)
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configuration.

Electrons produced by chemiionization of helium

metaltables are eliminated by moving the reactant gas injector
36 cm upstream from the extractor.

R-f heating is then applied

to the body of the flow tube to insure rapid diffusion of these
electrons to the walls.

However, no change in current is observed

indicating that the electrons diffuse, to the walls for this in¬
jector-extractor separation.
Polarization analysis of the remaining current show it to be
unpolarized.

The magnitude of this background current varies only

slightly with helium pressure, decreasing from 50 to 35 pA as
the tube pressure increases from 65 to 130 microns.
increase with microwave power is also observed.

A monotonie

The decrease in the

residual current with source-extractor separation cannot be investi¬
gated with the microwave

source used here but the electron gun source

should provide a decay length dependence which might reveal the
source of this current.

Keliher suggested Doppler-shifted, non¬

resonant ultraviolet photons from the discharge as a possible mech-'
anism.

Another possible source is trapped UV photons which flow

down the tube to the extractor, essentially as metastable atoms.
C. Polarization and Current Characteristics
The pressure vs. current curves (Figure A-2) show the same
general dependence as in the short tube except that the magnitudes
are decreased proportional to the reduced metastable density at
the extractor.

This reduction in current for surface ejected

electrons is consistent with the incréased tube length and measured
decay lengths of the triplet metastables (Table 3).

Such comparisons

FLOW TUBE PRESSURE (microns)
(EXTENDED TUBE CONFIGURATION)

FIGURE A-2; FLOU TUBE PRESSURE VS. EXTRACTED CURRENT (A)
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of the current magnitudes for électrons from chemiionization
reactions with reactant gases is complicated due to the combined
effects of reactant gas flow and injector position.

When the

injector is moved upstream while the flow rate remains constant,
a reduction in extracted current is observed due to diffusion of
the electrons to the walls before reaching the extractor.

A

reduction in the reactant flow rate compensates for this decrease
in extracted current by increasing the effective chemiionization
reaction length.

Since a larger fraction of the metastables are

de-excited closer to the extractor, diffusion losses are reduced
and the extracted current increases.

Thus, the reactant gas flow

rate must be adjusted to yield the maximum current for each injector
position.
The polarization vs. pressure curves (Figure A-3) exhibit a
peaked shape as in the short tube case, but the maxima have been
shifted to higher pressures.

This shift is consistent with the

relative size of the residual background current which accounts for
the low pressure polarization decrease and the difference in polari¬
zations for the various reactant gases as it did previously (See
Chapter IV for a detailed calculation).

For example, at 100 microns,

the polarization of the surface-ejected electrons is 21.5%, which
is half of the peak polarization using CO and C02 at this pressure,
43% (Figure A-3).

If 43% is accepted as the actual polarization of

electrons from chemiionization reactions, then one-half of the
surface current must be unpolarized to account for the observed
reduction in polarization.

At 100 microns, the total surface

current (from Figure A-2) is 110 pA, but the measured value of the

FIGURE A-3: POLARIZATION VS. PRESSURE (EXTENDED TUBE CONFIGURATION)
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unpolarized residual background current at this pressure is
50 pA, approximately half.

Thus, actual measurement of the resid¬

ual background current supports the hypothesis suggested in
Chapter IV, that the RBC is responsible for the low pressure
polarization reduction and the variation in polarization for
different reactant gases.
The general shape of the curves and the slower rate of
polarization decrease with pressure in the case of surfaceejection remain the same in the long tube as in the short tube
configuration.

The measured decrease in the residual background

current with increasing pressure eliminates this phenomenon as
a possible explanation for the high pressure polarization decrease.
D. Variation of the Polarization with Optical Pumping Site
As explained in Chapter III, a test of the possible effects
of trapping of the optical pumping radiation is made possible by
moving the lamp upstream to positions of higher metastable density
while monitoring the polarization of the extracted current.

This

test has been repeated in the long tube by moving the lamp 20 cm
upstream corresponding to an increase in the metastable density by
a factor of about 40 (larger than the metastable density at the
usual optical pumping site at the highest operating pressure).

No

decrease in the polarization of extracted electrons is observed,
indicating that radiation trapping is not responsible for the high
pressure polarization reduction.
E. Variation of the Polarization with Reaction Length
Determination of the presence of de-polarizing processes, for
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example spin exchange of the polarized electrons with reactant gas
ions, is possible in the long tube configuration by monitoring the
polarization of the extracted current while moving the reactant gas
injector upstream.

No variation in polarization has been observed

for reaction lengths up to 18 cm in this apparatus.

From similar

measurements, Keliher calculated an upper limit for the crosssection for spin exchange with the reactant gas ions.

Since these

upper limits were well below typical measurements made by other
observers, he determined this effect to be negligible as a depolari¬
zation process in the afterglow.
F. Other Experiments in the Flow Tube
The flowing afterglow is a standard experimental technique
in atomic and molecular physics.

While experiments in this labora¬

tory have emphasized polarization analysis of the extracted elec¬
trons from chemiionization (Chapter I) and spin exchange reactions
(Chapter V), this apparatus is not limited to such studies.
One proposed experiment is an investigation of electron-atom
cooling rates.

The initial energies of electrons from chemiioniza-i

tion reactions are on the order of several electron volts.

These

electrons are eventually thermalized by collisions with the back¬
ground gas, but as has been qualitatively observed, the thermalization rate varies dramatically with the background gas species.

It

is anticipated that these electron-atom (molecule) cobling rates can
be extracted from measurements of the energy spread of the extracted
electrons as a function of reaction length and/or reactant gas flow
rate.
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Thus, in addition to its excellent characteristics as a
polarized electron source, the flowing helium afterglow is a
versatile experimental technique.
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