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Preface to the Second Edition 

The rapid growth of the subject since the first edition ten years ago has made 
it necessary to rewrite the greater part of the book. Except for the introductory 
portion and the section on Mott scattering, the book has been completely 
revised. In Chap. 3, sections on polarization violating reflection symmetry, on 
resonance scattering, and on inelastic processes have been added. Chapter 4 has 
been rewritten, taking account of the numerous novel results obtained in 
exchange scattering. Chapter 5 includes the recent discoveries on photoelectron 
polarization produced by unpolarized radiation with unpolarized targets and on 
Auger-electron polarization. In Chap. 6, a further discussion of relativistic 
polarization phenomena has been added to the book. The immense growth of 
polarization studies with solids and surfaces required an extension and new 
presentation of Chap. 7. All but one section of Chap. 8 has been rewritten and a 
detailed treatment of polarization analysis has been included. 

Again, a nearly comprehensive treatment has been attempted. Even so, 
substantial selectivity among the wide range of available material has been 
essential in order to accomplish a compact presentation. The reference list, 
selected along the same lines as in the first edition, is meant to lead the reader 
through the literature giving a guide for finding further references. 

I want to express my indebtedness to a number of people whose help has been 
invaluable. In addition to the persons referred to in the first edition I mention the 
coworkers who have joined my group in the meantime. Their enthusiasm and 
competence has been crucial to the success of our work. Among the results added 
to this edition are those obtained by Drs. O. Berger, K. Franz, R. M611enkamp, 
G. SchOnhense, A. Wolcke, and W. Wiibker in their theses. The close 
cooperation on the theoretical aspects of polarization phenomena with Dr. K. 
Blum and Dr. K. Bartschat was an invaluable asset for our polarized-electron 
studies. The time-consuming task of updating my lectures and transforming 
them into a book was achieved during a stay at the National Bureau of Standards 
(NBS) in Gaithersburg, Maryland. I greatly enjoyed the warm hospitality of the 
Electron Physics Group which has played a fundamental role in the rapid 
expansion of polarized-electron physics in the past decade. I gratefully 
acknowledge helpful comments and many stimulating discussions, both in the 
past and present, with members of this group, in particular with the group leader 
Dr. R. J. Celotta and with Dr. D. T. Pierce. The manuscript has benefitted again 
from constructive suggestions by Dr. M. Reading, who critically, and with great 
understanding, read the lectures underlying this book. Warm thanks are due to 
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my secretary H. Nicolai, who typed the manuscript with unique reliability and, 
despite innumerable changes, never lost her patience. I very much appreciate the 
accuracy of the illustrations made by W. David and the photographical work by 
K. Brinkmann. I am also grateful to the secretaries at NBS for their assistance in 
completing the typescript. The help of M. Chirazi in proofreading is gratefully 
acknowledged. Last but not least, I am pleased to acknowledge the constructive 
cooperation with Dr. H. Lotsch and R. Michels, Springer-Verlag. The project 
has been supported by Sonderforschungsbereich 216 of the Deutsche For
schungsgemeinschaft. 

Washington D.C., January 1985 Joachim Kessler 



From the Preface to the First Edition 

This book deals with the physics of spin-polarized free electrons. Many aspects 
of this rapidly expanding field have been treated in review articles, but to date a 
self-contained monograph has not been available. 

In writing this book, I have tried to oppose the current trend in science that 
sees specialists writing primarily for like-minded specialists, and even physicists 
in closely related fields understanding each other less than they are inclined to 
admit. I have attempted to treat a modern field of physics in a style similar to that 
of a textbook. 

The presentation should be intelligible to readers at the graduate level, and 
while it may demand concentration, I hope it will not require deciphering. If the 
reader feels that it occasionally dwells upon rather elementary topics, he should 
remember that this pedestrian excursion is meant to be reasonably self
contained. It was, for example, necessary to give a simple introduction to the 
Dirac theory in order to have a basis for the discussion ofMott scattering - one of 
the most important techniques in polarized-electron studies. 

This monograph is intended to be an introduction to the field of polarized 
electrons and not a replacement for review articles on the individual topics 
discussed. It does not include electron polarization in f3 decay, a field which has 
been covered in other books. Areas such as electron spin resonance, in which it is 
not the spins of free electrons that are oriented, are beyond the scope of this 
book. Well-established areas, like Mott scattering, have naturally been treated in 
more detail than areas that are just starting to develop, such as high-energy 
electron scattering. Ideas or general results that have not been quantitatively 
established, theoretically or experimentally, have not been considered, since 
physical results must be put on a quantitative basis. 

In keeping with the introductory character of the book, the main purpose of 
the reference lists is to aid the reader in completing or supplementing the 
information in certain sections. The newcomer to the field should refer to the 
review articles wherever they exist. Primary sources have been cited if they are 
directly referred to in the text or if they have not yet been listed in review papers 
or other references. 

It is a pleasure to express my gratitude to the many people who have 
contributed to the completion of this project. Several sections have been 
considerably influenced by the ideas and achievements of my coworkers -
particularly Drs. G. F. Hanne, U. Heinzmann, and K. Jost - with whom, over 
the years, I have studied many of the topics discussed. The generous hospitality 
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of the Joint Institute for Laboratory Astrophysics gave me the chance to write 
this book. The stimulating atmosphere of JILA which I enjoyed during my stay 
as a Visiting Fellow provided the ideal setting for this project. I gratefully 
acknowledge the excellent work of the JILA editorial office; thanks to the 
numerous helpful suggestions from L. Volsky and the typing skill ofO. Romey, 
the transformation (in record time) of my stacks of messy, marked-up sheets 
into a beautiful manuscript was a joy to behold. I am particularly grateful to 
Dr. M. Lambropoulos who was kind enough to read the entire manuscript; her 
constructive criticisms have improved it considerably. Discussions with Prof. H. 
Merz in Munster and with many colleagues in Boulder have helped to clarify 
several passages. I appreciate the application and conscientiousness of H. 
Oerberon and B. 06hlsdorf who prepared most of the illustrations. I am also 
grateful for the assistance of E. Russel and Dr. C. B. Lucas in translating a 
number of my lectures which I used in preparing parts of the manuscript. Finally, 
I wish to thank those listeners, at home and abroad, who, by their reactions to my 
lectures, have helped to clarify this presentation. 

Boulder, Colorado, August, 1975 Joachim Kessler 



Contents 

1. Introduction . . . . . . . . . . . . 1 

1.1 The Concept of Polarized Electrons 1 
1.2 Why Conventional Polarization Filters Do Not Work with 

Electrons . . . . . . . . . 2 

2. Description of Polarized Electrons 7 

2.1 A Few Results from Elementary Quantum Mechanics 7 
2.2 Pure Spin States . . . . . . . . . . . . . . . . 9 
2.3 Statistical Mixtures of Spin States. Description of Electron Polari-

zation by Density Matrices . . . . . . . . . .. . . . . 14 

3. Polarization Effects in Electron Scattering Caused by Spin-Orbit 
Interaction ..................... 20 

3.1 The Dirac Equation and Its Interpretation . . . . . 20 
3.2 Calculation of the Differential Scattering Cross Section 31 
3.3 The Role of Spin Polarization in Elastic Scattering . 38 

3.3.1 Polarization Dependence of the Cross Section. 38 
3.3.2 Polarization of an Electron Beam by Scattering 41 
3.3.3 Behavior of the Polarization in Scattering . . 42 
3.3.4 Double Scattering Experiments . . . . . . . 46 

3.4 Simple Physical Description of the Polarization Phenomena 49 
3.4.1 Illustration of the Rotation of the Polarization Vector 49 
3.4.2 Illustration of the Change in the Magnitude of the Polar

ization Vector . . . . . . . . . . . . . . . . . . . 50 
3.4.3 Illustration of the Asymmetry in the Scattering of a Polar-

ized Beam. . . . . . . . . . . . . . . . . . . . . 53 
3.4.4 Transversality of the Polarization as a Consequence of 

Parity Conservation. Counterexample: Longitudinal Polar-
ization in f3 Decay . . . . . . . . . . . 53 

3.4.5 Equality of Polarizing and Analyzing Power . 56 
3.5 Polarization Violating Reflection Symmetry 58 
3.6 Quantitative Results . . 62 

3.6.1 Coulomb Field. . 62 
3.6.2 Screened Coulomb Field 64 



X Contents 

3.7 Experimental Setups . . . . . . . 
3.7.1 Double Scattering Experiments 
3.7.2 Triple Scattering Experiments 

3.8 Resonance Scattering 
3.9 Inelastic Scattering . . . . . . . . 

4. Polarization Effects Caused by Exchange Processes in Electron-

71 
71 
74 
76 
79 

Atom Scattering . . . . . . . . . . . . . . . . . . 84 

4.1 The Polarization Mechanism in Exchange Scattering. . . 84 
4.2 The Composite Spin Space of Electron and Target . . 91 
4.3 Cross Section and Polarization in Elastic Exchange Scattering. 97 
4.4 Polarization Experiments in Elastic Exchange Scattering. 102 
4.5 Inelastic Exchange Processes with One-Electron Atoms . .. 107 

4.5.1 Spin-Dependent Electron-Impact Ionization . . . .. 107 
4.5.2 Spin-Dependent Effects in Electron-Impact Excitation. 109 
4.5.3 Emission of Circularly Polarized Light Induced by Excita-

tion with Polarized Electrons . . . . . . . . . . . . . 117 
4.6 General Laws for Polarization of Light Emitted After Excitation 

by Polarized Electrons . . . . . . . . . . . . . . 121 
4.7 Inelastic Exchange Processes with Two-Electron Atoms 127 
4.8 M0ller Scattering . . . . . . . . . . . . . . . . 137 

5. Polarized Electrons by Ionization Processes 142 

5.1 Photoionization of Polarized Atoms. 142 
5.2 The Fano Effect and Its Consequences 144 

5.2.1 Theory of the Fano Effect. . . 144 
5.2.2 Illustration of the Fano Effect. Experimental Results. 151 
5.2.3 Polarized Electrons Ejected from Unpolarized Atoms by 

Unpolarized Light . . . . . . . . . . . 156 
5.2.4 The "Perfect" Photoionization Experiment 162 

5.3 Ionizing Transitions of Excited Atomic States. 165 
5.3.1 Autoionizing Transitions 165 
5.3.2 Auger Transitions . . . . . . . 170 

5.4 Multiphoton Ionization . . . . . . . . 173 
5.5 Collisional Ionization of Polarized Atoms 180 

5.5.1 Collisional Ionization of Polarized Metastable Deuterium 
Atoms 

5.5.2 Penning Ionization . . . . . . . . . . . . . 

6. Further Relativistic Processes Involving Polarized Electrons 

180 
182 

186 

6.1 Bremsstrahlung and Other Relativistic Electron-Photon Processes 186 
6.2 Spin-Flip Synchrotron Radiation . . . . . . . . . . . . . . 191 



Contents XI 

7. Polarized Electrons from Solids and Surfaces . . 196 

7.1 Polarized Electrons from Magnetic Materials 196 
7.1.1 Photoemission . . . . . . . 197 
7.1.2 Field Emission . . . . . . . . . . . 203 
7.1.3 Secondary Electron Emission . . . . 207 

7.2 Polarized Electrons from Nonmagnetic Materials . 209 
7.3 Low-Energy Electron Diffraction (LEED) . . . . . 216 

8. Further Applications and Prospects . . 230 

8.1 Polarization Analysis . . . . . 
8.1.1 Polarization Transformers 

.230 
· 230 

8.2 
8.3 

8.4 
8.5 
8.6 
8.7 

8.1.2 Polarization Analysis Based on Scattering Asymmetry 
8.1.3 Spin-Dependent Absorption . . . . . . . . . . . 
Sources of Polarized Electrons . . . . . . . . . . . . 

· 233 
.243 
· 245 

Experiments for Measuring the Anomalous Magnetic Moment 
of the Electron. Electron Maser . 258 
High-Energy Physics . . . . . . . . . . . . . . . . . . . 266 
Electron Microscopy . . . . . . . . . . . . . . . . . . . 271 
Electron-Molecule Scattering. Why Isn't Nature Ambidextrous? 273 
Prospects . . . . . . . . . . . . . . . . . . . . . . . . 277 

References . . · 281 

Subject Index · 293 



1. Introduction 

1.1 The Concept of Polarized Electrons 

An ensemble of electrons is said to be polarized if the electron spins have a preferential 
orientation so that there exists a direction for which the two possible spin states are not equally 
populated. Reasons are given for the interest in polarized electrons. 

In early experiments with free electrons the direction of their spins was seldom 
considered. The spins in electron beams that were produced by conventional 
methods, such as thermal emission, had arbitrary directions. Whenever the spin 
direction played a role, one had to average over all spin orientations in order to 
describe the experiments properly. 

Only in recent years has it been found possible to produce electron beams in 
which the spins have a preferential orientation. They are called polarized 
electron beams in analogy to polarized light in which it is the field vectors that 
have a preferred orientation. To put it more precisely: An electron beam (or any 
other electron ensemble) is said to be polarized if there exists a direction for 
which the two possible spin states are not equally populated. 

If all spins have the same direction one has the extreme case of a totally 
polarized ensemble of electrons (Fig. 1.1). If not all, but only a majority of the 
spins has the same direction, the ensemble is called partially polarized. 

There are many reasons for the interest in polarized electrons. One essential 
reason is that in physical investigations one endeavors to define as exactly as 
possible the initial and/or final states of the systems being considered. Let us 
illustrate this statement with two examples. It is important in many electron
scattering experiments to be able to select electrons of as uniform energy as 
possible. Otherwise one would have to carry out complicated averaging in order 
to understand the results, and many experiments (e.g., observing the excitation 
of particular energy states of atoms) could not even be performed. This also 

Fig. 1.1. Ensemble of totally polarized electrons 
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applies to momentum: Often one endeavors to have electrons in the form of a 
well-defined beam, that is, a beam in which the directions of the momenta of the 
individual electrons are as uniform as possible. A swarm of electrons with 
arbitrary momentum directions would, for example, be unsuitable for bombard
ing a target. For quite analogous reasons, it is important in the investigation of 
the large number of spin-dependent processes that occur in physics to have 
electrons available in well-defined spin states. Thus one is not obliged to average 
over all possibilities that may arise from different spin directions, thereby losing 
valuable information. One can rather investigate the individual possibilities 
separately. 

This somewhat general statement will be substantiated in later chapters. 
Numerous other reasons for investigations with polarized electrons will then 
become clear, such as the possibility of obtaining a better understanding of the 
structure of magnetic substances or of atomic interactions, or the goal of 
determining precisely the magnetic moment of the electron. 

1.2 Why Conventional Polarization Filters Do Not Work with 
Electrons 

Conventional spin filters, the prototype of which is the Stern-Gerlach magnet, do not work 
with free electrons. This is because a Lorentz force which does not appear with neutral atoms 
arises in the Stern-Gerlach magnet. This, combined with the uncertainty principle, prevents 
the separation of spin-up and spin-down electrons. 

When Malus in 1808 looked through a calcite crystal at the light reflected from a 
windowpane of the Palais Luxembourg, he detected the polarization of light. 
When Stern and Gerlach in 1921 sent an atomic beam through an inhomo
geneous magnetic field they detected the polarization of atoms. Numerous 
exciting experiments with polarized light or polarized atoms have been made 
since these early discoveries. However, experiments of comparable quality with 
polarized electrons have been possible only in the past two decades. 

This is not accidental; the reason can be easily given. Polarized light can be 
produced from unpolarized light by sending it through a polarizer which 
eliminates one of the two basic directions of polarization. One therefore loses a 
factor of 2 in intensity. Similarly, a polarized atomic beam can be produced by 
sending an unpolarized atomic beam through a spin filter. If, for example, an 
alkali atomic beam passes through a Stern-Gerlach magnet, it splits into two 
beams with opposite spin directions of the valence electrons. One can eliminate 
one of these beams and thus again have a polarized beam with an intensity loss of 
a factor of 2. 

This procedure does not work with electrons. It is fundamentally impossible 
to polarize free electrons with the use of a Stern-Gerlach experiment as can be 
seen in the following [1.1]. 
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Fig. 1.2. Stern-Gerlach experiment with 
free electrons 

In Fig. 1.2 the electron beam passes through the middle of the magnetic field 
in a direction perpendicular to the plane of the diagram (velocity v = vx ). The 
spins align parallel or antiparallel to the magnetic field and the electrons 
experience a deflecting force in the inhomogeneous field. In the plane of 
symmetry the force that tends to split the beam is 

oBz 

F= ±JlTz' (1.1) 

where Jl is the magnetic moment of the electrons. In addition, the electrons 
experience a Lorentz force due to their electric charge. Its component in the y 
direction, caused by the magnetic field component Bz , produces a right-hand 
shift of the image that could be detected by a photographic plate. As the electron 
beam has a certain width, it is also affected by the field component By which 
exists outside the symmetry plane. The component of the Lorentz force 
FL = (e/c)vxBy, caused by By, deflects the electrons upwards if they are to the 
right of the symmetry plane and downwards if they are to the left of it. This 
causes a tilting of the traces on the photographic plate as is shown schematically 
in Fig. 1.3. 

Fig. 1.3. Deflection of uncharged (left-hand 
side) and charged (right-hand side) particles 
with spin 1/2 in Stern-Gerlach field 

t:N y 

Fig. 1.4. Transverse beam spread 
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Even in "thought" (Gedanken) experiments we must not consider an 
infinitely narrow beam, since the uncertainty principle must be taken into 
account, i.e., Lly· mLlvy~h. Because we want to work with a reasonable beam, 
the uncertainty of the velocity in the y direction Llvy must be small compared to Vx 
(see Fig. 1.4). From this, together with the uncertainty relation given above, it 
follows that h/mLly~vx, or with A=h/mvx (de Broglie wavelength) 

(1.2) 

correspondingly one has A ~ LIz. 
Nevertheless, to be able to draw Fig. 1.5 clearly, we assume for now that we 

can have a beam whose spread in the z direction, in which we hope to obtain the 
splitting, is smaller than the de Broglie wavelength. Let us consider two points A' 
and B for which the y coordinate differs by A. This is always possible since the 
beam width Lly is much greater than A. As A is small compared to the macroscopic 
dimensions of the field, the Taylor expansion 

(1.3) 

is, to a good approximation, valid. This means that the Lorentz force 
experienced by the electrons arriving at A' has always been larger by about 
LlFL = (e/c)vxA(oBy/oy) than that experienced by the electrons arriving at B. 

z 

Fig. 1.5. Impossibility of the Stern-Gerlach experiment with 
free electrons 

Thus A' is higher than B by an amount AB shown in Fig. 1.5. We can easily 
compare this distance with the splitting Be caused by the force F from (1.1). 
Since AB and Be are proportional to the respective forces applied, one obtains 

AB LlFL 
- --
Be 2F 

(e/c)vxA(oBz/oz) 211:A_2 
2(eh/2mc)(oBz/oz) A - 11:, 

(1.4) 
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where use has been made of div B=O, or oBy/oy= -oBz/oz. This means thatthe 
tilting of the traces is very large: AB is much larger than the splitting BC, 
although A' A is as small as A.. This has the following consequences: 

If AE is the perpendicular from A to the traces, then, because AB > BC, AD is 
greater than DE. On the other hand, AD is smaller than the hypotenuse AA' = A. 
of the right triangle ADA'; hence DE, the distance between the centers of the 
traces, is such that DE < AD < A.. This means that this distance is smaller than the 
width of either ofthe traces, which we have shown is considerably larger than A. in 
every direction. Consequently, no splitting into traces with opposing spin 
directions can be observed. The uncertainty principle, together with the Lorentz 
force, prevents spin-up and spin-down electrons from being separated by a 
macroscopic field of the Stern-Gerlach type. The most one could expect would be 
a slight imbalance of the spin directions at the edges of the beam. 

Attempts have frequently been made to disprove the above argument, 
originating from Bohr and Pauli, that a Stern-Gerlach type experiment is 
impossible with electrons (see [1.2]). Such attempts have the same challenge as 
"thought" experiments for constructing perpetual-motion machines. However, 
all suggestions for modifying the experiment so that it would work have failed. 
We shall, however, see at the end of the book that it is not, in principle, 
impossible to obtain different populations of spin-up and spin-down states of 
free electrons with the aid of macroscopic fields. Selection of spin states may, for 
instance, be performed by trapping electrons in suitable inhomogeneous 
magnetic fields (cf. end of Sect. 8.3). 

Since the most direct method, the Stern-Gerlach filter, fails, one had to find 
other ways of producing polarized free electrons. Scattering of unpolarized 
electrons by heavy atoms, for example, yields highly polarized electrons. In this 
way, however, one does not lose only a factor of 2, as with a conventional 
polarization filter, but a factor of 104 to 107 , depending on how high a 
polarization one wants. As we shall see later, there are methods other than 
scattering, but they have in common the fact that they yield only moderate 
intensities. Nobody has yet found a spin filter for electrons that reduces the 
intensity by just a factor of 2. 

For a polarization experiment one also needs an analyzer for the polariza
tion. Here we have the same situation. If the transmission axis of an optical 
analyzer is parallel to the polarization, a totally polarized light beam passes 
through the analyzer without loss of intensity. Similarly, if one uses a spin filter 
of the Stern-Gerlach type as an analyzer, a totally polarized atomic beam passes 
through without appreciable loss of intensity, if the direction of its polarization is 
parallel to the analyzing direction. With electrons, however, one cannot use such 
a spin filter as an analyzer for the same reason one cannot use it as a polarizer. 
One must use some spin-dependent collision process, usually electron scattering, 
where one again loses several orders of magnitude in intensity. 

Since one needs a polarizer as well as an analyzer for a polarization 
experiment, the two factors together easily make an intensity reduction of a 
factor of 106 or more in an electron-polarization experiment. If we compare this 
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to the factor of 2 for a light- or atom-polarization experiment (under ideal 
conditions), we see why electron-polarization studies became feasible only in 
recent years: Sufficiently advanced experimental techniques had to be developed 
before this field was accessible. 

The fact that conventional polarization filters do not work with electrons 
does not mean that it is absolutely impossible to find effective electron 
polarization filters. As will be discussed in Sect. 7.1.2 there are interesting 
developments which show that it is worthwhile to search for "unconventional" 
electron polarization filters of high efficiency. 

Before we can discuss quantitatively the processes in which electron 
polarization plays a role, we must look at the possibilities of describing polarized 
electrons mathematically. 



2. Description of Polarized Electrons 

2.1 A Few Results from Elementary Quantum Mechanics 

The formal description of the spin of free electrons is summarized. 

The following facts can be drawn from textbooks on quantum mechanics: The 
observable "spin" is represented by the operator s which satisfies the commuta
tion relations characteristic of angular momenta: 

(2.1) 

If one separates out the factor h/2 by the definition s = (h/2)a, one obtains from 
the above commutation relations, with the additional condition that a z IS 

diagonal, the Pauli matrices 

(2.2) 

These operators receive their meaning from their application to the two

component wave functions (:J with whose help the two possible orientations of 

the electron spin can be described. For example, one has the eigenvalue 
equations 

(1)_(1 0)(1)_1' (1) (0)_(1 0)(0)_ -1. (0) 
a z ° - ° -1 ° - 0' O"z 1 - ° -1 1 - 1 (2.3) 

which mean that (~ ) is an eigenfunction of 0" z with the eigenvalue + 1 (or + h/2 

of sz) and (~) belongs to the eigenvalue -1. 

We can use these two states as a basis for representing the general state 

as a linear superposition 
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(2.4) 

When X is assumed to be normalized one has 

(2.5) 

Remembering the quantum mechanical interpretation of the expansion of a 
wave function, we see from the left side of (2.4) that lall2 is the probability of 
finding the value + h/2 when measuring the spin component in the z direction; 

that is, lall2 is the probability of finding the electron in the state G)' la212 ~s the 

probability of finding the eigenvalue -h/2, that is, of finding the state C)' A 

measurement of the spin direction forces the electron with the probability lad2 

(i = 1,2) into one of the two eigenstates. Even if the spins have been oriented in 
the x direction, by measuring the spin components in the z direction the values 
+h/2 or -h/2 are obtained, each with the probability 1/2 (Sect. 2.2). Thus the 
spins are seen to be affected by the measurement. 

This disturbance of the spin state by measurement makes it impossible to 
measure all the spin components simultaneously. This follows mathematically 
from the noncommutativity of the angular momentum components, (2.1). The 
operator S2, however, which has the eigenvalue s(s+1)h2 =3h2/4, commutes 
with the components sx, Sy, and Sz. One can measure its eigenvalue simulta
neously with those of any of the components of s. For these reasons, the 
statement that "the spin is in the z direction" means more precisely the 
following: The spin vector lies somewhere on a conical shell in such a way that its 
component in the z direction is h/2; the two other components are not known, it 
is merely known that s~ + S; + S; = 3 h2/4 (Fig. 2.1). 

* 
- -- -- ---- -

Fig. 2.1. Spin "in the z direction" Fig. 2.2. Unpolarized electrons 
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It follows from the above statements that one cannot distinguish between 
electron beams in which all directions are equally likely and those in which half of 
the spins are parallel and half are antiparallel to some arbitrary reference 
direction (Fig. 2.2). This is because in both cases a measurement results in half of 
the spins being parallel and half being anti parallel to the direction specified by 
the observation. Every conceivable experiment with such electron beams yields 
the same result; the beams therefore must be regarded as identical. 

2.2 Pure Spin States 

The spin function describing the spin in an arbitrary direction is determined. The polarization 
is defined as the expectation value of the spin operator. Its magnitude for a pure state is 1. 

In this section we consider electrons which are all in the same spin state. In such 
cases the system of electrons is said to be in a pure spin state. 

The spin direction of a state which is described by X = (::) is specified by al 

and a2, as will now be shown. Let e = (ex, ey, ez ) be the unit vector in the direction 
it, cp, i.e. (Fig. 2.3), 

ex = sin itcos cp, ey = sin it sin cp, 

We now ask what the spin function that describes a spin in the direction it, cp 
would look like. For this we must solve the eigenvalue equation (0"' e)x=AX, 
since 0" • e is the projection of the spin operator in the specified direction. Since 

y 

x 

, 

(----
'\ , , 
: \ , , 

, , , , , 
I ' 

, , z 
________ _____ J/" 

Fig. 2.3. Spin direction 

(2.6) 
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one obtains 

( . A) = (a2 sin 3 cos q> -ia2 sin 3 sin q> +a1 cos 3) 
(lex 'n . 'n' 

al sm" cos q> + Wl sm" sm q> -a2 cos 3 

= (a1 cos 3:-a2 sin3e- i 'P). 
al sin 3 e'P -a2 cos 3 

The attempt to find the eigenfunction of the component of the spin operator in 
the e direction, i. e., to solve the equation «(I. e)x = AX, thus gives 

al (cos 3 -A) +a2 sin 3 e-i'P =0 

al sin3 ei'P+ a2 ( -COS3-A)=0. 
(2.7) 

The condition for a nontrivial solution (disappearance of the determinant) is 

F or A = + 1, one obtains from (2.7) 

3 . cos3-1 

-sin3e 
tan-e''P i'P 2' 

and for A=-l 

cos3+ 1 
-sin3e i'P 

3 . 
-cot 2 e''P. 

(2.8) 

(2.9) 

Since al and a2 are solutions of a homogeneous system of equations, they are 
determined except for a constant. This constant can be specified by normaliza
tion according to (2.5). Then 

3 
al =cos 2' 

. 3 
al =Sln 2' 

3 . 
a2=sin-e''P for A= +1, 

2 
(2.10) 

(2.11 ) 

A common phase factor of al and a2 which remains undetermined has been 
chosen arbitrarily. 

The spin functions with the a1 and a2 just calculated are eigenfunctions of the 
component of the spin operator (I in the e direction with the eigenvalues + 1 and 
-1, that is, they represent the states where the spin in the direction 3, q> has the 
value + nl2 or -nI2. One can immediately see that the solutions (2.9) or (2.11) 
are none other than the solutions (2.8) or (2.10), respectively, for the direction 
- e which is described by the angles n - 3, q> + n. Thus it is sufficient from now on 
to use only the solutions (2.8) or (2.10). 
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In the special cases ~ = 0 or n, cp = 0 (spin parallel or antiparallel to the z 

direction), (2.10) yields the expected eigenfunctions of (Jz, (~) or G)' For 

~ = n12, cp = 0 (spin in the x direction) one obtains the spin function 

X = C ~0). The latter example should forewarn us of a false conclusion: 

A superposition of spin states in opposing directions with equal amplitudes and 
with a fixed phase relation, such as 

1 (1) 1 (0) (1/0) o 0 + 0 1 = 1/0 
does not produce a cancellation of spins, but a spin in another direction. This is 
analogous to a coherent superposition of right- and left-circularly polarized light 
waves with a fixed phase relation, which also does not produce an unpolarized 
wave but a linearly polarized wave. ( ) 

Let us now consider the polarization of the electrons described by :~ . 

Whereas the eigenvalue represents the result of a single measurement, the 
polarization tells us something about the average spin direction of the ensemble. 
It is therefore an expectation value. 

We recall that the expectation value is the average over all values which the considered 
property of a particle can assume in a given state 1jJ. A single measurement of a property, 
described by the operator Q, yields an eigenvalue. If such measurements are made on a large 
number of identical systems one generally observes all possible eigenvalues. The average of the 
eigenvalues thus obtained is the expectation value 

(2.12) 

For example, for the hydrogen atom in the ground state 1/10, the expectation value of the 
momentum p is clearly zero as the momentum of the orbiting electron constantly changes its 
direction. In fact, one has 

as can easily be seen by using the simple wave function of the ground state. 
If a system is in the eigenstate of an operator each measurement of the corresponding 

observable will definitely yield the eigenvalue, so that the expectation value coincides with the 
eigenvalue. For example, for a system in a normalized energy state I/ln with the eigenvalue En, 
one obtains the expectation value 

After this brief look at elementary quantum mechanics, we return to the 
polarization and define it as the expectation value of the Pauli spin operator 

P=<u)=<xlulx)=(at,ai)u (:~). (2.13) 
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With this definition one finds from (2.6) and (2.10) that the components of the 
polarization vector are 

Px=(at,a!) (::)=ata2 +ata1 

3 . 3 . 3 . 3 . . 
=cos 2" sm 2" el'l'+cos 2" sm 2" e-''I'=sm3cos qJ 

(2.14) 

=cos2 ~-sin2 ~=cos 3. 

It can be seen from these equations that the polarization has the direction 3, qJ 

and that the degree of polarization which is defined by 

P=VP;+P;+P; 
is 1 in the case discussed here. This is reasonable, as we have assumed that the 

electron spins can be described by a single spin function (:~) (pure state) so that 

there is only one spin direction in the beam, namely that in the direction 3, qJ 

specified in (2.10). 

If the state X = (::) is not normalized, a sensible extension of the definition 

(2.13) is 

p <xlalx> 
<xix> 

(2.15) 

Thus the magnitude of the components of P remains between 0 and 1, e.g., 

The polarization vector can be completely determined. One can measure all 
its components, but one must take care not to use the same particles for this, since 
the states of the particles are affected by a measurement, so that a subsequent 
measurement could give a wrong value. One might, for example, with a beam 
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that is polarized in the x direction [polarization P = (1,0,0)], proceed as follows. 
First, one could measure the spin components in the z direction. Half of the 
measurements would yield + h/2, the other half - h/2, which would imply Pz = 0. 
If one then carried out a measurement in the y or x direction on the same 
electrons which would then have an equal number of spins parallel and 
antiparallel to the z direction, one would again obtain + h/2 and - h/2 with equal 
probability, implying Px=O, Py=O. If the measurement had been carried out 
properly, however, in the x direction one should have found only the value + h/2, 
since we initially assumed the beam to be totally polarized in this direction. 

The objection that one should have started with the measurement in the x 
direction is not valid, as one does not know before making the measurement that 
the beam is polarized in this direction (otherwise the measurement would be 
superfluous). 

In order to conduct the experiment properly, one must make the measure
ments on different subsystems of the electron ensemble. In doing so, one must of 
course be sure that the subsystems are in the same polarization state as the total 
system. For example, one can make the measurements sequentially on a beam of 
constant polarization. One then always uses electrons which have not been 
affected by a previous measurement and obtains, in the above example, Px = 1, 
Py=O, and Pz=O. 

Problem 2.1. Two plane-wave electron beams, one with spins parallel, the other with spins 
antlparallel to the momentum, propagate with different momenta along the same direction. 
Find the spin direction of the electrpns resulting from (coherent) superposition of the two 
beams. 

Solution. The superposition yields 

,._(al)_ i(kz-cot) ( 1 ) 
11' - az -e ei((k'-k)z-(co'-co)t] . 

From (2.8) 

az =tan~ eiq>=ei((k'-k)z-(co'-co)t] 

al 2 

one obtains 3=90°, <p =(k' -k)z -(w' -w)t, describing rotation of the spins around the z 
axis. A snapshot at a fixed time shows <p varying with z, 
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2.3 Statistical Mixtures of Spin States. 
Description of Electron Polarization by Density Matrices 

Partially polarized beams represent a statistical mixture of different spin states. To describe 
them, one can suitably apply density matrices. The connection between polarization and 
density matrices is given. 

Until now, only totally polarized electron beams have been considered, that is, 
ensembles in which all particles are in the same spin state. Now we will consider 
partially polarized beams, which are statistical mixtures of spin states. In this 
case, the polarization of the total system is the average of the polarization vectors 
p(n) of the individual systems which are in pure spin states X(n): 

(2.16) 
n 

where the weighting factors w(n) take into account the relative proportion of the 
states X(n): 

N(n) 
w(n)= __ -I N(n) , 

n 

where N(n) is the number of electrons in the state X(n). The X(n) have been assumed 
to be normalized here. 

As an expedient means of describing the polarization in this case, one can use 
the density matrix {] which is defined as [2.1-3] 

(2.17) 
n 

The individual matrices of this sum are the density matrices of the pure states. 
The density matrix is connected to the polarization by the relation 

(2.18) 

By using (2.2) one sees immediately that these equations are correct. For 
example, we have 

and thus 

n n 



2.3 Statistical Mixtures of Spin States 15 

where use has been made of part of (2.14). Similarly 

tr{e(Tz} = L w(n)(la~n)12 _la~n)12) = L w(n) p~n) =Pz. 
n n 

One can express the elements of the density matrix in terms of the 
components of the polarization. Using (2.2,14,17) one then obtains 

e-~ (l+Pz P1X~piPzy)=t(1+P.(T), 
-2 Px+iPy 

(2.19) 

where 1 is the unit matrix. 
In making the definition (2.16) we assumed that the states X(n) were 

normalized; the relative proportions of the single states were taken into account 
by using weighting factors. One can also start with unnormalized X<n). Then 
weighting factors are unnecessary, since the relative proportion of the nth state is 
already expressed by the unnormalized amplitude of X(n); it is given by 

<x<n)lx(n» 
I <x(n)lx(n» 
n 

In this case the polarization is 

L <x(n)lalx(n» 
p=-"-n ____ _ 

L <x(n)lx(n» 
n 

[which can also be written as 

n 

(2.20) 

thus leading back to the form (2.16) with normalized functions]. Instead of (2.18) 
we then have 

P=tr{ea} / tr{e} , (2.21) 

where the density matrix has the form 

(2.22) 

The denominator 

L <x(n)lX<n» = L (la~n)12 + lan2) = tr {e} 
n n 

now appearing in the polarization formulae (2.20 and 21) must also be taken into 
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account on the left-hand side of (2.19), so that the corresponding relation is 

(2.23) 

The density matrix assumes its simplest form if one takes the direction of the 
resultant polarization as the z axis of the coordinate system shown in Fig. 2.3, 
i.e., chooses Px=Py=O, P=Pz. Then from (2.19) (if we return to normalized 
states) one has 

=!(l+P 0) 
(2 2 0 1-P' (2.24) 

The density matrix thus is transformed to a diagonal form. 
This form ofthe density matrix illustrates again the meaning of P: Since la~n)12 

is the probability that the eigenvalue +h/2 will be obtained from a spin 
measurement in the z direction on the nth subsystem, the probability is 
Ln w(n)la~n)12 that this measurement on the total beam will give the value + h/2. 
This probability can also be expressed as NtI(Nt + N~), where Nt is the number 
of measurements that yield the value + h/2 and Nt + N~ is the total number of 
measurements. (Correspondingly, Ln w(n)la~n)12 = Nd(Nt + N~) is the probability 
that the value -h/2 will be obtained.) Thus one has 

NtI(Nt +N~)= L w(n)lan2=t(1 +P), 
n 

where the last part of the equation comes from a comparison of(2.17) and (2.24). 
Consequently, one obtains for the polarization 

p=Nt-N~ . 
Nt+N~ 

(2.25) 

For a beam totally polarized in the + z direction (N~ = 0), the diagonal form 
of the density matrix (2.24) becomes 

(2.26) 

For an unpolarized beam (Nt =N~) one obtains 

(t 0) 
(2= 0 t . (2.27) 

From the identity 

(2.28) 
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8 2 p 
r-____ _______ 

11111 1 1 1 J J 
~--~Yr----~"--~.~~ 

6 4 

TOTALLY UNPOLARIZED 
POLARIZED 

Fig. 2.4. Partially polarized beam Fig. 2.5. Superposition of polarization vectors 

one sees by comparison with (2.26,27) that an electron beam with an arbitrary 
polarization P can be considered to be made up of a totally polarized fraction 
and an unpolarized fraction which are mixed in the ratio PI(1 - P). 

We will illustrate the general definitions introduced here by two simple 
examples. 

Example 2.1. In an ensemble of 100 electrons, one finds 80 electrons with spin 
+ hl2 in the z direction and 20 with - h12. With N i = 80, Nt = 20, one has, from 
(2.25) 

P=0.6. 

From (2.28), this can also be expressed by saying that 60% of the beam is totally 
polarized and 40 % is unpolarized (Fig. 2.4). 

Example 2.2. An electron beam, which is totally polarized in the z direction, is 
mixed with another beam of the same intensity, which is totally polarized in the x 
direction. According to (2.16) the resulting polarization is then (Fig. 2.5) 

forming a 45° angle with both the z and the x direction. Its magnitude is 

11V2=0.7071. One has P< 1 because the two component beams are indepen
dent of each other so that they are incoherently superimposed. (With opposing 
spin directions for the two beams one would have P = 0.) 

This result can also be obtained by using the density matrix: From (2.10) 

G) and the two component beams have the normalized eigenfunctions 

( COS 450) (11V2) sin 45° = 11V2 so that from (2.17) the density matrix is 
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From this and (2.19) it follows that 

By proper choice of the coordinate system the density matrix could have been 
transformed to the diagonal form (see Problem 2.2 below). 

In such simple cases one can, of course, obtain the result more quickly 
without density matrices. Their real use becomes obvious in more complicated 
cases (Sects. 3.3 and 5.2). 

We emphasize once more the difference between coherent and incoherent 
superposition of spin states.! The summation of products of amplitudes when 
forming the density matrix of a mixed state implies a loss of phase relations. The 
simplest example of such an incoherent superposition is the superposition of two 
opposing spin states with equal weighting factors, which yields P = O. In contrast 
to this, with the coherent superposition of amplitudes, as mentioned in Sect. 2.2, 
the phase relations between the amplitudes are retained and one obtains a 
completely polarized state. This is because every new state 

formed in this way is an eigenfunction of the component ((T. e) of the spin 
operator in the direction 3, cp which is specified by A2IA! = tan (3/2) exp (icp) (cf. 
Sect. 2.2). (Every complex number A2IA! = IRI exp (icp) can be represented in this 
way as the tangent passes through all real numbers.) Thus the polarization in this 
direction is 

P 
__ (At,Af) ((T·e) (~J 

1 smce 

(At,An (~J ' 
Let us conclude this chapter with the remark that, in the jargon of physics, the 

term "polarization of the beam" may stand for the degree of polarization or for a 
polarization component of the beam, the latter particularly when the other 
components disappear. Usually the danger of confusion is small, and if the 
"polarization" is negative it is certainly a polarization component which is 
referred to. 

1 For a detailed discussion of coherent and incoherent superposition in quantum mechanics 
see [2.3]. 
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Problem 2.2. For Example 2.2, give the density matrix in diagonal form using the degree of 
polarization calculated there. Check the result by using the spin functions. 

Solution. As the magnitude of the polarization was found above to be P=0.7071 the density 
matrix in this case must be, according to (2.24), 

_~ (1.7071 
Q-2 0 

We will check to see if this is correct: In the coordinate system, where the z axis is in the 
direction of the resultant polarization vector, the spin directions of the two constituent beams 
have the angles S=45°, and q> = 0° and 180°, respectively. Their spin functions, from (2.10), are 

and ( 
S ) 

cos-

sin i en 
with S=45°. 

Thus the density matrix of the total system has the expected diagonal form 

=~ (1.7071 
2 0 



3. Polarization Effects in Electron Scattering 
Caused by Spin-Orbit Interaction 

3.1 The Dirac Equation and Its Interpretation 

By linearizing the relativistic generalization of the Schrodinger equation, one obtains the 
Dirac equation. It is Lorentz invariant and describes the electron spin and spin-orbit coupling 
without the need to introduce further assumptions. The definition of the polarization as the 
expectation value of the spin operator is not Lorentz invariant and will therefore be referred to 
the rest system of the electrons. 

In analogy to the case of light beams, electron beams can be polarized by 
scattering, and the angular distribution of scattered electrons depends on the 
state of polarization of the incident beam. These effects can be treated by the 
Dirac equation, which is the basic equation for describing the electron, including 
its spin and its relativistic behavior. 

Dirac discovered this equation in 1928 when he tried to find a relativistic 
generalization of the Schrodinger equation. We can best see how the relativistic 
generalization can be made by recalling the path which formally leads to the 
Schrodinger equation. 

One starts from the Hamiltonian function for a free particle 

and substitutes for p and H the operators 

p= -iIiV, .~. a 
H=lft -. at 

(3.1) 

(3.2) 

By applying these to a wave function lfr(r, t), one obtains the Schrodinger 
equation 

.. 1i2 2 
llil/! = -- V l/J. 

2m 
(3.3) 

Does this method also lead to a useful result in the relativistic case? To 
examine this question we start with the relativistic energy law 

(3.4) 

(m = rest mass). By substituting the operators (3.2) for p and H, we obtain 
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(3.5) 

~=h/mc (3.6) 

is the Compton wavelength. 
When we include electric and magnetic potentials <p and A in the conside

ration, the Hamiltonian function for the nonrelativistic case is 

[p -(B/c)AF A,. 

H= 2m +B,/" 
(3.7) 

and thus 

[p -(B/c)A]2 
H -B<P= 2m ' 

where B=electron charge = -e. This follows from (3.1), if one substitutes 
P -(B/c)A for p (p = canonical momentum) and H -B<p for H. Correspondingly, 
it follows from (3.4) for the relativistic case 

(3.8) 

By interpreting Hand p as operators, one obtains a wave equation for an electron 
in an external electromagnetic field (Klein-Gordon equation). 

Serious difficulties are encountered in the use of this equation. For example, 
it predicts far too large a fine-structure splitting of the hydrogen spectrum. It is 
also problematic in its mathematical structure as a second-order differential 
equation in t, since one requires the initial values of 1/1 and Ifr to solve it. The 
Schrodinger equation requires only the initial value of 1/1, and it is difficult to see 
why the consideration of relativistic effects should lead to such radical 
differences in the initial information required to describe the behavior of the 
electron. 

Dirac had the idea of splitting up the equation into a product of two linear 
expressions and of considering these individually. The equation 

(H2_C2 Ip~-m2c4)I/I=0 (3.9) 
Il 

(Pll =Px,Py,pz, components of the momentum operator), which follows from the 
force-free form of (3.8), can be expressed in the form 

(3.10) 

if the constant coefficients all and f3 satisfy the relations 
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IXIlIXIl ' + IXIl'IXIl = 2 () Illl' 

IXIl 13 + I3 IXIl = 0 

132 = 1. 

This can easily be seen by multiplication. If one can solve the equation 

(H -c L IXIlPIl-f3mc2)lfr=0 
Il 

(3.11 ) 

(3.12) 

(or the corresponding equation from (3.10) with the plus sign) then (3.10) is also 
solved. The linearized equation (3.12) has the advantage that it is of the first 
order in %t just as the Schrodinger equation is. The derivatives with respect to 
the space coordinates are of the same order, which is necessary for relativistic 
covariance. 

The relations (3.11) cannot be satisfied with ordinary numbers. One can, 
however, solve (3.11) with matrices (at least 4x4), for example with 

.. ~(~ 
0 0 1) (0 ° 

0 

-~) 0 1 ~ , IXy= ~ _~ 1 0 0 o ' 
0 0 o i 0 0 0 

(3.13) 

.,~(! 
0 1 

0) (1 0 0 

~) 0 0 -1 0 1 0 
0 0 ~ , 13= ~ 0 -1 

-1 0 0 0 -1 

Thus the Dirac equation for a free particle is, if one arbitrarily chooses the left 
factor of (3.10),1 

(3.14) 

As IXIl and 13 are 4 x 4 matrices, the formula makes sense only when lfr has the form 

1 If one starts from the right factor as was usual in earlier literature, the two pairs of 
components '~1' '~2 and 0/3, '~4 are interchanged. This choice is made by Mott and Massey 
[3.1). 
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Then (3.14) represents a system of four simultaneous first-order partial 
differential equations: 

(3.15) 

Let us now turn to the description of free electrons by the Dirac equation. We 
set the z axis in the direction of propagation and take the wave function to be 

II •. = a .ei(kz - wt) 
I' J J ' 

(3.16) 

where the aj must be determined such that equations (3.15) are solved. 
Substituting (3.16) into (3.15) and using the abbreviations E=hw andpz=hk, 
one obtains 

(E -mc2)al -Cpza3 =0 

(E-mc2)a2 + Cpza4 = 0 
(3.17) 

-Cpzal +(E+m2)a3 =0 

Cpza2 +(E+m2)a4=0. 

As a homogeneous linear system of equations, (3.17) has only a nontrivial 
solution if the determinant 

(E-m2) 0 -cpz 0 

0 (E-mc2) 0 cpz 

-cpz 0 (E+m2) 0 (3.18) 

0 cpz 0 (E+m2) 

vanishes, that is, if (E2 _m2c4 _C2p;)2 =0, or 

(3.19) 

We therefore obtain the reasonable result that the system of equations (3.17) can 
be solved only on the condition that the relativistic energy law holds. 

2 In this section E includes the rest energy, whereas we usually denote by E the energy without 
rest energy as is customary in low-energy physics. 
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We shall now consider only the positive root in (3.19) (electrons) and not the 
negative energy states (positrons). Under the condition (3.19), the determinant 
(3.18) is of rank 2 (i.e., all 3 x 3 minor determinants vanish). This means that we 
obtain two linearly independent solutions from (3.17). We can write these as 

al = 1, a2=0, 
cpz 

a4=0 and (3.20) a3= E+m2' 

al =0, a2=1, a3=0, 
-cpz 

(3.21) a4= E+mc2 ' 

as can easily be verified by substituting into (3.17). By linearly combining these 
independent solutions, one obtains the general solution, so that we find for the 
general form of the plane wave 

A +B ei(kz - rot) , (3.22) 

where A and B are constants. 
Let us now investigate which spin states are described by the solutions 

obtained. For this we must first find the form of the spin operator in the Dirac 
theory. We start from the fact that the orbital angular momentum operator 
1= r x p does not commute with the Hamiltonian operator of the Dirac theory. 
This means that I is not a constant of the motion, since for every operator Q that 
is not explicitly time dependent one has the relation 

dQ 1 1 
Tt=ih [Q,H]=ih (QH-HQ). 

This is different from what one would expect from classical physics or 
nonrelativistic quantum mechanics where, for a central field, I is a constant of 
the motion. 

We will show for the component Ix that I does not commute with the 
Hamiltonian 

H = ca.· p + 13m2 + V(r). (3.23) 

One has 
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The terms containing V (r) cancel each other since I commutes with a spherically 
symmetric potential as one can recall from elementary quantum mechanics or 
easily check. 

As the matrices IXp. and f3 contain only constants, they commute with 
coordinates and derivatives with respect to coordinates; thus 

[lx, H] =c [~IXp.(YPz -ZPy)Pp. - ~ IXp.Pp.(YPz -ZPy)]. 

If one further observes that the space coordinates and likewise the momentum 
coordinates commute with each other and that one has 

ypy-pyy=ih, XPy-pyx=O, etc., 

then it follows that 

(3.24) 

Corresponding results are obtained for the components ly and lz. 
A theory which violates conservation of angular momentum for central 

forces is not satisfactory. Thus we must find an operator whose commutator with 
H is the negative of [I, H]; the sum of this operator and I would then commute 
with H (i.e., represent a constant of the motion) and could thus be conceived of 
as the total angular momentum operator. Such an operator can indeed be found; 
it is 

h 
with s=- (1 

2 

.. -(~ 
1 0 

0) r -1 0 

~} 0 0 o i 0 0 

0 0 ~ , {1y= ~ 0 0 -1 

0 1 0 0 

.. -(~ 
0 0 

~} -1 0 
(3.25) 

0 1 
0 0 -1 

which is a generalization of the Pauli spin operator (2.2). One can easily see (cf. 
Problem 3.1) that 

[s,H]= -[I,H] (3.26) 

and thus 

[(I+s),H]=O. (3.27) 
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Since 1+ (h/2)a can be interpreted as the total angular momentum operator it 
appears obvious that (h/2)a is the spin operator. (This argument will later be 
strengthened. ) 

We now come back to the question of which spin states are represented by 
our solutions of the Dirac equation. It will be shown that (3.20) and (3.21) 
represent electron waves with spin parallel and anti parallel to the direction of 
propagation. 

The first solution satisfies the equation3 

1 1 

0 
eikz = 1· 

0 eikz, (3.28) az 
Cpz 

E+mc2 

0 0 

that is, the wave function given in (3.20) is an eigenfunction of Sz = (h/2)az with 
the eigenvalue + (h/2). Similarly, because 

0 0 

1 
eikz = 

-1 
eikz = -1 . eikz (3.29) az 

0 0 

-cpz cpz 
E+mc2 E+mc2 

the solution (3.21) is an eigenfunction of Sz with eigenvalue -(h/2). 
Contrary to the nonrelativistic case, an eigenfunction of ax cannot be 

constructed now by the superposition of the eigenfunctions of a z with the 
eigenvalues ± 1. It can immediately be seen that the wave function formed by this 
superposition is not an eigenstate of ax : 

1 

(~ 
1 0 

r) 
1 

0 0 eikz = 
-cpz 

eik= . (3.30) 
0 0 E+mr 

0 1 Cpz 
E+mr 

This is not an eigenvalue equation, except for the special case pz = O. 
This result was to be expected when one considers that it is not the spin but 

the total angular momentum that is a constant of the motion. Only if I or 
particular components II' vanish, are s or the corresponding sl' constant. This is 

3 We neglect the irrelevant factor exp ( -iwt). 
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why for our plane wave in the z direction, for which lz = 0 (but lx, ly '*' 0), one can 
find eigenvalues only of Sz. The components of orbital angular momentum Ix and 
ly vanish only if p = O. In this limiting case, eigenvalues of Sx and Sy will exist, as 
(3.30) shows for Sx' 

Hence it can be seen that in the relativistic case it is only in the rest frame of 
the electron that one can speak of a transverse spin direction of the plane wave 
(i. e., spins perpendicular to the direction of propagation). Only in the rest frame 
can one assign an eigenvalue to the spin operator in an arbitrary direction 3, cp. 
The spin part of the appropriate eigenfunction in the rest frame is, from (3.22), 

(3.31 ) 

so that in the limiting case where the momentum vanishes only two of the spinor 
components are different from zero. By referring to the results of Sect. 2.2 for 
two-component spinors, we see that the components of the spin function for the 
direction 3, cp which is defined in the rest frame are connected by the relation [cf. 
(2.8)] 

B 3. 
-=tan - e''P 
A 2' 

(3.32) 

Since an arbitrary spin direction can be defined only in the rest frame, a 
definition of the polarization also makes sense only in the rest frame. Except for 
this restriction, we define the polarization as the expectation value of the spin 
operator, exactly as before. 

To show what happens if one does calculate the polarization in the 
laboratory system instead of the rest system, we take, for example, the state 

x(x) = 

We have already seen from (3.30) that XiX) is not an eigensolution of (Jx in the 
laboratory system, but only in the rest frame. We calculate 

(3.33) 
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and find, using (3.30), that 

As E=mye2 (with "1= 1/V1-P2) and 

we get 

2y+2 
2y2+2y 

(3.34) 

Thus the polarization depends on the reference system; for an unambiguous 
definition it is therefore practical to refer it to the rest frame. 

It is also possible to make "Lorentz invariant" (more precisely: covariant) 
definitions of the polarization, where it is not necessary to refer to the rest frame 
[3.2]. For our purposes, however, the definition as the expectation value of the 
spin operator in the rest frame suffices. 

To conclude, we summarize what the Dirac equation describes: 

a) relativistic electrons (although it has not been shown here that the theory is 
Lorentz invariant, this appears plausible as it started from the relativistic 
energy equation), 

b) the spin 1/2 of electrons, 
c) the magnetic moment eh/2 me of electrons, 
d) spin-orbit coupling. 

The last two points have not yet been shown here and their derivations will not be 
given in full. We will only outline the method of the somewhat tedious 
calculation. 

Ifwe consider electrons in external fields, we must again substitute p -(e/e)A 
and H -eep for p and H. The Dirac equation is then, see (3.12), 

(3.35) 

In order to be able to compare it with the Schr6dinger equation, we reduce (3.35) 
to the nonlinearized form of (3.10), writing 
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[H -eep -c~· (p -~ A )-f3m2 ] 

x [H-eep+C~.(P-~A )+f3m2 }/I=O. (3.36) 

By multiplying out and making the approximation that the kinetic and potential 
energies are small compared with the rest energy m2 so that two components of 
the spin function can be neglected, one obtains 

- p--A +eep-- U·B+l-- E·p [1( e)2 eh . eh 
2m c 2mc 4m22 

eh ] -4m2c2 u·(Exp) 1/l=WI/l (3.37) 

when W+m2 is the total energy.4 
The first two terms on the left are identical with those of the Schrodinger 

equation for external fields. The third term corresponds to the interaction 
energy - p. B between a magnetic dipole, whose moment is represented by the 
operator p = (eh/2 mc)u = (e/mc)s, and the external magnetic field. The fact that 
(eh/2mc)u appears here as the operator of the magnetic moment, is a further 
reason for taking (h/2)u as the operator of the spin which is connected with this 
moment. 

The fourth term is a relativistic correction to the energy and has no classical 
analogue. The meaning of the last term can again be illustrated. It describes the 
spin-orbit coupling. Since according to Maxwell's electrodynamics the vectors of 
the electromagnetic field are dependent on the reference system, an observer on 
an electron moving with velocity v relative to an electric field E finds a magnetic 
field5 B= -c-1vxE=(mc)-1(Exp) [terms of the order (V/C)2 are neglected]. 
Thus, in its rest frame, an electron moving relative to the electric field of an 
atomic nucleus experiences this magnetic field, which affects its spin. The energy 
of the electron, due to its magnetic moment p, in this field is 

(3.38) 

Hence an additional energy term is obtained in the classical Hamiltonian 
function. Ifwe substitute the spin operator (h/2)u for s, we obtain the fifth term 
in the Hamiltonian operator (3.37) except for the factor 2. This factor is missing 
because our interpretation was too rough. We have not taken into account that 

4 For a more detailed discussion of this equation and the approximations made see [3.3,4]. 
5 For the derivation of the formula refer to a textbook on electrodynamics. 
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in changing Hie frame of reference, the time transformation changes the 
precession frequency of the electron spin in the magnetic field (Thomas 
precession). 

The term 

(3.39) 

is called the spin-orbit energy, as it arises from the interaction of the spin with the 
magnetic field produced by the orbital motion of the electron, as we have 
illustrated. If the motion takes place in a central field of potential energy V (r) 
where E= _8- 1 (d V/dr)(r/r) , we obtain from (3.39) 

--I',-s.(-~ dV~xp)=_l_~ dV (s.l). 
2m2c2 8 dr r 2m2? r dr 

(3.40) 

Thus the spin-orbit energy, in the case of the Coulomb potential, decreases more 
quickly with increasing distance than does the Coulomb energy itself and can 
therefore be neglected at fairly large distances from the nucleus. 

Before we turn to the treatment of the scattering problem by the Dirac 
equation, it should be emphasized that spin, magnetic moment, and spin-orbit 
coupling, which are very important in the following sections, were not 
introduced by making additional assumptions. They follow automatically from 
the first principles from which Dirac's derivation started. 

Problem 3.1. Show the validity of the formula 

Ii 2 [u,H]= -[I,H] 

taking the x components as an example. 

Solution. From (3.24) one has [Ix, H] = -ilic(r1.zpy-r1.yPz); thus only [ux,H] remains to be 
calculated. As uxV(r) = V(r)ux it follows that 

One sees immediately from the matrices f3 and r1.x that u xf3 = f3u x and u xr1.x = r1.xU x' Thus 

lux, H] = C [uAr1.ypy + r1.zpz) -(r1.ypy +r1.zpz)u xl· 

Due to the relations 

r1.yUx= ( ? 
-1 

o 

o -1 

o 0 
o 0 

o 

0) 1 . 
= -1r1. o ., 

o 
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U"'~(l 
0 

o -1) 0 0 0 1) 0 10. ,~.~ ( : 0 -1 o . 
-1 o 0 = -llXy , 0 ~ =llXy 

0 o 0 -1 0 0 

and the fact that p commutes with t1 one obtains 

~ [l1x,H]=ilic(lXzPy-lXyPz)= -[/x,H]· 

3.2 Calculation of the Differential Scattering Cross Section 

The differential cross section for elastic scattering of an electron beam with arbitrary spin 
direction is calculated using the Dirac equation. The scattering cross section depends on the 
azimuthal angle ljJ; this means that there is generally no axial symmetry of the scattered 
intensity with respect to the incident direction. The asymmetry is described by the Sherman 
function. 

We are now in a position to deal with the scattering of relativistic electrons with 
spin by a central field. The electrons will be taken as an incident plane wave in the 
z direction. In analogy to nonre1ativistic scattering theory, we look for solutions 
to the Dirac equation with the asymptotic form 

eikr 
1/1). ----+ a eikz + a' (e ,I.) -r-oo). ;. ,0/ 

r 
(3.41) 

for the four components of the wave function (A= 1, ... ,4). Generalizing the 
differential elastic scattering cross section obtained from the Schrodinger theory 
one finds 

(3.42) 

This follows from the general definition of the differential cross section and from 
the fact that the current density can be written as (!V = 1/1 t I/lV. If one uses 
normalized wave functions, the denominator in (3.42) is 1. 

In order to simplify this expression, we use the fact that the a). are not 
independent of each other. This can be seen from the solution (3.22) for a plane 
wave with arbitrary spin direction which shows that 

(3.43) 
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The same relation exists asymptotically between the a~ because at very large 
distances from the scattering center, the scattered spherical wave can be regarded 
as made up of plane waves proceeding in different directions from the center. 
Therefore we have 

laW + la~lz + laWy2 + la~lzy2 
(J(B, cP) = ladz + lazlz + ladzy2 + lazlzy2 

laW+la~IZ 
la11z + lazlz . (3.44) 

In the following we consider the scattering of electron waves whose spins are 
oriented in the + z or - z direction (longitudinal polarization). If we have the 
solutions to the scattering problem for these two basic states we can construct all 
other cases from them. By coherent superposition we obtain, for example, 
scattering of a beam with arbitrary spin direction and P= 1 (see Sect. 2.2); by 
incoherent superposition we obtain scattering of an unpolarized beam (see Sect. 
2.3). 

In the case in which the spin of the incident wave is in the + z direction, its 
wave function, from (3.28), is 

The "small" components 1/13 and 1/14, due to their dependence on the "large" 
components 1/11 and I/lz [see (3.43)], yield no additional information for our 
scattering problem as is shown clearly by (3.44); they therefore need not be 
considered. To solve the scattering problem for this particular choice of incident 
wave one must look for solutions of the Dirac equation with the asymptotic form 

( 1/11) ~ (1) ikz (Sl1(B,cP») eikr 

I/lz r--+oo 0 e + SZ1(B,cP) r' (3.45) 

This takes account of the fact that the second component of the wave function is 
no longer necessarily zero after scattering, since the spin may change its direction 
due to spin-orbit coupling as described by the scattering amplitude SZ1' The 
electron "sees" in its rest frame the moving charge of the scattering center; that 
means it sees a current and thus a magnetic field, which acts upon its magnetic 
moment and may change its spin direction (see end of Sect. 3.1). This possibility 
is taken into account through the inclusion of SZ1, which is therefore called the 
spin-flip amplitude. 

Analogously, for the incident wave with the other spin direction, we expect a 
solution with the asymptotic form 

(3.46) 

As in the case of the Schrodinger equation, the scattering problem can be 
solved by using the method of partial waves in which one looks for particular 
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solutions with specific angular momenta and constructs from them a general 
solution with the required boundary conditions. In our case, the procedure is the 
same, but the solution is considerably more complicated. This is because one 
does not (as in the Schrodinger theory) have only one differential equation for 
one function, but instead has a system of simultaneous differential equations. 
We shall not reproduce the calculation step by step -it can be found in [3.1]. We 
will only explain the essential ideas and emphasize the physical background. 

Let us first consider the case in which the spin of the incident beam is in the 
+ z direction which we take as the quantization axis. By separating the variables 
in the Dirac equation for a central field, one obtains the particular solutions 

and 

(3.47) 

where pf (8) are associated Legendre functions; </J is the azimuthal angle. Thus 
one finds a pair of solutions just as in the case of the plane wave. There the two 
solutions differed by the spin directions which they described. What we have 
obtained for a central potential is quite analogous, as will now be illustrated. 

The functions G,(r) and G- 1- 1 (r) are solutions of the two r-dependent 
ordinary differential equations which arise from separating the variables in the 
Dirac equation. The fact that here, contrary to the Schrodinger theory, not one 
but two radial differential equations appear can be explained by the spin-orbit 
coupling term. For this we consider once again the case of small velocities as at 
the end of Sect. 3.1. Then the operator for spin-orbit coupling is proportional to 
r- 1 (dV/dr)(l· s) [see (3.40)], and since/ =(1 +S)2 =/2 +~ +21· s, it is proportio
nal to r- 1 (dV/dr) U2 _[2 -S2). When this r-dependent operator is applied to the 
wave function it produces a term in the radial differential equation which is 
proportional to r- 1 (dV/dr) UU+ 1) -I(l + 1) -s(s+ 1)]. Since 

UU+l)-/(/+l)-S(S+l)]={ -,-i, if J=I+t 
if J=I-t 

(3.48) 

one obtains a different differential equation for each of the two spin orientations 
and thus two different solutions G, and G -1-1 . 

The physically important occurrence in (3.47) of a </J-dependent term which 
does not occur in the Schrodinger treatment of scattering can also be intuitively 
explained. Due to the conservation law for}, the angular momentum component 
mj in the z direction must be +(1/2) after the scattering, since before the 
scattering ms= + (1/2), m, = 0, i.e., mj= + (1/2), according to the initial assump
tion. For a spin flip as described by '{l2 the decrease of the z component of the spin 
must be compensated for by an increase of the orbital angular momentum 
component in this direction. Thus a nonzero expectation value for the z 
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component of the orbital angular momentum must exist. Since the operator of 
this component is 

1 = -ih ~ 
z o¢' 

this is possible only if the solution contains a ¢-dependent term. 
As with the treatment of scattering in the Schrodinger theory, the solutions of 

the radial differential equations for potentials which decrease faster than r- 1 

have the asymptotic form 

sin [kr -(In/2) + 17zl G 1 ------+ _--'--_--'---'----'----....:..:..::c 
r-+ 00 kr (3.49) 

G sin [kr -(In/2) +17-I-d 
-1-1 -;::;: kr . 

In the important case of the r -1 potential a logarithmic term must be included in 
the argument of the sine function; everything else remains valid. 

Let us now construct from the particular solutions (3.47) (partial waves) a 
solution which has the required form (3.45). This can be done if they are 
combined as follows 

00 

1/11 = L [(1+ 1) ei~IGI + 1 ei~-I-IG -I-d i/PI(cos 8) 
I~O 

00 

1/12 = I [-ei~IGI +ei~-I-lG -I-d i'Pt (cos 8) ei4>. 
1~1 

(3.50) 

One can easily check (see Problem 3.2) that the condition (3.45) is then fulfilled; 
one needs only to choose 

1 ~ 2· 2· Sl1 (8, ¢) =----:-k L., [(1+ l)(e 1m -1) + lee IH-I -l)]PI(cos 8) =/(8) 
21 I~O 

and (3.51) 

The solution of the scattering problem is thus reduced to a calculation of the 
scattering phases 17. These depend, as in the nonrelativistic case, on the energy of 
the incident electrons and on the scattering potential (scattering substance). 
Hence the scattering amplitudes S/LV> apart from depending on the scattering 
angle, also depend on these two variables. 

An analogous treatment for the spin of the incident wave in the -z direction 
yields for S22 and S12 in (3.46) 
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S22 = Sl1 = fee) 
S12 = - S21 e -2i4> = -g (e) e -i4>, 

(3.52) 

with Sll and S21 from (3.51). 
By (coherent) superposition of the two basic solutions with spin directions 

parallel and antiparallel to z, we can easily treat the case of an incident wave with 
an arbitrary spin direction, 

(3.53) 

where A and B, according to (3.32), specify the spin direction in the rest frame. 
Using (3.45,46,52,53), one obtains by coherent superposition 

A (Sll) eikr +B (S12) eikr =(Af-Bge~~4» eikr =(a~) eikr 

S21 r S22 r Bf+Age r a2 r 
(3.54) 

for the asymptotic form of the scattered wave. Thus from (3.44) the differential 
cross section is 

(3.55) 

which shows that for a polarized primary beam the scattering intensity generally 
depends on ¢. By substituting 

(3.56) 

(Sherman function [3.5]; it is real as its numerator is the difference of two 
conjugate complex functions), it follows that 

(3.57) 

Example 3.1. A = 1 and B= 1, i.e., transverse polarization, since according to 
(3.32-34) the primary beam is totally polarized in the x direction. From (3.57) 
one has O"(e, ¢) = (lfl2 + Ig12) [1 - See) sin ¢]. The ¢ dependence of the cross 
section is not surprising since the primary beam is not axially symmetric with 
respect to the direction of propagation. As shown in Figs. 3.1 and 3.2, the 
scattering asymmetry is maximum when the scattering plane (plane described by 
primary beam and direction of observation) is perpendicular to P, that is, when 
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x Fig. 3.1. Left-right scattering asymmetry of a 
beam totally polarized in the x direction 

z 

¢ = 90° and 270°. This "left-right" asymmetry of the scattering is used to 
measure the polarization of electron beams ("Mott6 detector"). The scattering 
intensities "up" and "down" (¢ = 0° and 180°) are equal. 

Example 3.2. A = 1, B=O or A =0, B= 1, i.e., longitudinal polarization. These 
are our basic functions with spin parallel or anti parallel to the incident direction. 
In this case, the ¢-dependent part of the scattering cross section disappears 
according to (3.57). This is to be expected, as here - unlike the first example - the 
incident beam is axially symmetric. 

Problem 3.2. Prove that the solution (3.50) has the required asymptotic form (3.45), if (3.49) 
and (3.51) are fulfilled. 

900 1800 2700 3600 ct> 

Fig. 3.2. Dependence of the 
differential cross section on the 
azimuthal angle 4> (for S> 0; see 
Sect. 3.6) 

6 The relativistic theory of electron scattering dealt with in this section originated with M ott 
(see [3.1]; further references are given there). 
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Solution. Using the relations (3.49) one obtains from (3.50) 

Adding 

. exp I r--{ ['(k In)]] 
-[(1+1)+/] e;r +i'(2/+1) r 2 P,=O 

yields 

lPI --+ ~ I ({(l+ 1)[exp (2 i'1,) -1] + I [exp (2i'1-,-I) -1J}P, er
ikr 

r~<Xl 21k '=0 

+(2/+1)i' OXP[i( h-~) J-:xp [ -i( k'-~) J p,) 

. (k In) ikr 00 SIn r--
=Sl1(8,cp) 7+,~0 (2/+1)j' kr 2 P,; 

hence 

where we have used the asymptotic expansion for exp (ikz) which can be found in the treatment 
of scattering with the Schrodinger equation in textbooks on . quantum mechanics. 

Similarly one obtains 

1 <Xl 

IP2 --+ -.- I 
r~<Xl 21k 1=1 
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1 00 eikr . 
=2·k I - [-exp(2i'1l) +exp (2 i'1-1-1)]N e'</> 

1 1=1 r 

3.3 The Role of Spin Polarization in Elastic Scattering 

The following will be shown with the use of density matrix formalism: Only the component of 
the polarization vector which is perpendicular to the scattering plane contributes to the 
scattering asymmetry. An originally unpolarized electron beam has, after scattering, a 
polarization of magnitude See) [See) = Sherman function] perpendicular to the scattering 
plane. The direction and amplitude of the polarization vector of an arbitrarily polarized 
primary beam are usually changed by scattering. However, a totally polarized beam remains 
totally polarized, and a beam polarized perpendicular to the scattering plane retains its 
direction of polarization. Double scattering experiments are suitable for determining the 
Sherman function (except for the sign). "Perfect" experiments can be made which yield the 
maximum information on the scattering process. 

3.3.1 Polarization Dependence of the Cross Section 

We will now write the differential scattering cross section in a form which shows 
the influence of the polarization more clearly. For this, we recall the equations 

(3.53) and (3.54), which show that the spinor X=(~) of a pure initial state is 

transformed by the scattering process to the spinor 

I (ai) (ASll + BS12 ) (Af-Bge-icf» 
X = az = AS21 + BSzz = Bf + Ageicf> 

(3.58) 

of the final state. This can be mathematically represented as transformation 

I (ai) (Sll S12) (A) (f 
X = az = SZl . Szz B = geicf> (3.59) 

by means of a matrix, the scattering matrix S for the spin. 
The density matrix r/ for the scattered state7 is [cf. (2.22)] 

(3.60) 

7 Since the scattering problem is completely described by two amplitudes (cf. Sect. 3.2), we 
need only two spinor components, just as in the calculation of the scattering cross section. We 
can therefore use the density matrix formalism which was developed in Sect. 2.3 for two
component spinors. 
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Since xl = (2 (density matrix of the unscattered state), it follows that 

(3.61 ) 

Equation (2.23) for unnormalized wave functions has been used here because we 
did not consider normalization in our treatment of scattering. 

If we don't have a pure initial state but a statistical mixture of spin states, 
i.e., a partially polarized primary beam, (3.61) is valid as it stands; (2 and (2' 

are then the respective density matrices of the mixed initial and final states 
(see Problem 3.3). 

Equation (3.61) can be used to directly write the dependence of the 
differential cross section on the polarization P of the incident beam. According 
to (3.44 and 60), one has 

(J((}, cfJ)=tr{(2'}jtr{(2}. (3.62) 

Therefore with (3.61) the dependence of the differential cross section on the 
polarization of the primary beam is 

(J((}, cfJ) =t tr {S(l + p. u)st. (3.63) 

To evaluate this one must form the trace of the product 

The simple calculation yields 

(3.64) 

[S((}) is the Sherman function (3.56) and should not be confused with the 
scattering matrix S]. The differential cross section is thus independent of the 
longitudinal polarization component Pz . 

With Plexp(±icp)=Px±iPy, where PI is the magnitude of the transverse 
polarization component PI (cf. Fig. 3.3), and 

y 

Fig. 3.3. Transverse polarization component 
x 
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one has 

(f(e, ¢)=/(e) {1-S~~Pt [e i (4)-<Pl _e- i (4)-<Pl]} 

= I(e){ 1 - PtS(e) sin (¢ - cp)}. 

(3.65) 

(3.66) 

This shows that for an electron beam which has no transverse polarization the 
differential cross section is independent of the azimuthal angle ¢ and simply has 
the value I(e) = lil2 + Ig12. 

x 

Fig. 3.4. Scattering of a polarized 
beam 

Equation (3.66) can be further simplified if one defines the direction of the 
transverse polarization component as the x direction (see Fig. 3.4). Then it 
follows that the differential cross section for a primary beam with arbitrary 
polarization is 

(f(e, ¢) = I(e) [1 - PtS(e) sin ¢]. (3.67) 

Frequently this formula is written using the unit vector perpendicular to the 
scattering plane 

kxk' 
n=/kx k'i (3.68) 

(k and k' are, except for the factor h, the electron momenta before and 
after scattering). Since in our suitably chosen coordinate system we have 
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n=( -sin¢, cos ¢, 0) (3.69) 

(cf. Fig. 3.4), we obtain -PI sin ¢ = p. n and thus from (3.67) 

(I(e, ¢)=I(e) [1 +S(e)p·n]. (3.70) 

This formula is independent of the choice of coordinate system as the scalar 
product is invariant under coordinate transformations. 

This is the basic equation for the measurement of electron polarization by 
"Mott scattering", as illustrated by Figs. 3.1 and 3.2. An essential feature of this 
formula is that only the component of the polarization vector perpendicular to 
the scattering plane contributes to the scattering asymmetry; components 
parallel to the scattering plane make no contribution (see also Problem 3.6). 

Problem 3.3. Relation (3.61) has been derived for the scattering of a pure spin state. Show 
that it is also valid for the scattering of a mixture of spin states, when the density matrices of the 
mixed states are defined by (2.22). 

Solution. One has 

(/ = I Q,(n) = I SQ(n) st 
n n 

=ts [~ (1+ p(n). 0") tr{Q(n)} J st. 

As I tr{Q(n)}=tr{Q} and I p(n)tr{Q(n)}=Ptr{Q} [see (2.20)], it follows 
n n 

Q' =t S(1 + p. O")st tr{Q}. 

3.3.2 Polarization of an Electron Beam by Scattering 

The density matrix formalism readily produces the remarkable fact that an 
initially unpolarized electron beam is polarized by the scattering process. From 
(2.21) one has 

P' =tr{Q'a}/tr{Q'}. 

If the primary beam is unpolarized one obtains from (3.61), as P = 0, 

Q' =t S(1 + p. a)Sttr{Q} =t SSttr{Q} 

so that the polarization of the scattered beam is 

,_~ tr{SSta} {} 
P -2 tr{Q'} tr Q . 

(3.71 ) 

(3.72) 
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From (3.62) one has tr{a'}/trh!}=u(8,e/»=1/12+lgI2, where (3.66) has been 
applied in the special case of an unpolarized primary beam. Furthermore, with 
u = L U I'el' [where the el' are unit vectors along the coordinate axes and the u I' are 

I' 

defined by (2.2)], one has 

t tr {sst u} = t tr {f 1f.12 + Ig12. Ig*e
l
-
/

i4>12 -+l*lggI2 e - i4» 

\t*gel 4> -lg*e l 4> 

( ez ex -iey)} ' 
x A'A A 

ex +ley -ez 

=t [(1/12 + Igl2)ez + (fg* -I*g) (ex + iey)e- i 4> 

-(fg* -f*g)(ex -iey)e i </> -(1/12 + IgI2)ez ] 

=i(fg* -f*g)( -sine/>· ex+cos e/>. ey). 

Since from (3.69) n = ( -sin e/>, cos e/>, 0), one finally obtains, by using the 
Sherman function (3.56), 

(3.73) 

Thus, through scattering, an initially unpolarized beam acquires a polariza
tion of magnitude S (8) perpendicular to the scattering plane. This, together with 
the result of the last section, shows that the Sherman function describes two 
important features: the extent of the asymmetry in the scattering of a polarized 
beam and the amount of polarization produced by scattering an unpolarized 
beam. 

3.3.3 Behavior of the Polarization in Scattering 

The problem just treated is a special case of the following: Given an incident 
electron beam with arbitrary polarization P, how is this polarization changed by 
scattering? 

The polarization P' after scattering is 

P' __ tr_{ a_' u_} _....,.t t_r-,-;{ S~(....,.l_+_P_._u....,.) s ___ t-;-u~} 
- tr{a'} - ttr{S(l+P·u)St} 

(3.74) 

The denominator has already been evaluated [cf. (3.63-70)] with the result 
(1/12 + Ig12)[1 + S(8)P· n]. The numerator is calculated in Problem 3.4. As a 
result, one obtains for the polarization after scattering 

P' = [p. n + S(8)]n + T(8) [P -(p. iI)iI] + U(8) (n x P) 
1 +P·nS(8) 

(3.75) 
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k 

with 

Fig. 3.5. Components of an arbitrary 
initial polarization P (k and k' are 
the electron wave vectors before and 
after scattering) 

fg*+f*g 
U(() Ifl2 + Igl2 . (3.76) 

If one resolves the polarization vector into components Pp parallel to the 
scattering plane and Pn perpendicular to it (i.e., parallel to n, see Fig. 3.5), one 
has P=Pn +Pp' As (p. n)n=Pn and n x Pn =0 or n x P=n x Pp, (3.75) can also 
be written in the form 

P' [Pn + S(()]n + T(()Pp + U(()(n x Pp) . 

1 + PnS(() 
(3.77) 

In this formula only the essential components of the initial polarization appear. 
By use of the vector relation 

ax(bxc)=(a·c)b-(a·b)c, 

which in our case yields 

n x (P x n)=P-(P· n)n=Pp, 

(3.77) can be rearranged. Then one 0 btains the frequently used formula in which 
the complete vector P appears: 

, [p. n + S(()]n + T(()n x (P x n) + U(() (n x P) 
P = A • 

1+P'nS(() 
(3.78) 

From (3.77) we easily see that the scattering process affects the polarization 
as follows: The (positive or negative) vector S(()n is added to the component 
Pnn perpendicular to the scattering plane. The component parallel to the 
scattering plane is reduced from Pp to TPp(ITI:::; 1 by definition). The 
polarization vector is rotated out of its original plane (Pn , Pp) [identical to the 
plane (n, Pp)] as there is an additional component, determined by U((), that is 
perpendicular to this plane. Last but not least, all components are modified by 
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Fig. 3.6. Angle of rotation of the polarization 
Pp component P p 

the common factor 1 + p. iaS(O). The change ofthe polarization vector due to the 
scattering is determined by the spin-flip amplitude g. If g = 0, then T = 1, S = U 
=0, and according to (3.77) the polarization does not change. 

The angle ex, through which the polarization component P p in the scattering 
plane is rotated, is given by (see Fig. 3.6) 

(3.79) 

In general, scattering changes not only the direction but also the magnitude of 
the polarization vector. For example, when P=O, it follows from (3.77) that 
pi = S(O)ia, as already shown in Sect. 3.3.2. If, however, IPI = 1, that is with total 
initial polarization, the degree of polarization of the electrons scattered into a 
certain direction remains unchanged. This can be seen from (3.77) if one uses the 
relation S2 + T2 + U2 = 1, which follows immediately from the definition (3.76): 

I '12_ (Pn +S)2+ T2P;+ U2p; . 
P - (1 +PnS)2 ' 

with IpI2 = 1 or P; = 1 - P~ one has 

P2+2P S+S2+ T2+ U2 _(T2+ U2)P2 IP '12 n n n 

= (1+PnS? 

P~+2PnS+1 +(S2 -1)P~ 
(1 +Pn S)2 

1. 

Thus, from IpI2 = 1 it follows that IP'12 = 1. Another special case where the 
direction of the polarization changes while the degree of polarization remains 
constant is found for S=O. From the formulas just given, one then has 

In one special case, only the magnitude and not the direction of P is altered by 
the scattering; this is when Pp=O, or the polarization is perpendicular to the 
scattering plane. Then from (3.77) it follows that 
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which shows that the polarization retains its direction perpendicular to the 
scattering plane. 

Using the relations given in this section, the quantities S, T, U can be 
determined experimentally, as will be discussed in Sect. 3.7. In conjunction 
with experimental data of the cross section da/dQ for scattering of an un
polarized beam (3.65), such measurements enable one to determine the com
plex scattering amplitudes 1= III exp (iYd and 9 = Igl exp (iY2)' One can, for 
example, from 1= 1112 + Igl2 and T=(1112 -lgI2)/(1112 + Ig12) determine III and Igl. 
Then from (3.76) the measurement of Sand U yields -21111gl sin (Yl -Y2) and 
21111g1 cos (Yl -Y2), so that one also obtains the difference in the phases of the 
scattering amplitudes. The four observables d(J/dQ, S, T, and U yield only the 
three parameters III, Igl, and Yl -Y2 since the observables are not independent of 
each other as the relation S2 + T2 + U2 = 1 shows. Still, all of the observables 
have to be measured, since two measurements (S and U) are required for an 
unambiguous determination of the parameter Yl -Y2' This is because the 
measurements do not yield the phase difference directly; instead, one obtains 
sin (Yl -Y2) and cos (Yl -Y2). 

Since an absolute determination of the phases from an analysis of the 
scattered wave is impossible, the measurements discussed yield the maximum 
possible information on the scattering process, thus representing a complete or 
"perfect" experiment. 

Problem 3.4. Calculate P' from (3.74). 

Solution. The denominator has already been evaluated in Sect. 3.3.1. The numerator is 

where 

all = (1 + Pz)lfl2 -(Px -iPy)fg*ei4> -(Px +iPy)f*ge- i4> +(1 - Pz)lgl2 

a12 =(1 + Pz)fg*e- i4> +(Px -iPy)lfI2 -(1 -Pz)f*ge- i4> -(Px +iPy)lgI2e- 2i4> 

a21 =(1 + Pz)f*gei4> -(Px _iPy)lgI2e2i4> + (Px + iPy)lfl2 -(1 - Pz)fg*ei4> 

a22 =(1 + Pz )lgl2 +(Px -iPy)f*gei4> + (1 -Pz )lfI2 + (Px +iPy)fg*e- i4>. 

Hence ttr{ S(1 + p. a)Sta} equals 

t {[2 Pz (lfl2 -lgI2) -(Px -iPy) ei4> (fg * +f*g) -(Px + iPy)e- i4>(fg* + f*g)]e z 

+ [(1 + Pz )fg*e- i4> +(Px -iPy)(lfI2 _lgI2e2i4» -(1 - Pz )f*ge- i4> 

_(Px +ipy)(lgI2e - 2i4> -lfj2) +(1 +Pz )f*gei4> -(1 -Pz )fg*ei4>]ex 
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+ [(1 + Pz)fg*e- i</> +(Px -iPy)(lfI2 + IgI2e2i</» -(1 -Pz)f*ge- i</> 

-(Px +iPy) <lgI2e-2i</> + If12) -(1 + Pz)f*gei</> +(1 -Pz)fg*ei</>]iey} 

=t({(fg* -I*g) (e- i</> _ei</»+ Pz(fg* +f*g) (e- i</> +ei</» 

+ Px [21f12 _lgI2(e2i</> +e-2i</»] +ipylgI2(e2i</> _e- 2i</»} ex 

+ {(fg* -f*g) (ei</> +e- i</» - Pz(fg* + f*g) (ei</> _e- i</» 

+ pxlgI2(e2i</> _e- 2i</» -iPy[2IfI2 + IgI2(e2i</> +e -2i</>)]}iey 

+{2PAlfI2 -lgI2) -(fg* +f*g) [PAei</> +e- i</» -iPy(ei</> -e-i</>)]}ez) 

= [ -i(fg* -f*g) sin cp + PAlfl2 -lgl2 cos 2cp) _Pylgl2 sin2cp 

+ Pz(fg* + f*g)cos cp lex 

+ [i(fg* -f*g) cos cp - Pxlgl2 sin2cp + Py<lfl2 + Igl2 cos 2cp) 

+ Pz(fg* + f*g) sin cp ley 

+ [ -(fg* + f*g) (Pxcos cp + Py sin cp)+ PAlfl2 -lgI2)]ez • 

After rearranging and using cos 2 cp = 1 - 2 sin2 cp, i. e., 

PAlfl2 -lgl2 cos 2cp)= px(lgl2 sin2 cp + Igl2 sin2 cp+ Ifl2 -lgI2) 

P.(Ifl2 + Igl2 cos 2cp) = Py(lfl2 -lgl2 + Igl2 cos2 cp + Igl2 cos2 cp) 

and sin2cp=2sincpcoscp, we get 

ttr{S(l + p. a)Sta} = <lf12 + Ig12) ( -Px sin cp + Pycos cp) ( -sin cpex +cos cpey) 

+i(fg* -f*g)( -sin cpex+cos cpey)+<lfI2 -lgI2) [(Pxex+ Pyey + Pzez) 

-( -Pxsin cp + Pycos cp)( -sin cpex+cos cpey)] 

+ (fg* + f*g) [Pzcos cpex + Pz sin cpey -(P, sin cp + Pxcos cp)ez]' 

With the definitions (3.76) and the relations (3.63) and (3.70) it follows that 

P' = [p. Ii-S(O)]Ii-T(O) [P -(p. Ii) Ii] + U(O)(1i x P) 
1+ p. liS (0) . 

The possibility of evaluating P' by use of vector algebra is demonstrated in 
Problem 3.9. 

3.3.4 Double Scattering Experiments 

Double scattering experiments are important for determining the Sherman 
function S(O). An unpolarized beam is first scattered by the scattering center 1 
(see Fig. 3.7). The electrons scattered through the angles (Jl, cPl = 0 8 are polarized 
by the scattering process and undergo a second scattering (scattering angles (J2, 

cP2 = cP, where cP = 0 if the two scattering planes coincide). 

8 As the incident beam is unpolarized, scattering into all azimuthal angles is equally probable, 
so that we can assign the azimuthal angle CPt = 0 to an arbitrary scattering direction. 
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PRIMARY 
BEAM 

Fig. 3.7. Double 
scattering experiment 

From (3.62) the cross section for the scattering by the second target is 

0"2 ((}2, 4>2) = tr {e"} jtr {e'}, 

where e' and eft are the respective density matrices of the single and double 
scattered states. One has from (3.71) that e' =t SSttr{e}, since the incident beam 
is unpolarized, and from (3.61) that 

e" =S'e's't =ts'ssts'ttr{e}, (3.81) 

where Sand S' are the respective scattering matrices of the first and second 
scattering processes. Thus we have 

1 {' t 't} tr {e} 
0"2((}2,4>2)="2 tr S SS S tr{e'}' (3.82) 

According to Sect. 3.3.1, the cross section for the scattering by the first target where the 
primary beam is unpolarized is 

Since CPl = 0, one has 

sst = (f(flt ) -9(81)) (f*(81) 9*(81))=I(8d ( S(~I) 
g(81) f(8 1) -g*(81 ) f*(8 1 ) -~.-

1 

S(~I)) 
1 ' 

where S(81) is the Sherman function as defined previously. Hence with CP2 = cP one has 
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=~ [If(62)12-f(62)g*(62) S(~l) ei</>+f*(62)g(62) S(~l) e- i </> 

+lg(62)12+lg(62)12+f*(62)g(62) S(~l) ei </> 
I 

-f(62)g*(62) S(~l) e- i</>+lf(62)12] 

= 1(62) +t S(61)/(62)S(62) (ei</> + e -i</» 

= 1(62) [1 + S(61)S(62) cos (PJ. (3.83) 

If the angle between the first and the second scattering plane is zero, we obtain 

(12 (e2 , 4> = 0°) = [(e2 ) [1 + S(e1)S(e2 )). 

If 4> = 180°, then 

(12 (e2 , 4>= 180°) = [(e2) [1-S(edS(e2)). 

Hence observation of the left-right asymmetry of the intensity in a double 
scattering experiment yields 

(3.84) 

If the targets are the same and the scattering angles are equal in the first and 
second scattering processes (el = (J2 = e), one can measure S2 (e) for the target in 
question. 

By using the results derived in Sects. 3.3.1 and 3.3.2, the double scattering 
experiment could have been understood without making further calculations. 
According to (3.73), the first scattering process produces the polarization 
p'=Scel)Hl. Hence from (3.70) the cross section for the second scattering is 

where HI . H2 = cos 4>, if 4> is the angle between the normals of the scattering planes 
( = angle between the scattering planes). 
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3.4 Simple Physical Description of the Polarization Phenomena 

The main object of physical science is not the provision of pictures, but is the 
formulation of laws governing phenomena and the application of these laws to the 
discovery of new phenomena. If a picture exists, so much the better .... 

P. A. M. DIRAC 

(The Principles o/Quantum Mechanics, Chapter 1,4) 

With the use of simple pictures and basic principles, the results which have been 
mathematically derived in the previous sections will be illustrated. A qualitative explanation 
will be given for the change in the direction and magnitude of the polarization vector, the 
asymmetry in the scattering of a polarized electron beam, the fact that the polarization arising 
from the scattering of an unpolarized beam is perpendicular to the scattering plane, and the 
fact that the degree of polarization in this case can be described by the same function (Sherman 
function) which describes the scattering asymmetry of a polarized beam. 

3.4.1 Illustration of the Rotation of the Polarization Vector 

We shall now illustrate by simple models the results obtained in the last section. 
First - why does the polarization vector retain its direction only if it is 
perpendicular to the scattering plane? 

Fig. 3.8. Precession of the 
polarization vector about the 
magnetic field arising from the 
relative motion of the charges 

The polarization effects in scattering are caused by spin-orbit coupling, in 
other words, by the magnetic field which the electrons experience in their rest 
frame (cf. Sect. 3.1). The charged scattering center moves in the rest frame of the 
electrons; the current that is represented by this moving charge produces a 
magnetic field B=E x vic which acts upon the magnetic moments of the 
electrons. As E and v lie in the scattering plane, B is perpendicular to this plane 
(see Fig. 3.8). If the polarization P does not lie parallel or antiparallel to B, the 
magnetic moment which is connected with P experiences a torque that induces P 
to change its direction and to precess. Only if the polarization is parallel or 
antiparallel to B does it retain its direction. 
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3.4.2 Illustration of the Change in the Magnitude of the Polarization Vector 

The picture just used does not answer the question of how it is possible for the 
magnitude of P to change during the scattering. We first explain this for the 
conspicuous case in which the degree of polarization changes from zero to a finite 
value (scattering of an unpolarized beam). 

F or an unpolarized beam, if we take 300 e V incident energy and scattering by 
Hg as an example, the scattering cross section has the shape shown in Fig. 3.9. 
The typical interference structure of the cross section arises because the electron 
wavelength is of the same order of magnitude as the atomic radius (A = 0.07 nm 
for 300eV). 

2 
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(Qo2/sr) 
1 
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0 
30° 900 

300eV 
Hg 

9 

Fig. 3.9. Differential cross 
section for elastic scattering of 
an unpolarized electron beam 
(Go = Bohr radius). Ordinate 
pseudologarithmic according 
to log [1 + 10a(l.l)/(tio/sr)] 

It follows from Chap. 2 that one can consider the unpolarized beam as a 
mixture of two equal fractions with opposing spin directions. It is expedient to 
choose the arbitrary spin directions of these two constituent beams to be 
perpendicular to the scattering plane because they then remain unchanged in the 
scattering process. 

The cross sections of the two beams with opposite polarization differ slightly 
from each other. This is because the scattering potential essentially consists of the 
electrostatic and the spin-orbit potential: V = Vo + Vis. Since Vis contains the 
scalar product ,. s, it has different signs for electrons of the same orbit but 
different spin directions. As Fig. 3.10 shows, the resulting scattering potential 
will therefore be higher or lower for spin-up electrons (el) than for spin-down 
electrons (eL), depending on which side of the atom they pass. Ifwe consider, for 
example, electrons which pass by the atom on the right, i.e., that are scattered to 
the left, it can be seen from Fig. 3.10 that the effective radius R of the atom for 
scattering (defined as the radius where the potential has dropped to a certain 
value) will be smaller for ej than for e!. Since the positions of the extrema in 
interference patterns like those shown in Fig. 3.9 are determined by AjR, their 
abscissas depend on the effective atomic radius, so that different cross-section 
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o 

Fig. 3.10. Potential curves with (---) 
and without (--) spin-orbit coupling 

r for electrons with spins up i and down! 

curves result for ei and e!.9 Since a change in the scattering potential also affects 
the ordinates of the cross sections, one obtains the curves shown in the upper half 
of Fig. 3.11 for scattering to the left. 

The numbers of ei and e! scattered in a particular direction f) are therefore 
usually different from each other; in other words, the scattered beam is 
polarized. Since the number of scattered electrons is proportional to the 
corresponding cross section, the polarization is, from (2.25), 
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Fig. 3.11. Construction of the polari
zation from the cross sections for ei and 
e!. Ordinate of cross sections pseu
dologarithmic according to 
log [1 + 50u(O)/(t1o /sr)] 

9 Needless to say, quantitative results cannot be derived from these qualitative arguments. 
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(3.85) 

so that one can construct P directly from the cross-section curves as indicated in 
Fig. 3.11. 

What has been shown here for a mixture of 50 % ej and 50 % e! (unpolarized 
beam) is also valid for every other mixture (partially polarized beam, Ipl < 1). 
Since the cross sections for ej and e! are different, the proportions of the mixture 
change with scattering, which means, according to (3.85), that the polarization 
changes. 

From the construction just described it follows that a particularly high 
polarization arises at those angles where one of the two cross sections has a deep 
minimum so that its value is very small compared to that of the other cross 
section at the same angle. Electrons of a single spin direction then predominate in 
the scattered beam, so that one approaches the ideal case of a totally polarized 
electron beam. Due to the fact that the spin-orbit interaction is relatively weak, 
the mutual shift of at and a! is not significant (see Fig. 3.11), so that the complete 
differential cross section a(O)=at(O)+a!(O) likewise has its minima near the 
extreme values of P. This would be different if the spin-orbit coupling were so 
large that at and a! were strongly shifted with respect to each other. Such cases 
occur in nucleon scattering. For electron scattering we can, however, note that 
high degrees of polarization occur only near cross-section minima. 

Problem 3.5. Show that (3.85) is compatible with (3.73). 

Solution. According to (3.73) scattering of an unpolarized beam yields a polarization 

.fg*-f*g 
P=llfI2+lgI2 

perpendicular to the scattering plane. This is easily seen to be equal to 

From (3.58) and (3.44), If _igl2 is seen to be the cross section CTt for scattering of ej: 
For incident spins directed along the x direction in Fig. 3.4 (A =B= 1) and scattering to the 

left (</J=in) one obtains x,=(f-~9) for the spinor of the final state, which yields 
f-Ig 

CT t = If - igl2. Similarly one finds CT! = If + igl2, so that 

./g* -f*g CTt -CT! 
P=I Ifl2 + Igl2 CTt + CT! 
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3.4.3 Illustration of the Asymmetry in the Scattering of a Polarized Beam 

The left-right asymmetry which is observed in the scattering of a polarized 
electron beam can immediately be interpreted with the help of Fig. 3.10. We 
assume without loss of generality that the beam consists only of ej. Then the 
electrons that pass the atom on the left, i. e., that are scattered to the right, 
experience a stronger potential than those scattered to the left. Different 
scattering potentials cause different scattering intensities, so that one observes a 
scattering asymmetry. 

A quantitative example can be taken from the upper part of Fig. 3.11 which 
shows the cross sections for scattering of ej and e! to the left. Remembering the 
discussion in Sect. 3.4.2, we see that this graph also represents the case of 
scattering to the right, if one interchanges the labels j and !. The two cross 
sections in Fig. 3.11 can therefore also be taken to represent the scattering of ej to 
the left and to the right, respectively. This shows that there is a left-right 
asymmetry of the scattering intensity - except for those angles where the cross 
sections happen to intersect. 

3.4.4 Transversality of the Polarization as a Consequence of Parity Conservation. 
Counterexample: Longitudinal Polarization in fJ Decay 

The polarization resulting from the scattering of an unpolarized electron beam is 
perpendicular to the scattering plane, as proved in Sect. 3.3.2. This can be seen 
directly from simple symmetry considerations. According to all physical 
experience, parity is conserved for the electromagnetic interaction which governs 
electron scattering. In other words, the result of an electron-scattering experi
ment must not depend on whether it is described in a right- or left-handed (e. g., 
reflected) coordinate system. This means that the mirror image of such an 
experiment must also be a process which can occur in nature. 

From this principle it follows that the polarization P of the scattered beam 
cannot have a longitudinal component P . k'. Otherwise this component would 
define a certain screw sense (helicity) in the laboratory system, for example, a 
right-handed screw, p. k' > O. With the reflection of the experiment one would 
obtain a left-handed screw, p. k' < 0 because the sense of rotation connected 
with the polarization is inverted (see Fig. 3.12). Hence, the mirror image would 
yield a different final state though the initial state remains unchanged. As we 
must expect a well-defined final state when we have a well-defined initial state, 
this course of the experiment contradicts reality: the results obtained in the 
laboratory and in the mirror image are not compatible with one another. 

From the same argument it follows that a component p. k in the incident 
direction cannot exist either. This means that P must be perpendicular to k and 
k', i.e., perpendicular to the scattering plane. 

The mirror inversion being considered (x, y, z)~ (x,y, -z) is not identical to 
the parity inversion (x, y, z)~( -x, -y, -z). Itcan,however, be transformed to 
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---0 k 

~.' 
Fig. 3.12. Reflection of a scattering process 
with unpolarized initial state. To avoid 
confusion, the axial vector P is depicted by 
its direction of rotation 

this by a rotation through 1800 (see Fig. 3.13). As the screw sense is not changed 
by a rotation, use of the simple mirror inversion is justified for our 
considerations. 

Fig. 3.13. Mirror inversion followed by 
a rotation through 1800 yielding the 
parity inversion 

To prevent misunderstanding, it must be emphasized that disappearance of 
the longitudinal polarization component can no longer be inferred from parity 
conservation, if one has a nonzero initial polarization. We explain this by an 
example. Let the initial polarization be transverse, the polarization vector lying 
in the scattering plane (see Fig. 3.14). For simplicity let us further assume that the 
spin-flip amplitude is small so that the polarization vector is virtually not 

Fig. 3.14. Reflection of a scattering process 
with polarized initial state 
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changed by the scattering, as is actually often the case (cf. Sect. 3.6). Then P 
approximately retains its direction in space. In the example shown, the right
handed screw formed by P and k' in the laboratory is transformed into a left
handed screw in the mirror image. In this case, however, the mirror image also 
represents an experiment that is possible in nature, because it is not only the final 
state that has been changed by the reflection but also the initial state. It is, of 
course, no surprise to obtain a different result of an experiment when the initial 
situation is altered. 

With interactions that violate parity conservation, arguments of the kind 
just used cannot be applied. Parity violation can then even be the reason for 
the spin polarization of the particles concerned. A famous example of this is 
f3 decay. 

Fig. 3.1S. Radioactive p source and its 
mirror image 

A longitudinal polarization of the electrons emitted by unpolarized nuclei, as 
actually occurs in f3 decay, is incompatible with parity conservation. Fig. 3.15 
shows that all left-handed screws are transformed to right-handed screws by 
reflection, so that the final states in the mirror image and in the laboratory differ 
from each other although the initial states are the same. Accordingly, the result 
of the experiments is not invariant under spatial inversion; in other words, the 
law of conservation of parity is violated. 

The currents of polarized electrons which one can obtain from radioactive 
sources are very small. Electron polarization in f3 decay is, however, of 
fundamental importance as it led to the discovery of parity violation in weak 
interactions. The theoretical and experimental aspects of f3 decay are treated in 
detail in modern textbooks on nuclear physics and in review articles so that we 
will not consider them further [3.6]. 

Problem 3.6. It was shown in Sect. 3.3.1 that the polarization components which lie in the 
scattering plane do not contribute to the scattering asymmetry. Derive this result from 
symmetry considerations. 

Solution. We resolve the polarization component Pp which lies parallel to the scattering 
plane (see Fig. 3.5) into a component P II in the incident direction and a component Pl. 
perpendicular to it (see Fig. 3.16). The former, due to the rotational symmetry, cannot give rise 
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k~ 

Fig. 3.16. Resolution of the polarization 
component P p' (Scattering plane = plane of 
diagram) 

to an asymmetrical intensity distribution (cf. Example 3.2). Let us assume that P1. causes 
different intensities in the directions k; and kJ. which are symmetrical to the incident direction. 
The reflection through the incident direction (mirror perpendicular to scattering plane) would 
then invert the scattering asymmetry but leave P 1. (sense of rotation!) unchanged. Hence the 
final state represented by the mirror image would differ from the final state in the laboratory 
although the initial states are the same. Accordingly, the result of the experiment would 
depend on whether it is described in the original or the reflected coordinate system. 

3.4.5 Equality of Polarizing and Analyzing Power 

We now give the connection between the following two facts which were proved 
in Sect. 3.3 for elastic scattering: 

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

b) Scattering as an analyzer: The left-right asymmetry A observed with the 
scattering of a beam that is polarized perpendicular to the scattering plane is also 
determined by See). For a beam of polarization P one has from (3.70) 

A = N1-Nr = 1 +PS(e) -(l-PS(e)) PS(e) 
N,+Nr 1 + PS(e) + 1-PS(e) 

(3.86) 

(N" Nr = number of electrons scattered to left and right, respectively). With total 
polarization P=l one has A=S(e). 

Polarizer and analyzer are thus characterized here by one and the same 
function. 10 It can easily be seen that this must be true because the first fact 
follows immediately from the second: 

Once again we consider the incident unpolarized beam to be a mixture of 
equal numbers of electrons polarized in opposite directions. One half are totally 
polarized in the direction i perpendicular to the scattering plane; the other half 
are totally polarized in the opposite direction (see Fig. 3.17). From (3.70) it 
follows for the ei beam that the scattering intensity to the left is proportional to 
1 + S P . n = 1 + S, whereas the intensity to the right is proportional to 1 - S due to 
the opposite vector n. For the e! beam the corresponding values are l-S and 

10 That this is not so with all scattering processes is shown in Sect. 3.9 and in Problem 4.1. 
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N.a:: 1+S7 ;?S 
, , Fig. 3.17. Scattering of an unpolarized '-~~~~~~~~N~a::~l+~S~£N:;a::l-S 

beam 

1 + S. In both cases the polarization vectors remain unchanged as they are 
perpendicular to the scattering plane and have the magnitude 1 (cf. Sects. 3.3.3 
and 3.4.1). 

The fact that there are different numbers of ei and et in the scattered beam 
means that this beam is polarized. Figure 3.17 illustrates that for scattering to the 
left the polarization is 

1 +S-(1-S) 

1+S+1-S 
S, (3.87) 

whereas for scattering to the right one has P= -S (as long as i and t always refer 
to the same reference direction). The polarization after the scattering of an 
unpolarized beam is thus seen to be a direct consequence of the scattering 
asymmetry of a polarized beam. Both quantities are described by the same 
function See). 

Measuring left-right asymmetry is not the only way to analyze the 
polarization of an electron beam. Instead one mayo bserve the relative difference 
of the intensities scattered to the left (or right) for polarization P and - P of the 
incident beam. Since the scattered intensities are proportional to 1 + sp· ii, one 
has the asymmetry 

A 
1 +PS-(1-PS) 

1 +PS+ 1-PS 
PS, 

the same value as obtained by observing the left-right asymmetry. 

Problem 3.7. In the preceding considerations, the incident unpolarized beam was separated 
into two beams which were polarized perpendicular to the scattering plane. Show that the 
result does not depend on this particular separation, i.e., that the separation can be made in 
any arbitrary direction. 

Solution. We choose an arbitrary separation of the incident beam. Let one half have the 
polarization P=(Pn,Pp) and the other half -P=( -Pn, -Pp). The number N+ of electrons 
from the part of the beam with polarization P which are scattered at the angle 8 is proportional 
to 1 + S(8)P· ri = 1 + S(8)Pn • The polarization of these electrons after scattering is, according 
to (3.77), 

, [Pn +S(8)]ri + T(8)Pp + U(8)(ii x Pp) 
P + = 1 + PnS(8) . 
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The number N _ of electrons from the part of the beam with polarization - P which are 
scattered at the same angle is proportional to 1-S(8)P·ii=1-S(8)Pn' The polarization 
vector of these electrons after scattering is 

P ' = [ -Pn + S(8)]ii - T(8)Pp - U(8)(ii x Pp) 
- 1-PnS(8) . 

The resultant polarization P' of the scattered beam is according to (2.16) 

Again one has a beam polarized perpendicularly to the scattering plane with polarization S( 8). 

3.5 Polarization Violating Reflection Symmetry 

When the interaction or the target violates parity, scattering of an unpolarized beam yields 
polarization components parallel to the scattering plane. Such components also produce a 
scattering asymmetry and the connection between polarizing and analyzing power becomes 
more complicated. 

Our attention has so far been focused on the common situation where reflection 
symmetry holds; let us now consider what happens when it is violated. This can 
occur for two reasons. First, the interaction may violate parity. Examples may be 
found in Sects. 3.4.4 and 8.4. Second, the target may be an object which is not in 
an eigenstate of the parity operator so that the experiment considered and its 
mirror image differ from each other. This occurs when the target is a right- or 
left-handed molecule or mineral, such as those which are responsible for optical 
activity (cf. Sect. 8.6) [3.7]. Reflection symmetry is also violated when the 
scattering plane is chosen such that it is not a mirror plane of the target crys
tal, a situation which may, for instance, be arranged in a LEED experiment 
(cf. Sect. 7.3) [3.8]. 

It is obvious that in the cases of parity violation the scattering matrix must be 
of a more general form than the matrix S given in (3.59) which is easily seen to be 
reflection invariant. From (2.2) and (3.69) one obtains (I = unit matrix) 

s= = I-Iga· n ( f -g(COS¢-isin¢) f . A 

g (cos ¢ + i sin ¢) . f . (3.88) 

Since under space reflection one has 

a~a, k~-k (3.89) 

one sees, recalling (3.68), that S is invariant under reflection. 
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Even if reflection invariance is dropped, the experiments must certainly be 
rotationally invariant. If b denotes a three-dimensional vector, the most general 
form of S that is allowed is therefore 

S=/l+(1-b, 

since the scalar product is invariant under rotation and since the Pauli matrices 
together with the unit matrix form a complete set of 2 x 2 matrices, so that an 
arbitrary 2 x 2 matrix can be written in this fashion. To find the general form of 
the vector b, we note that in elastic scattering the three vectors 

it, 
A k'+k 
e1=lk'+kl' 

form an orthonormal set and can therefore be used to expand any vector 

b =boit +b1el +b2e2' 

Under time reversal, angular momentum (spin) and momentum change sign, 

(1---> -(1, k---> -k', k'---> -k, 

so that the last term of (1. b = bo(1 . it + b1 (1' el + b2(1 -e2 changes sign and is 
therefore ruled out, because time-reversal invariance is required. Adopting the 
notation of (3.88) one obtains thus the general form of the scattering matrix 
which allows for parity violation but is invariant under rotation and time 
reversal: 

(3.90) 

Let us now consider a few consequences of the additional parity-violating 
term. If a beam of polarization P is scattered, the scattering cross section is given 
according to (3.63) by ttrfS(l+P'(1)St} or, with (3.90), 

1/12 + Igl2 + Ihl2 +2(Im {f*g} it + 1m {.f"h}e1 -1m {g*h}e2)· P 

as derived in Problem 3.8. The scattering asymmetry which is the relative 
intensity difference obtained with polarizations P and - P of the incident beam 
is therefore 

A. P with A =2 1m {J*g}it+lm {.f"h}e1 -1m {g*h}e2 
1/12 + Igl2 + Ihl2 (3.91) 

If the parity-violating term disappears (h ---> 0), we obtain the asymmetry derived 
in the preceding sections, since the Sherman function is 21m {J*g }/(1/12 + IgI2). 
Equation (3.91) shows that parity violation results in a scattering asymmetry 
which is caused not only by the polarization components normal to the 
scattering plane, but also by those lying in the scattering plane. 
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If an unpolarized beam is scattered, the polarization P' after scattering is 
given by the general expression (3.72) which in the present case yields 

P' = tr{Ssttr} 
tr{SSt} 

1m {f*g}n+ 1m {f*h}el + 1m {g*h}e2 
2 1/12 + Igl2 + Ihl2 ' (3.92) 

where the evaluation has been made analogous to Problem 3.8. Apart from the 
normal polarization component one also has components parallel to the 
scattering plane. They are determined by interference of the parity-violating 
scattering amplitude h with the other amplitudes. 

Comparison of (3.91 and 92) shows that the connection between the 
polarization P' and the analyzing power is somewhat more complicated than in 
Mott scattering. Since 1p'1 = IA I, the degree of polarization after scattering of an 
initially unpolarized beam equals the analyzing power, i.e., the maximum 
scattering asymmetry which can be obtained with a totally polarized beam. The 
same is true in Mott scattering. However, the direction of the polarization P' is 
no longer identical with that of A, which gives, with respect to a scattering plane 
spanned by el and e2, the spin direction in a totally polarized beam for which 
maximum scattering asymmetry is observed. The difference is caused by the 
different signs of the interference term of 9 and h in (3.91 and 92). 

The change of an electron polarization vector caused by scattering is 
obtained by insertion of the scattering matrix (3.90) into (3.74). The tedious 
multiplication is carried out in Problem 3.9. The formula for P' given there also 
contains the interference terms between h and the amplitudes 1 and 9 and is a 
generalization of (3.77). 

Problem 3.8. Calculate the scattering cross section of a polarized electron beam if parity is 
not conserved. 

Solution. With the scattering matrix S = f1 + a' b one obtains the cross section 

ttr{ S(l + p. a)St} =ttr{ 1 + p. a) (f* 1 +a· b*) (/1 +a· b)} 

=ttr{(1+ p. a) [[f121 + /*a· b + fa· b* + Ibl21 +ia· (b* x b)]), 

where use has been made of 

tr{M· N} =tr{N· M}, at =a, and (a· A)(a· B)=A· B1 +ia· (A x B). 

Making further use of the latter relation yields 

ttr{lfl21 +a· (f*b + jb*) + Ibl21 +ia(b* x b)+ Ifl2p. a 

+/* [p. b1 +ia· (P x b)] +/[p· b*l +ia· (P x b*)]+lbI2p. a 

+iP· (b* x b)l-a· [P x (b* x b)]). 

Since tr{a} =0, see (2.2), all the terms of the form "(nonmatrix)· a" do not give a contribution 
so that the cross section is 

1/12 + Ibl2 + p. [/*b + jb* +i(b* x b)]. 
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For b = -ign -ihel as in (3.90) one obtains the cross section 

Problem 3.9. Given an incident electron beam of arbitrary polarization P, how is P changed 
by scattering if parity is not conserved? 

Solution. The polarization formula (3.74) has to be evaluated with the scattering matrix S 
=11 + 11' b. Since the denominator D is identical with the expression evaluated in Problem 3.8, 
only the numerator N has to be calculated: 

N =ttr{ S(1 + P 'l1)st l1 } =ttr{(1 + P '11)(/* 1 +11' b*)I1(j1+I1' b)} 

=ttr{1/1211+ f*1111' b +11' b*I1I+I1' b*I1I1' b 

+ P '111/1211 + P '11f*1111' b + P '1111' b*111 + P '1111' b*I1I1' b}. 

Utilizing the general rules applied in Problem 3.8 and, in addition, the rule ttr{l1v '11} =V, 

where v is a three-dimensional vector, one has 

N=f*b+jb*+ttr{I1[lbI2 +il1' (b x b*)j) + 1/12p 

+ttr{f*I1[b· P+il1' (b x P)] +111 [p. b* +il1' (P x b*)] 

+11[b ·P+il1·(b x P)]I1·b*}. 

Transforming the last term into ttr{il1{(b x P)· b* + il1' [(b x P) x b*J}} one obtains 

N=f*b+jb* +i(b x b*)+1/12P+if*(b x P) -if(b* x P)+b· Pb* -(b x P) x b*. (3.93) 

The evaluation of the first three terms with b = -ign -ihel can be seen in Problem 3.8 
whereas the last five terms yield 

1/12(p. nn+ p. elel + p. e2e2) + (f*g + Ig*)n x P+(f*h + jh*)el x P 

+ Igl2n· Pn+ Ihl2el . Pel +g*hel . Pn +gh*n' Pel 

-lgI2(n x P) x n -lhI2(el x P) x el -g*h(el x P) x ii -gh*(ii x P) x el' 
Using the vector relations given just before (3.78), one has 

(n x P) x n=pp=P· elel +p. e2e2, 

(el x P) x el =P -p. elel =p. nn+P· e2e2, 

(el x P) x n = - P . nel , 

(ii x P) x el = - P . el ii, 
so that with 

ii x P=ii x (p. nn+P· elel +p. e2e2)=P' ele2 -p. e2eb 

el x P = - P . iie2 + P . e2n, 

one obtains 

N = 21m {f*gn + f*he l + g*he2} + (1/12 + Igl2 -lhI2)p. nn 

+ (1/12 -lgl2 + IhI2)p. elel +(1/12 -lgl2 -lhI2)p. e2e2 

(3.94a) 

(3.94b) 



62 3. Polarization Effects in Electron Scattering Caused by Spin-Orbit Interaction 

+ 2 Re {J*g}(p. ele2 -p. e2el) + 2 Re {J*h}(p. ezll-P' ne2) 
+ 2 Re {g*h }(p. eln +p. nel)' 

Consequently, the polarization P' of the scattered beam is given by P' = N/D with 

and 

N= [21m {f*g} +(1/12 +lgl2 -lhI2)p. n+2 Re {g*h}P· el +2 Re {J*h}P· e2jn 

+ [21m {J*h} +2 Re {g*h}P. n+(1/12 -lgl2 +lhI2)p. el -2Re {J*g}p. e2jel 

+ [21m {g*h} -2 Re {J*h}P. n+2 Re {J*g}p. el +(1/12 -lgl2 -lhI2)p. e2je2 

If parity is conserved (h=O) one obtains with (3.94) the former result (3.78). 

3.6 Quantitative Results 

Numerical values are given for the quantities characterizing the scattering process. They show 
that if the atomic number of the target and the scattering angle are not too small, significant 
polarization effects occur. At energies of less than 100 e V the quantitative results are still 
incomplete and not very accurate. 

Until now we have shown only which basic phenomena arise in elastic scattering 
and have said nothing about their magnitude. All that one needs to assess them 
are the complex amplitudes f and 9 since the scattering process is completely 
determined by these amplitudes if effects of parity violation (which are 
conceivable but very small) are neglected. Apart from depending on the 
scattering angle e, the amplitudes f and g depend also on the energy of the 
incident electrons and on the scatterer (i. e., essentially on the scattering 
potential). 

3.6.1 Coulomb Field 

Even for the simplest case, the scattering in the pure Coulomb field of the atomic 
nucleus, the calculation of f and g is tedious. The Dirac equation for the 
Coulomb field can be exactly solved so that the scattering phases 111 and 11-1-1 in 
the infinite series for f and g, (3.51), can be given exactly. However, closed 
expressions for the series cannot be obtained. Therefore one finds, apart from 
approximation formulae (e.g., from McKinley and Feshbach for the scattering 
cross section) only numerical tables for the quantities of interest [3.9]. 

As measurements in the past decades have shown, these theoretical results for 
the pure Coulomb field are very reliable. They are only valid, however, when the 
electron energies and scattering angles are not too small. This can be easily 



3.6 Quantitative Results 63 

visualized: Slow electrons are strongly deflected even by the relatively weak 
forces at large distances from the nucleus. At these large distances the screening 
of the nuclear Coulomb field by the electron cloud is very effective. Also for the 
scattering of fast electrons at small angles, the relatively weak forces at large 
distances from the nucleus play the major role. In order to be scattered through 
large angles, however, fast electrons must come very close to the atomic nucleus, 
so that in the region of a few hundred ke V with scattering angles of more than 
45°, the description of the scattering process by the Coulomb field is a good 
approximation. 
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Fig. 3.18. Ratio of the cross section for elastic 
scattering to the Rutherford cross section for 
204-keV electrons scattered by Hg [3.10] 

As an example, Fig. 3.18 shows the cross section for the scattering of 
unpolarized 204-keV electrons by mercury, divided by the well-known Ruther
ford cross section. If the Rutherford formula were exact for electron scattering, 
one would obtain a horizontal straight line with the ordinate 1 for this scattering 
process. The actual scattering cross section deviates from this straight line at 
angles above about 30° (solid curve) because the Rutherford formula neglects the 
influence of the spin-orbit interaction. The very strong decrease of the cross 
section at small angles (dashed curve) is due to the screening of the nuclear 
Coulomb field by the elctron cloud of the atom. 

Figure 3.19 shows the Sherman function in the region where scattering by the 
Coulomb potential is a very good approximation. It can be seen that with 
suitable electron energies and large scattering angles, polarizations of 40-50 % 
occur when an unpolarized beam is scattered by gold. The fairly large values of 
See) also imply that the left-right asymmetry in scattering of polarized electrons 
is easily detectable. Such appreciable values occur only with elements having 
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Fig. 3.19. Sherman function See) for scattering by gold at various energies [3.9] 

high atomic numbers since only then is the spin-orbit coupling large enough to 
evoke significant spin effects. With light elements the polarization effects are 
vanishingly small. A complete survey of theoretical and experimental work in the 
higher range of energies discussed here was given by Uberall [3.11]. 

3.6.2 Screened Coulomb Field 

The theoretical calculation of the scattering amplitudes! and 9 for low energies is 
much more tedious as it can no longer be based on the Coulomb potential. Very 
reliable results were obtained by using Hartree-type potentials and evaluating! 
and 9 by machine computation. We will now discuss these results. 

The typical behavior of the cross sections in this energy region was already 
shown in Fig. 3.9 for 300-eV electrons. The curves are not smooth as in the 100-
keY region but have an interference structure as A. is of the same order as the 
atomic radius. As explained in Sect. 3.4.2, the polarization curves, i.e., S«(J), are 
closely connected to the cross-section curves. They therefore also have an 
oscillating character and are not as smooth as in the region of a few hundred ke V 
(Fig. 3.19). As an example, Fig. 3.20 shows the Sherman function for the 
scattering of 900-eV electrons by Hg in the angular range where high values of 
S«(J) occur. Small angles can always by disregarded when considering the 
polarization effects since the Sherman function is then practically zero. Since the 
cross sections are very large at small angles, this is again in accordance with our 
rule of Sect. 3.4.2 that high values of the Sherman function occur where the cross 
section is small and vice versa. It is also to be intuitively expected that there are no 
high polarization effects at small angles: Electrons that are scattered at small 
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Fig. 3.20. Sherman function for scattering of 
900-eV electrons by Hg [3.12] 

angles have passed through the relatively weak atomic field at fairly large 
distances from the nucleus. There the spin-orbit interaction which causes the 
polarization effects is very small, since, according to Sect. 3.1, it decreases 
quickly with increasing distance from the nucleus. 

A good survey of polarization effects is given by the contours See, E) = const. 
Figure 3.21 shows that for certain energy-angle combinations high values <lSI 
> 0.8) of the Sherman function occur. The positions of the extrema of See, E) 
have been determined by Walker [3.13] using a method given by Biihring [3.14]. 
Such high values are of interest when scattering is used as a polarizer or when 
polarization is analyzed by measuring the left-right asymmetry. One must, 
however, remember that these "favorable" parameter combinations lie near the 
cross-section minima. One therefore obtains small scattering intensities and thus 
little efficiency (cf. Sects. 8.1.2 and 8.2). Furthermore, the extrema with values of 
lSI near 1 are extremely narrow (see Fig. 3.20). Accordingly, lSI ~ 1 can be 
realized experimentally only if one works with very good angular resolution, 
which again means a reduction of intensity. 

In Fig. 3.22 the corresponding contours for U(e, E) are shown. The func
tion U describes the rotation of the polarization vector out of its initial plane 
(cf. Sect. 3.3.3). The nearer I Ul is to 1, the stronger is this rotation of P during the 
scattering. The figure shows that for certain energy-angle combinations very 
strong rotation occurs. 
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Figure 3.23 shows the corresponding contours for the function T(e, E), 
which according to (3.77) describes the reduction of the polarization component 
Pp parallel to the scattering plane. The more T(e, E) deviates from + 1, the 
stronger is this reduction; T(e,E)<l means a reversal of Pp • Again, strong 
changes of the polarization for certain parameter combinations can be seen. 

A comparison of theoretical and experimental results shows that the 
theoretical prediction of the polarization effects is reliable down to the region of 
about 100 eV. The Sherman function for scattering angles between 30° and 150° 



3.6 Quantitative Results 67 

tk£jJ -10SUs -0.8 ~~ 
0. SU~D2 

-0. 8:5 U:5 -0.6 b:"-- =-!: --~ D2~U~DL. 
Fig. 3.22. Contours 

DL.~U~D6 U(fJ,E):"'const. for Hg. U 
~ -0.6:5 US -D.L. 111111111111111 describes the rotation of the 
~~~~~~ -D.L.SU:5 -0.2 WJlOI[[[{[[fll D6~U~D8 

polarization out of its initial 

I::::: :: I -0. 2::iUS 0 
D8::iU,.;lD plane [see (3.77)] 

was determined experimentally at many energies in the region shown in Fig. 3.21 
so that the errors of these curves are well known. The error limits, even for the 
extrema, are usually only a few percent, and for the smaller energies shown 
occasional small angular shifts of up to 2° near the extrema cannot be excluded. 
With energies smaller than those shown in Fig. 3.21, deviations between theory 
and experiment continually increase, a statement which holds true not only for 
mercury but also for the other elements studied [3.13, 15-22]. 

The uncertainty of the theoretical values at low energies is due to the fact that 
with decreasing energy, processes become important which are difficult to 
describe theoretically. First, a charge distortion (and thus a potential distortion) 
arises in the atomic electron cloud during the scattering process, because slow 
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Fig. 3.23. Contours T(e, E) = const. for Hg. T describes the reduction of the polarization 
component Pp due to scattering [see (3.77)] 

electrons stay near the atom long enough to give rise to such a charge-cloud 
polarization (not to be confused with spin polarization). Second, at low energies 
exchange processes of the incident electrons with the atomic electrons are 
important. 

The results for xenon shown in Fig. 3.24 shed light on the general situation 
found at low energies. None of the existing theoretical approximations gives a 
completely satisfactory description of the experimental results. At energies 
below about 100 eV, the effort to treat the complications just mentioned 
[3.13,17-21] has not yet led to a consistent theory which is reliable for all 
elements and at all energies studied experimentally. Further work remains to be 
done. 
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Fig. 3.24. Measured polarization 
(D) of electrons scattered elasti
cally from xenon at energies of 
60 and 70eV [3.22] compared 
with theoretical curves: Walker 
with exchange plus charge-cloud 
polarization (--) [3.13] ; Feder's 
ex approximation (---) [3.20]. 
Convolution of the theoretical 
curves with the angular resolution 
of ± 2° yields the dotted lines 

Experimental studies of the functions Tand Uhave been made only recently. 
Apart from a pioneer experiment in the late sixties [3.23], the available data have' 
been taken in the present decade [3.24,25]. Figure 3.25 compares experimental 
and theoretical results for xenon, showing good agreement between the 
experimental data and the two theoretical curves at the higher energies. As the 
energy decreases, discrepancies between the three sets of data arise which are 
considerable at the lowest energies shown. These uncertainties which are about 
the same in the other elements studied are the reason why Figs. 3.21-23 have not 
been continued to low energies even though experimental and theoretical data 
exist. 

It has been discussed at the end of Sect. 3.3.3 how the measurements of S, T, 
U, and of the scattering cross section can be utilized to determine experimentally 
the complex scattering amplitudes f and g by which the scattering process is 
completely described. Such an evaluation is shown in Fig. 3.26 for xenon at 
e = 60°. Complete experiments of this kind which yield the maximum possible 
information on the scattering process are an outcome of the progress which has 
been made in the past few years with the production and analysis of polarized 
electrons. 
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Fig. 3.25. Energy dependence of 
the parameters T and U at scatter
ing angle 0 = 60°. The experimen
tal points are compared with rel
ativistic calculations by Walker 
including exchange (--) and 
charge-cloud polarization plus ex
change (---) [3.24] 

Among the other cases where polarization has been studied both in 
experiment and theory are the heavy elements krypton and cesium; but light 
elements like argon and helium, where the smaller spin-orbit interaction causes 
less pronounced polarization effects, have also been studied [3.26-30]. 

Due to the introductory character of this book we restrict ourselves to a few 
typical examples and refer to earlier review articles from the theoretical 
standpoint by Walker [3.13] and from the experimental standpoint with a view to 
the historical development by the author [3.31]. A considerable amount of 
material is also given in a review by Eckstein [3.32]. Tables of the relevant 
functions have been published by Holzwarth and Meister [3.33] and by Fink et al. 
[3.34]. 
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Fig. 3.26. Evaluation of the 
complex scattering amplitudes 
1= I/lexp(iyd, g=lglexp(iyz) for 
() = 60°. Different experimental re
sults are due to different experi
mental cross sections used for the 
evaluation. Theoretical curves as 
in the preceding figure. For details 
see [3.24] 

Typical examples of experimental setups for double and triple scattering experiments are 
given, and the main difficulties in carrying out such measurements (elimination of unwanted 
electrons, plural scattering, small intensity) are discussed. 

3.7.1 Double Scattering Experiments 

In polarization experiments one frequently does not have just a single scattering 
process as in the measurements of cross sections, According to Sect. 3.3.4, one 
can for example measure the Sherman function S(O) by the following method. 
An unpolarized beam is scattered through the angle 0' (Fig. 3.27). The scattered 
beam which has the polarization P=S(O') then hits a second target of the same 
kind. The respective numbers of electrons N/ and Nr scattered through the same 
angle 0' to the left and to the right are measured. From (3.84) it follows that 
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N,-Nr 

N,+Nr 

Fig. 3.27. Double scattering experi
ment 

so that one obtains the value of lSi for the angle ()'. 
The angular dependence S«()) can be found if one varies the first scattering 

angle and leaves the scattering angle at the second target unchanged. According 
to (3.84) one then measures 

S«())S(()'). 

As IS«()')I is known from the first experiment, this measurement yields S«()). 
Strictly speaking, the sign of S«()) is not determined because only the magnitude 
of S«()') is known. By using a source that produces polarized electrons of known 
spin direction, one can, however, determine the sign of S«()') by measuring the 
sign of the left-right asymmetry which arises in the scattering of these electrons 
through ()' [see (3.70)]. 

Figure 3.28 shows an example of a practical setup for a double scattering 
experiment which has been used for a large number of measurements. The 
electron gun yields a well-collimated beam of unpolarized electrons of fixed 
energy Eo. The energy Eo lies between 25 eV and a few keY. The electrons are 
fired at a mercury-vapor target and the polarization P«(), Eo) of the scattered 
electrons is measured. As we are considering the scattering of an initially 
unpolarized beam, we have P«(), Eo) = S«(), Eo). Thus the measurement produces 
the Sherman function. The scattering angle () is varied by rotating the gun about 
the axis of the Hg beam. 

The scattered beam passes through a filter lens, which removes inelastically 
scattered electrons, because in the present example elastic scattering is to be 
studied. The filter lens not only removes those electrons that excited the Hg 
atoms into higher energy states, but also removes unwanted electrons that hit the 
walls of the vacuum chamber (not shown) and were reflected into the direction of 
observation, having lost some of their energy. 

The electrons that leave the filter lens are accelerated to 120 ke V and then hit 
the second target, a gold foil. The electrons scattered through 1200 to the right 
and left are counted. From the left-right asymmetry 



N1-Nr 

N1+Nr 

CONDENSER 

3.7 Experimental Setups 73 

Fig. 3.28. Experimental setup of 
a double scattering experiment 
[3.12] 

S(8, Eo)S(120°, 120 keY) (3.95) 

one obtains the quantity S(8, Eo) = P(8, Eo) (i.e., the polarization after the first 
scattering process) if S (120°, 120 keY) is known. Accelerating the electrons to 
120 ke V after the first scattering process has the advantage that at this energy the 
Sherman function is particularly well known. The theoretical values are very 
reliable as the approximation of scattering in the pure Coulomb field of the 
nucleus is very good in this energy region (see Sect. 3.6). Furthermore, the 
experimental determination of the Sherman function has been carried out 
particularly accurately at this energy [3.35]. This is partly because extensive 
Mott-scattering investigations of electron polarization in f3 decay took place in 
this energy region. 

We emphasize the main problems of such experiments because these 
problems have not always been fully appreciated, the experiments thus having 
led to erroneous results. 

Since the intensity of the electrons that are to be detected is small, the 
background of unwanted electrons must be carefully suppressed. This back
ground appears because neither the electrons of the primary beam nor scattered 
electrons that hit the walls of the scattering chamber or of the polarization 
analyzer are completely absorbed there. They are instead reflected at the walls, 
and an appreciable portion of them, ifnot sufficiently suppressed, arrives at the 
counters and affects the measurements. 

Electrons that are reflected into the direction of observation by plural 
scatteringll in the target must also be suppressed. If, for example, one makes a 

11 Scattering in which more than one deflection takes place while not enough are involved to 
give the characteristic Gaussian distribution of multiple scattering. 
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measurement at 120°, one does not find there only electrons that have been once 
scattered through 120°. One also finds electrons that have been scattered once 
through the angle ex and then through 120° - ex; or electrons that have reached the 
resulting angle 120° by more than two consecutive processes. The probability of 
such plural processes increases as the number of atoms in the target increases. 
This means that there are limits for the density of the Hg target and the thickness 
of the gold foil in the analyzer. For this reason, the density ofthe Hg beam in the 
experiment described had to correspond to a pressure which was considerably 
less than 10- 3 mbar [3.36]. Likewise, the gold foil had an area density of 
",200 Ilg/cm2, i.e., a thickness of approximately 100 om (Sect. 8.1.2). 

Another important error source in polarization measurements is spurious 
asymmetries caused by the apparatus. Their elimination will be discussed in 
detail in Sect. 8.1.2. 

3.7.2 Triple Scattering Experiments 

By measuring the cross section in single scattering experiments and the Sherman 
function in double scattering experiments, one still has not found all the 
quantities that are required for a complete description of electron scattering. In 
addition, one needs the quantities T(e) and V(e) which describe the change of the 
polarization vector in a scattering process. 

To measure these quantities by scattering only, one needs three consecutive 
scattering processes: In the first scattering the unpolarized electron beam 
becomes polarized. The second scattering process causes the change of the 
polarization vector, which is the object of the investigation. To be able to analyze 
this change of the polarization vector a third scattering is required - an 
asymmetry measurement with a Mott detector. 

The problems that arise in double scattering naturally become much more 
pronounced in triple scattering. This is why only one measurement of T(e) and 
V(e) has been made with this method [3.23]. This pioneer experiment has been 
made with a gold target and electrons of261 keY, an energy where no theoretical 
problems arise since at the angles studied it is the pure nuclear Coulomb field 
which causes the scattering process. An extension of T and V measurements to 
smaller energies, which pose more challenging theoretical pro blems, and to other 
elements, became possible only after the deVelopment of efficient sources of 
polarized electrons by which the first scattering process could be replaced. 
Although, with this technique, one no longer needs three scattering targets, we 
will retain the historical term "triple scattering experiment". 

In the experiment depicted in Fig. 3.29 the polarized electrons are produced 
by photoemission from a GaAs crystal which is irradiated with circularly 
polarized light. The method is described in Sect. 8.2. The initial polarization was 
chosen to lie in the scattering plane. Accordingly one has P = P p' P n = 0, so that 
one obtains from (3.77) for the polarization P' after scattering the simple 
expression 
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Fig. 3.29. Experimental setup for measurement of the quantities T and U describing the 
change of the polarization vector caused by scattering [3.24] 

P'=Sn+ TP+ U(n x P). 

Magnetic spin rotators not shown in the figure have oriented the initial 
polarization P along the scattering direction so that TP is the longitudinal 
polarization component of the scattered beam whereas U(n x P) is its transverse 
component in the scattering plane. Measurement of these components yields the 
quantities T and U, if the initial polarization is known. Since the Mott detector 
can analyze transverse components only, a Wien filter (Sect. 8.1.1) is needed. If 
the Wien filter is switched off, the transverse components Sn and U(n x P) are 
analyzed simultaneously by the two pairs of counters in the Mott detector. If the 
Wien filter is switched on, the two polarization components perpendicular to its 
magnetic field B are rotated through 90° (P{ --+ PD so that the longitudinal 
component TP becomes transverse and can be measured. For measurement of 
the initial polarization P, the primary beam is deflected into the Mott detector. 
This can be done either by means of an electrostatic field or by scattering the 
electron beam from the graphite-coated surface of the atomic beam capillary. 
Both methods yield the same results since scattering from a low-Z material with 
its small spin-orbit interaction does not alter the polarization. In order to 
eliminate instrumental asymmetries when measuring TP and U(n x P), these 
components are reversed by producing electrons of polarization - P which was 
achieved by reversing the circular light polarization as described in Sect. 8.2. 

Measurements of T and U have been made for Hg and Xe at several energies 
and angles. An example has been shown in Fig. 3.25. 
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3.8 Resonance Scattering 

Cross section and polarization curves may have significant resonance features. These arise 
when the scattered electron attaches itself temporarily to a target atom. The origin of 
polarization resonances is explained. 

Significant polarization effects may occur in resonance scattering [3.37-39], a 
process in which the electron does not simply pass through the potential field of 
the target atom as we have assumed so far, but instead attaches itself to the atom 
forming a temporary negative ion or compound state. After a short lifetime 
(10- 13 s or less) the compound state decays by emission of the electron. 

A typical mechanism for electron trapping is illustrated by the following 
example. We consider the excited state ls2 2S2 2p5 3s of the neon atom lying 
approximately 16.7 eV above the ground state 1~2~2p6. The excited state (which 
is called "parent" in Fig. 3.30) can bind an electron, the binding energy being 
about 0.6 eV. The negative ion thus formed has the structure 2p 5 3s2 of the outer 
shells and an energy of approximately 16.7 -0.6 = 16.1 eV. If an electron of this 
energy is fired on neon atoms it has just the right energy to form the negative ion 
state. After the short lifetime the temporary ion decays to the ground state 
emitting the electron with its full primary energy, so that an observer finds an 
electron which has been elastically scattered by the neon atom. If one measures 
the energy dependence of the scattering cross section one will find at 16.1 eVa 
"resonance" structure. It is caused by a shift in the phase of the scattered electron 
that is much larger than at the other energies where formation of a negative ion is 
energetically forbidden. 

Since there is a great number of parent states which are able to bind electrons, 
one finds many resonances if the energy is varied. Compound states of high 
enough energy need not decay into the ground state of the atom; instead the 
atom may be left in an excited state so that the emitted electron does not have the 
full primary energy. In such cases the resonance is found when inelastically 
scattered electrons are observed. In general the compound state has various 
channels of decay so that the same resonance can be observed in several 
scattering channels. 

Ne 

Fig. 3.30. Formation of temporary Ne - ion by 
electron attachment to excited parent state of 

Ne- Ne. (,1E) Binding energy 



3.8 Resonance Scattering 77 

The mechanism described here produces the so-called Feshbach resonances 
which lie energetically below their parents. For completeness we mention that 
this is not the only origin of resonances. There are also "shape resonances" which 
lie above their parents. In this case the attractive potential of the parent, in 
conjunction with the centrifugal potential of the trapped electron, forms a well 
with a penetrable barrier that traps the electron for a limited time (usually much 
shorter than for Feshbach resonances). The properties of this resonance depend 
on the shape of the potential. 

After these introductory remarks, let us discuss how resonances can give rise 
to polarization effects. Returning to our example of the neon resonance, we will 
now take spin-orbit interaction into account. From the configurations given, the 
excited states of Fig. 3.30 are clearly seen to be P states because they have one 
hole in the p shell. Spin-orbit coupling causes the P state of the Ne - to split into 
two states with configurations (2p 5 3s2 )P1/2 and (2p 5 3s2 )P3/2 . They differ in 
energy by about 0.1 eV, an amount by which the energies mentioned above need 
correction. Accordingly, one expects the cross section for elastic electron 
scattering to have two resonance features close to 16 eV which differ by 0.1 eV. 
They can be seen in the upper part of Fig. 3.31, while the lower part shows a 
positive and a negative polarization peak which are clearly related to the cross
section peaks . 
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The polarization peaks can be explained as follows. The process 

e+Ne - Ne- - e+Ne 

must obey the general conservation laws for energy, total angular momentum J, 
and parity n. Since the compound states ofNe - which are considered here have J 
= 1/2 and 3/2 and n = -1, the input channel must have the same quantum 
numbers. Since the Ne is in its ground state, lSD, the incident electron must have 
j= 1/2 or 3/2, respectively, in order to excite the 2 P1/2 or2 P3/2 compound state. Its 
quantum number 1 must be odd in order to make n=( -1)' odd. Accordingly, 
only electrons described by the partial wave with 1= 1 andj = 1/2 or 3/2 can excite 
the respective ion states 2 P 1/2 and 2 P 3/2 . In the resonance maxima of the cross 
section these partial waves are particularly accentuated. Let us pick out the 2 P3/2 

resonance at 16.04 eV and visualize its polarization by the model used in Sect. 
3.4.2. In the 1 = 1 wave of an unpolarized incident beam, the electrons with spins 
parallel to the orbital angular momentum have the proper j = 3/2 to excite the 
2 P 3/2 ion state, whereas electrons with opposite spins (j = 1/2) cannot go through 
this resonant state. The preferential scattering ofthej= 3/2 wave (i.e., of the ej) 
which is indicated by the cross section maximum at 16.04 eV results in a positive 
polarization as illustrated by Fig. 3.32. At 16.14eV, the energy of the 2P1/2 

compound state, it is the j= 1/2 wave containing the et that is preferentially 
scattered which results in a negative polarization of the scattered beam. 
Quantitatively, the polarization is given by the general expression (3.73) with 
J and 9 from (3.51). Near the resonance energies, the 1= 1 partial wave 
plays a dominant role in the scattering amplitudes: the two phases correspond
ing toj = 1 + 1/2 andj = 1 -1/2, respectively, change rapidly by n radians as the 
energy traverses the two resonances, thus affectingJand 9 (and therewith cross 
section and polarization) strongly. The polarization is significant since at such 
small primary energies only a few partial waves oflow 1 contribute to scattering. 
Thus the dominant scattering of the 1 = 1 wave which produces the resonant 
polarization clearly stands out against the background scattering of the other 
partial waves. 

The compound states of Ne- discussed so far have a simple electronic 
structure, so that their classification followed soon after discovery. In many 
other cases, the identification of compound states is less obvious. In these 
circumstances, measurement of the resonant polarization can help considerably 
in classifying the negative ion states: The partial wave dominating near 

1604eV 

Fig. 3.32. Resonance scattering 
of 16.04 eV electrons via the 
(2p5 3?-)P3/2 compound state of 
Ne -. The conservation laws en
force preferential scattering of ej 
which results in positive polari
zation 
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resonance determines the angular dependence of the scattering amplitudes 
through the Legendre polynomials p/(cos e) and p}(cos e) (3.51). As a conse
quence, one has an angular distribution of the cross section and of the 
polarization which depends near resonance characteristically on the dominant 
partial wave. Measurement of the angular dependence of the resonances 
therefore allows the dominant partial wave to be identified and yields its total 
angular momentum and parity. This, in conjunction with the quantum numbers 
of the atomic state and the conservation laws, gives J and n for the compound 
state. In this way, some controversial energy levels of Hg- ions have been 
classified which are formed when an electron attaches itself to the 6 3 P excited 
states of mercury [3.40] (see also Sect. 4.7). 

3.9 Inelastic Scattering 

Spin-orbit coupling produces polarization effects in inelastic electron scattering. They are 
similar to those found in elastic scattering as long as inelastic scattering may be described as a 
two-step process. The relation P=A does not generally hold in inelastic scattering so that 
asymmetry and polarization measurements yield different information. Separation of 
electrons that have been scattered from different fine-structure levels yields polarization 
effects which cannot be explained by spin-orbit interaction alone. 

So far our attention has been focused on elastic scattering. Polarization effects 
do, however, also occur in inelastic electron scattering. They have been studied, 
in particular, for mercury targets. Figure 3.33 shows the polarization of 180-eV 
electrons which have excited the 6 1 PI state (energy loss 6.7 eV) ofHg atoms and 
have thereby been scattered through the angle e. If one compares the 
polarization curve with that for elastic scattering of 180-eV electrons from 
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Fig. 3.33. Polarization of electrons scattered inelastically by Hg atoms (excitation of the 6 1 P 1 

state; energy loss 6.7 eV). Experimental [3.41] and theoretical [3.42] values calculated in the 
distorted wave approximation using different potentials 
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mercury [3.41] one finds that the curves are very similar. The similarity decreases 
as the electron energy is reduced. Below 25 e V the measured polarization for the 
inelastic process lies mostly below 10% whereas for elastic scattering the 
polarization is still significant as at the higher energies [3.15,16]. 

The similarity between elastic and inelastic polarization at higher energies 
indicates that, at these energies, inelastic scattering may be considered as a two
step process [3.43], a model which is corroborated by the fact that the cross 
sections also look very similar. An electron can be thought of as first losing 
energy in exciting the atom, a process usually resulting in little deviation, and 
then undergoing scattering in the field of the excited atom. Similarly, it might 
first be scattered without energy loss and then suffer the inelastic transition. If 
the field of the excited atom does not differ very much from that of the normal 
atom, and the energy loss suffered in the excitation process is small compared 
with the incident energy, one would expect the outcome of elastic and inelastic 
scattering to be almost the same. For more detailed discussion of this coupling 
between elastic and inelastic channels see [3.41--45]. It is worth noting that such 
two-step processes have also been observed in inelastic low-energy electron 
diffraction (cf. [3.46]). 

Beyond the similarities there are fundamental differences of the polarization 
effects in elastic and inelastic processes. A major difference is that the equality of 
polarizing and analyzing power (which has been shown in Sect. 3.4.5 to exist in 
Mott scattering) does not necessarily hold in inelastic scattering. The reason why 
the arguments of Sect. 3.4.5 can, in general, not be transferred to the inelastic 
case may be visualized as follows. Referring to Fig. 3.17, let the inelastic 
scattering intensities still be proportional to 1 + Sand 1 - S for totally polarized 
incident beams of opposite directions of polarization. The scattering asymmetry 
A then still equals S. The essential difference is now that inelastic scattering may 
be associated with transfer of angular momentum to the atom, which would 
change the angular momentum of the incident electrons. Due to their spin-orbit 
interaction in the atomic field, this may affect both their orbital and spin angular 
momentum. Although each of the beams in Fig. 3.17 is totally polarized normal 
to the scattering plane, when inelastic scattering plays a role their polarization 
may change. Scattering of the ej (or of the e!) produces therefore ej as well as et 
so that the relations N j ex: 1 + S, Ni ex: 1 - S for the respective numbers of ej and 
et found after the scattering in one direction are no longer valid in general. Thus 
the polarization obtained by inelastic scattering cannot be found by the simple 
method of (3.87). It is no longer given by S, but instead the exact value is 
determined by the dynamics of the inelastic process.12 

12 The case of spin transfer to the atom owing to exchange interaction between the incident 
and atomic electrons will be treated in the following chapter. It is obvious from the above 
argument that P=A is then broken not only in inelastic but also in elastic scattering from 
atoms which allow such a spin transfer without violation of the Pauli principle (atoms with 
unsaturated spins, cf. Problem 4.1). 
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When P=A does not apply, as in inelastic scattering, measurements of both 
quantities are meaningful because they yield different information. In special 
cases, such as the two-step process discussed above where the elastic step is 
responsible for the inelastic polarization, P = A can be valid whereas in other 
cases differences of the two quantities may reveal a different type of process. 
There are not many measurements of polarization effects in inelastic scattering 
because of the experimental difficulties. The cross sections for inelastic processes 
are about two orders of magnitude smaller than for elastic ones. Asymmetry 
measurements of inelastically scattered polarized electrons have therefore only 
been made since the development of efficient polarized-electron sources. 
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Fig. 3.34. Apparatus for 
measurement of left-right 
asymmetry of inelastically 
scattered polarized electrons 
(3.47] 

Figure 3.34 shows the experimental arrangement of an asymmetry measure
ment with polarized electrons which have excited the 6 1 P l state and triplet fine
structure states of Hg. A GaAs source, to be described in Sect. 8.2, produces 
longitudinally polarized electrons. After several deflections of the beam, and 
transformation of the polarization by means of magnetic coils to the transverse 
direction, the electrons hit the mercury target (currents at the target 3-10 nA). 
A pair of energy analyzers positioned at the scattering angle of 90° selects 
the inelastic channel to be studied. The overall energy resolution of the experi
ment is about 200meV. The left-right asymmetry A=(N1-Nr)/(N1+Nr) of 
the inelastically scattered polarized electrons is detected by a pair of channel
trons (~, Nr = number of electrons scattered to left and right, respectively). 
Instrumental asymmetries can easily be corrected by reversal of the electron 
polarization. 

Figure 3.35 shows the observed asymmetry A normalized to the incident 
polarization which has been determined by elastic scattering from mercury 
where the Sherman function is well known. Particularly within a few eV above 
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Fig.3.35. Left-right asymmetry A (normalized to incident electron polarization P) of 
inelastically scattered polarized electrons. The energy losses are 4.89, 5.46, and 6.7 eV 
corresponding to excitations of the 6 3 P1 , 6 3 Pz, and 6 1 P1 states of Hg [3.47] 

threshold, pronounced structures with large values of AlP are observed. This is 
the energy range where resonance structures in the cross sections exist due to 
formation of negative ion states. From what has been said in the last section we 
are prepared for the appearance of these resolJ.ances also in the polarization 
effects. We have seen that only electrons of well-defined energy and angular 
momentumj may excite a certain compound state. Picking out the electrons of 
the dominant partial wave /, we must take into account the fact that transversely 
polarized electrons which are scattered to the left have total angular momentaj 
different from those of the electrons scattered to the right, since the orbital 
angular momenta are opposite to each other. Accordingly, either the electrons 
scattered to the right or to the left, but not both, may have j suitable to excite the 
compound state and to exhibit a resonance in the cross section. As a result one 
has a significant difference of the scattering intensities to the right and to the 
left, i.e., a large asymmetry. 

A closer look at the asymmetry curves for 6 3 PI and 6 3 P2 excitation shows 
that they tend to differ in sign and reach larger values than for 6 I PI excitation. 
The same is true for the polarization curves of (initially unpolarized) inelastically 
scattered electrons which have excited the triplet fine-structure levels as shown in 
Fig. 3.36 for the scattering angle e = 60° (the angular resolution in this 
experiment did not quite reach that of the asymmetry measurement of Fig. 3.35, 
but excitation of the 6 3P2 and 6 3pI , 0 levels could be well separated). This 
behavior of the results for fine-structure excitation cannot be explained by spin-
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Fig. 3.36. Polarization of electrons 
which have excited 6 3p fine-structure 
levels of Hg and have thereby been 
scattered through () = 60°. Analogous 
results for 6 1P1 excitation for com
parison [3.48] 

orbit interaction alone. In Sect. 4.5.2 we will see how the exchange interaction 
plays a crucial role in excitation processes. 

Let us conclude this section with the remark that the polarization effects 
described here for inelastic scattering also occur in the time-reversed process, in 
superelastic scattering. The reciprocity following from time-reversal invariance 
implies that the polarization Pin arising from inelastic scattering of an 
unpolarized beam equals the asymmetry Asup found in superelastic scattering of 
a polarized beam. Vice versa one has Psup = Ain [3.49]. A first polarization 
measurement in superelastic scattering has been reported [3.50]. 



4. Polarization Effects Caused by Exchange Processes 
in Electron-Atom Scattering 

4.1 The Polarization Mechanism in Exchange Scattering 

Exchange scattering can be separated from direct scattering processes by using polarized 
electrons and/or atoms and observing the polarization of the scattered electrons or of the recoil 
atoms. The mechanism underlying the polarization effects is discussed. 

In the last chapter we saw that the spin-orbit interaction can give rise to a spin 
polarization in electron scattering. Another mechanism that can cause a 
polarization of the scattered electrons is the exchange interaction. Consider, for 
example, scattering from a target of alkali atoms whose valence electrons all have 
the same spin direction. If exchange processes occur between the valence 
electrons and the free electrons, one obtains polarized electrons in the scattered 
beam. 

In this section we will explain the polarization mechanism by dealing with the 
simple case of elastic exchange scattering of electrons from atoms with one 
valence electron (hydrogen, alkalis). The polarization effects to be discussed are 
a consequence of the Pauli principle rather than of explicit spin-dependent forces 
between the colliding electrons. The dipole-dipole interaction between the 
incident and atomic electrons is small compared with the Coulomb interaction 
for all energies considered here; its influence on the scattering is completely 
masked by the influence of the Coulomb interaction. Furthermore we make the 
assumption that the spin-orbit interaction of the scattered electron, the 
mechanism causing the polarization effects in Mott scattering, can be neglected. 
This is a good approximation for light atoms or small scattering angles. 

Let the scattering take place on an atom of arbitrary spin direction which we 
denote by A j. For the scattering of electrons with spins parallel or antiparallel 
to the atomic spin the following possibilities are conceivable: 

e!+Aj --+ e!+Aj 

e!+Aj --+ ej+A! 

ej+Aj --+ ej+Aj. 

(4.1) 

(4.2) 

(4.3) 

In the first two processes the two colliding electrons can be distinguished. Since 
explicit spin-dependent forces were excluded, each electron retains its spin 
direction during the scattering process and is thus marked by this spin direction. 
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This chapter will show that this possibility of labeling electrons by their spin 
direction is of central importance for experimental studies of exchange 
scattering. 

We recall from elementary scattering theory that the scattering amplitude 
can be expressed by 

(4.4) 

where, in the first Born approximation, the transition operator T equals the 
scattering potential and !/Ii and I/lf are the wave functions of the initial and the 
final state. In the scattering process discussed here, two electrons are involved: 
the incident electron and the valence electron. In order to describe these identical 
particles properly, one has to use anti symmetric wave functions in the above 
formula, thus taking the Pauli principle into account. We therefore write 

(4.5a) 

1 k' k' 
I/lf= V2 [e 1 rl1J '(1)u'(r2}x'(2) _e 1 .r'1J'(2)u'(rl}x'(1)], (4.5b) 

where u and u' are the atomic wave functions in the initial and the final state; k 
and k' are the wave vectors of the incident and the scattered electrons; 1J, X and 1J', 
X' are the spin functions of the free and the bound electron in the initial and the 
final state, respectively. 

With these wave functions we obtain the scattering amplitude 

-2:h2 <I/lriTII/li)=t {j(k',k) [<1J'(1)11J(1» <x'(2)lx(2» 

+ <1J'(2)11J(2» <X'(l )IX(l»] -g(k', k) [<1J'(l)lx(l» <x'(2)11J(2» 

+ <1J'(2)lx(2» <x'(l)I17(l» n, where (4.6) 

f(k',k)= -2:n2 <elk'.r'u'(rll)ITlelk.r'u(rll»' (4.7a) 

g(k',k)= -2:2 <elk'.r·u'(r;)ITlelk.r'u(rll»' (4.7b) 

with A, f1 = 1,2 or 2, 1. The scattering amplitude 9 obviously describes a process in 
which the incident electron is captured by the atom and the atomic electron is 
ejected. One therefore calls 9 the exchange amplitude, whereas f is called the 
direct amplitude. Needless to say, the exchange amplitude has nothing to do with 
the amplitude 9 which we introduced in the treatment of Mott scattering. As a 
consequence of this fundamental difference there is no left-right asymmetry of 
the scattered intensity, since in the approximation made in this section (negligible 
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spin-orbit interaction) there is no potential which depends on whether the 
electron passes the atom on the right or on the left. The cross sections can 
therefore be considered to have no azimuthal dependence. 

Let us describe the spin directions j and! in (4.1-3) by the respective spin 

functions rx=G) and {3=G)' Then we have for the process (4.1) 

I] = {3, x=rx, I]'={3, X'=rx, 

so that (4.6) yields the scattering amplitude 

t {j[l+l]-g· O}=J 

In the process (4.2) we have I] = {3, X = rx, 1]' = rx, X' = {3, resulting in the scattering 
amplitude -g. In (4.3) the spin functions are I] = X = 1]' = X' = rx, so that (4.6) 
yields the scattering amplitude f -g. 

Since the cross sections are the squares of the scattering amplitudes we can 
summarize our results as follows: 

Process Amplitude Cross section 

e!+Aj - e!+Aj f 1f12 (4.8) 

e!+Aj - ej+A! -g Igl2 (4.9) 

ej+Aj - ej+Aj f-g If-gI2. (4.10) 

These relations, which can be easily generalized to inelastic scattering 
(Sect. 4.5.2), demonstrate the obvious physical meaning of the "direct" and the 
"exchange" cross section. The corresponding results for A! are 

ej+A! - ej+A! 

ej +A! - e! +Aj 

e!+A! - e!+A! 

f 
-g 

f-g 

(4.11) 

(4.12) 

(4.13) 

By scattering electrons and atoms with well-defined spin states on each other, 
and by analyzing the spin directions of the observed electrons and/or atoms, one 
could determine each of the cross sections listed above. 

Needless to say, such experiments are very difficult. Usually unpolarized 
particles are used for scattering experiments and a spin analysis after scattering is 
not made. In this case one measures the sum of the cross sections given above and 
the information on the individual contributions is lost. If, for example, one 
scatters an unpolarized electron beam by an A j target and observes all the 
scattered electrons independent of their spin direction, it follows from (4.8-10) 
that the cross section is 
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(4.14) 

The factor 1/2 is due to the fact that the cross sections given in (4.8-13) are valid 
for totally polarized beams; for an unpolarized primary beam, which may be 
considered to be made up of equal numbers of ej and e!, the scattering intensities 
in the individual channels are only half as large as for a totally polarized beam. It 
is obvious that we would have obtained the same result if we had considered 
scattering of an unpolarized electron beam by an A! target (opposite spin 
direction). Thus the cross section (4.14) also describes the scattering of an 
unpolarized beam by an unpolarized target made up of equal numbers of A j and 
A!.l 

The validity of the last equality in (4.14) follows immediately from 
elementary rules for complex number calculation. The physical meaning ofthis 
form of the cross section can be seen as follows: When an unpolarized electron 
beam is scattered by an atom with one outer electron, the two colliding electrons 
may form either a triplet state S = 1 with the symmetric spin functions 

{ 

oc(1)oc(2) describing the substate Sz=1 

Xs= 0 [oc(1)P(2)+P(1)oc(2)] describing the substate Sz=O 

P(1)P(2) describing the substate Sz= -1 

or a singlet state S = 0 with the anti symmetric spin function 

1 
XA= V2 [oc(1)P(2) -P(1)oc(2)]. 

(4.15a) 

(4.15b) 

(4.15c) 

(4.16) 

The straightforward evaluation of the scattering amplitude (4.4) with the 
anti symmetric wave functions 

.1,.=_1_ [e1k"u(r )+e1k"'u(r )]X 
'1'. V2 2 - lA,S, (4. 17a) 

1 k' k' 
r/lr= V2 [e l "u'(r2)±e l "u'(rl)]XA,S (4.17b) 

yields f - 9 for the three symmetric spin states and f + 9 for the antisymmetric 
spin state. The differential cross section must be computed with the former term 
in three-quarters of the collisions, and with the latter term in one-quarter of the 
cases. We thus obtain the last expression of (4.14). 

1 For later purposes we state here that in this case neither the scattered electron beam nor the 
recoil atoms are, of course, polarized, since for every possible scattering process there exists an 
analogous process with opposite spins. Scattered electrons and atoms with each ofthe two spin 
directions occur with the same cross section u«())j2. 
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For the observation of the individual cross sections listed in (4.8-13) it is not 
necessary to use both polarized electrons and polarized atoms, as these equations 
may suggest.2 It suffices to make a simpler experiment in which either the 
electrons or the atoms are initially unpolarized. If, for example, one scatters 
totally polarized electrons by unpolarized atoms then from (4.10-12) one has 

Process 

§ / ei+Ai 
Ai 

ei+ At -+ ei+At 
"-..,. et+Ai 

Cross section 

tlJ-gl2 

tlfl2 

tlgl2. 

(4.18) 

(4.19) 

(4.20) 

Here, as in (4.14), it has been taken into account that for scattering by an 
unpolarized target (equal numbers of Ai and At) the cross sections given in 
(4.10-12), which are valid for a totally polarized target, have to be multiplied by 
the factor 1/2. As it is not possible to select scattered electrons of one spin 
direction for the analysis of these processes, one measures the polarization of the 
scattered electron beam, 

'({}) = aJ({}) -a;({}) 
Pe a! ({}) + a;({}) 

tlf _g12 +tlfl2 -tlgl2 

tlf _g12 +tlfl2 +tlgl2 . 
(4.21) 

Here a!({}) and a;({}) are the cross sections for the occurrence of ei and eL 
respectively, in the scattered beam. Their values have been taken from (4.18-20). 
According to (4.14), the denominator of(4.21) is none other than ao(8), the cross 
section for the scattering of un polarized electrons by unpolarized atoms. If ao({}) 
is known, the measurement of P: yields tlf _g12 +tlfl2 -tlgl2 and by sub
traction of this quantity from ao({}) =tlf _g12 +tlfl2 +tlgl2 one obtains Ig12. 

If one observes in this experiment the recoil atoms At, then according to 
(4.19) one obtains If12. (Contrary to what we have discussed in Sect. 1.2 for the 
case of electrons, atoms of a certain spin direction can be selected, e. g., by a 
Stern-Gerlach type magnet; see also Sect.4.2.) With the help of three 
measurements (cross section for scattering of un polarized particles, polarization 
of scattered electrons, fraction of the recoil atoms with certain spin direction) one 
thus can determine the quantities If12, I 9 12, and If - 9 12. But still this is not quite 
sufficient to obtain all the information which is hidden in the scattering 
amplitudes, as will be shown in Sect. 4.3. 

In practice one cannot use totally polarized electron beams as we have 
assumed up to now. In principle this does not, however, change anything we have 
considered. A partially polarized electron beam with polarization Pe can be 
considered to be split up into two fractions in the ratio Pe/(l-Pe) with total or 
zero polarizations, respectively (see Sect. 2.3). Accordingly, if we scatter a 

2 A "perfect" experiment as discussed in Sect. 4.3 needs, however, both polarized electrons 
and polarized atoms. 
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partially polarized electron beam by unpolarized atoms the cross section for 
occurrence of ej in the scattered beams is 

where 0"0(8) is again the cross section for the scattering of un polarized electrons 
by unpolarized atoms. Here use has been made of the fact that the unpolarized 
fraction of the incident electron beam produces equal numbers of ej and e! in the 
scattered beam (see footnote on p. 87). Correspondingly one has 

t 11 12 0"0(8) O"e(8)=Pe2 g(8) +(1-Pe) -2-' 

Thus the polarization of the scattered electrons is 

P' _0"}(8)-0";(8) ~ _I 12 
.(8)- 0"}(8) +0";(8) 0"0(8) [0"0(8) g(8)], 

where use has been made of (4.14). One therefore obtains 

(4.22) 

Hence, by a measurement of the electron polarization after the scattering, Ig(8)1 
can be determined if the electron polarization before the scattering and the cross 
section for the scattering of unpolarized electrons are known. 

One can also observe the recoil atoms in this experiment. A j emerge with the 
cross section 

Similarly 

If we introduce the polarization of the atoms after the scattering 

we obtain 

If(8W =0"0(8) (1-P:"'(8)/Pe ), (4.23) 

which shows that a measurement of the polarization of the recoil atoms yields 
If(8)1· 
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Thus we see that by scattering a partially polarized electron beam from 
unpolarized atoms all the individual cross sections listed in C4.8-10) can be 
obtained. Equivalent experiments can be made starting with unpolarized 
electrons and polarized atoms. In complete analogy to the above treatment, one 
then obtains 

Ilce)12=croce) C1-p:ce)/PA ) and 

Igce)12= croce) C1-PAce)/PA). 

C4.24) 
C4.25) 

Hence one again obtains all the individual cross sections by measuring the 
electron polarization P: and the atomic polarization PA after scattering, if P A, 

the polarization of the atoms before scattering, and croce) are known. 
We point out that the quantities IlceW/croce) and Igce)12/croce) can actually 

be larger than 1. [Example: if g =1/2 then from C4.14) one has 1112/crO =4/3]. This 
means that the polarization of the scattered particles in C4.22-25) can also be 
antiparallel to that of the particles which cause the polarization. 

Since the purpose of this section was to introduce the polarization 
mechanism that is effective in exchange scattering, the discussion has been 
limited to the situation of greatest conceptual simplicity where the spins of 
electrons and atoms were either parallel or anti parallel to one another. For 
treatment of the general case we will take advantage of density matrix 
techniques. For a summary of earlier literature on electron polarization in 
exchange scattering we refer to [4.1]. 

Problem 4.1. In Sect. 3.4.5 it was proved that for Mott scattering one has P=A, where Pis 
the polarizing power (for the scattering of an unpolarized beam) and A is the analyzing power 
( = asymmetry for polarization measurement on a totally polarized beam). Are these two 
quantities also equal in exchange scattering? Compare the intensity asymmetries in exchange 
scattering and Mott scattering. 

Solution. We first consider the case in which an unpolarized electron beam is polarized by 
scattering from totally polarized atoms A j. From (4.9, 10) one obtains scattered ej with the 
cross section tlf-gI2+tlgI2, and from (4.8) scattered et with cross section tlfl2. Thus 

P' tlf-gI2+tlgI2_tlfI2 0"0-lf12 =1 Jfl2 
e tlf _g12 +tlgl2 +tlfl2 0"0 0"0 

We now consider the scattering of a totally polarized electron beam by totally polarized atoms 
A j. If the direction of polarization of the primary electrons is the same as that of the atoms, 
then according to (4.10) the scattering intensity is determined by the cross section If-gI2 . 

According to (4.8, 9), reversal of the polarization of the primary beam yields the cross section 
Ifl2 + Ig12. The polarization analysis can be made by measuring the scattering intensity in a 
certain direction for the polarization directions j and t of the primary beam. The relative 
intensity difference gives us the analyzing power 

which is different from the polarization calculated above. 
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Fig. 4.1. Spin-up-down asymmetry and 
left-right asymmetry (intensities indi
cated by line thickness) 

The intensity asymmetries discussed here and those in Mott scattering are compared in 
Fig. 4.1. In exchange scattering of polarized electrons by polarized atoms there is, in the 
approximation made in this chapter, no left-right asymmetry since the forces do not depend on 
whether an electron passes the atom on the right or on the left. However, the number of 
electrons scattered into a certain direction depends on their spin direction. So we do not have a 
"left-right" asymmetry, but we do have a "spin-up-down" asymmetry as illustrated in the left
hand part of Fig. 4.1. In Mott scattering there is a spin-up-down asymmetry as well as a left
right asymmetry. 

4.2 The Composite Spin Space of Electron and Target 

The density matrix formalism for the composite spin space of an electron and a spin one-half 
atom is introduced. 

In order to generalize the special cases discussed in the preceding section we will 
now describe elastic exchange scattering by means of the density matrix 
formalism. Particularly in cases more complicated than heretofore discussed, 
where beam polarization and target polarization have arbitrary directions, 
density matrices turn out to be very useful. 

Limiting ourselves to the important case of scattering by spin one-half atoms 
we compose a four-dimensional spin space from the two-dimensional spin spaces 
of the free and the target electron. For this purpose we recall the direct product 
(or tensor product) of matrices which, for 2 x 2 matrices, is defined by 

en" 
m11n12 m12n11 mnnu ) 

(m11 m12)®(n11 n12 ) = m11 n21 m11n22 m12n21 m12n22 

m21 m22 n21 n22 m21nU m21n12 m22nll m22n12 

m21n21 m21n22 m22n21 m22n22 

producing a 4 x 4 matrix [4.2]. From the spin functions Xe = (Q!) of the free 

( A) Q2 

electron and XA = :~ of the atom we define a spin function of the system 

electron-plus-target by 
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(4.26) 

and as spin operators in the composite spin space we use 

11~=11/l®1 (/1=x,Y,z) 

for the electron and (4.27) 

for the atom. The 11/l are the Pauli spin matrices (2.2) and 1 is the 2 x 2 unit matrix. 
Explicitly we have 

r 
0 1 

;} a:~(~ 
0 -1 

0) ( 
0 0 

~} 0 0 0 0 0 -i 0 1 0 e_ 

~' 11~= ~ I1x - ~ 0 0 0 0 0 -1 

1 0 0 0 0 -1 

-rJ. a~~(f 
(4.28) 

(0 
1 0 

0) (0 
-1 0 0 0 

0) A 1 0 0 o A i 0 0 -1 0 0 
I1x = ~ 0 0 ~ , l1y = ~ 0 0 0 o . 

0 1 0 0 0 -1 

Let us verify by a few examples that by means of these definitions we can 
properly describe the spin of the system electron-pIus-target. For the state ej A! 
(electron spin + h/2 and atom spin - h/2 in the z direction), which is represented 
by 

al'=1, a~=O, at=O, a~=1, 

one obtains from (4.26) the spin function 

and one immediately finds from (4.28) that this is an eigenfunction of 11~ with 
eigenvalue + 1 and of 11~ with eigenvalue -1. This is what one expects for the 
state ejA!. Similarly one sees that the states ejAj, e!Aj, etA! have the spin 
functions 
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respectively, which are eigenfunctions both of O'~ and O'~ with the eigenvalues 
symbolized by the arrows. 

More generally, one finds by straightforward matrix multiplication that, 
analogous to what has been said in Sect. 2.2, the spin function (4.26) with 

e 3e e . 3e (. e) 
al = cos 2' a2 = sm 2 exp lcp , 

A . 3A . A 
a2 =sm 2 exp(Hp ) 

(4.29) 

is a simultaneous eigenfunction of the operators O'e • ee and (fA. eA with eigen
value + 1, if ee and eA are unit vectors in the directions 3e, cpe and 3A, cpA, 
respectively. In other words: this function represents an electron spin with 
direction 3e , cpe and an atom spin with direction 3\ cpA. Ifwe have, for example, 
the electron spin in the x direction and the target spin in the y direction 
(3e = 3A = n12, cpe = 0, cpA = nI2), the spin function is 

(
1/2) i 12 
112 . 
i 12 

Before discussing the polarization of mixed states let us first consider the 
density matrix for the trivial case of total polarization of electrons and atoms 
(pure state). Recalling (4.26) and (2.17) we have 

( la1l'latl' laWataf araflatl 2 

a1araM') 
laWa~af la~12Ia~12 alara~af aeae*laA l2 1 2 2 e A 

= azarjatl2 azai*ataf laWlatl2 I el2 A A* =(} Q9(} . a2 a1 a2 
azai*a~af azarja~12 laWa~af lazl2la~12 

(4.30) 

Keeping to the general definition P = <(f) given in Chap. 2 we have 

(4.31) 

if the spin functions from which (} is formed are normalized. 
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Checking these relations for two examples we find from (4.28,30), 

tr{eCT~} = la!12latl2 + la!12Ia~12 -laWlatl2 -laWla~12 = la!12 -laW, 

since latI2+la~12=1. From (2.14) we know that laW-laW=Pez so that 
Pez=tr{eCT;} in agreement with (4.31). 

As a second example we calculate 

tr{eCT~} = laW (ataf +a~an + lazf(ataf +a~af)· 

Since laW + laW = 1, we have tr {eCT~} = ataf + a~af = PAx where (2.14) has 
been used. 

Expressing the elements of the density matrix (4.30) in terms of the 
polarization one finds that, instead of relation (2.19) for the spinless target, one 
obtains for the density matrix of a state in which both target and projectile 
electrons are totally polarized 

(4.32a) 

This is the direct product of the density matrices (2.19) for two spin one-half 
particles. For a verification of (4.32) see Problem 4.2. 

Our assumption of total polarization of both target and projectile electrons 
means that we regard the initial polarizations of atoms and electrons as 
independent of each other, which is consistent with the spin functions we used. If 
one describes the system by spin functions like those given by (4.15b or 16), which 
include correlation of the two electrons, the factor 

(4.32b) 

If there are no correlations between the electrons, (4.32a) is seen to be valid 
also for a state which is a mixture of states X(n)e ® X(m)A in each of which projectile 
and target electrons are totally polarized. One has this situation in two 
noninteracting beams of partially polarized electrons and atoms. When w(n) and 
w(m) are the normalized statistical weights of in) and i m), respectively, the density 
matrix of the mixed state is the sum of the pure-state density matrices e(nm): 

n,m 

= ~ L w(n) w(m) (1 + p~n) • CTe + p~m) • CTA + L P~~ prj CT~CT~) 
n,m I1,V 

= ~ (1 + L w(n) p~n) • CTe + L w(m) p~m) • CTA + L L w(n) P~~ L w(m) prj CT~CT~) , 
n m !l,V n m 
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where 

L w(n)=L w(m)=l 

n m 

has been used. Recalling (2.16), we see that this is identical with (4.32a). 
If there are correlations between the electrons, one obtains with (4.32b) 

Ji} , v =x, Y,z 

where Q =" w(n)w(m)Q(nm) 
~v ~ ~v • 

m,n 

In this section we have so far assumed that the spin functions are normalized. 
If one starts from unnormalized spin functions, the density matrix must be 
normalized to have trace unity before applying (4.31) and (4.32a): as in (2.21,23) 
e should be replaced by e/tr{e}. 

In order to be able to calculate the scattering cross section, or the polarization 
of a scattered beam, one needs to know the spin scattering matrix. We have 
explained before that the connection between the basic spin states and their spin 
functions is 

The transitions which can occur between the various spin states have been listed 
in (4.8-13). Process (4.9), for instance, leads from the initial state 

and has the transition amplitude -g. The scattering matrix S must therefore 

contain the element ( 

matrix element 

-g : ) w that one h., the tmnsition 

-g 
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The same reasoning applied to the other five processes shows that the complete 
scattering matrix must be 

o 
f 
-g 
o 

o 
-g 

f 
o 

(4.33) 

having SiX nonzero elements which describe the six conceivable processes 
(4.8-13). 

Knowing the scattering matrix we are now in a position to calculate the 
polarizations P~ and P;" of the electrons and atoms in the final state according 
to (4.31): 

P' tr{e'ae } 

e tr{e'} ' 
(4.34) 

where e' is the (unnormalized) density matrix of the final state which has been 
shown in Sect. 3.3 to be e' = Sest. The density matrix e of the initial state is given 
by (4.32a). The scattering cross section follows from 

0"(8) = tr {e'}/tr{e} 

which has also been derived in Sect. 3.3. 

Problem 4.2. Verify the relation (4.32a) between the density matrix (4.30) and the 
polarizations of projectile and target electrons. 

Solution. Multiplication of the spin matrices with the polarizations in (4.32a) yields the 
explicit form of the density matrix: 

( 

1 +P"+PA.+P,,PA• (1 +P,,)(PAx -lPAy) (P,x -lP,y)(1 +PA.) (Pox _lP,y)(PAx-1PAY)) 

1 (1 +P,,)(PAx+IPAy) 1 +P,.-PA.-P"PA• (P,x-IP,y)(PAx+IPAy) (P<x- 1P,y)(I-PA.) 

4 (P,x+IP,y)(1 +PA.) (P,x + lP,y)(PAx -IPAy) l-P"+P,,, -p"PA• (1 -P,,)(PAx-IPAy) 

(P,x+IP,y)(PAx+IPAy) (P,x+IP,y)(1-PA.) (I-P,,)(PAx +IPAy) l-P"-PA.+P,,PA• . 

(4.35) 

From (4.31) one has the connection between the polarization components and the elements of 
the spin functions, so that (4.32a) and (4.30) can easily be seen to be identical. We verify this 
for an arbitrary element, say C!34' Starting from (4.31), we have explicitly shown in the main 
body of this section that Pez = laW _la~12 , PAx = ata~* + a~at*. In the same way one obtains 
PAy=i(ata~*-a~at*) so that with laW+la~12=1 one has 

C!34=!(1 -Pez)(PAx -iPAy)=!' 2 laW . 2ata~* 

which is identical to the expression for C!34 in (4.30). 
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4.3 Cross Section and Polarization in Elastic Exchange Scattering 

The general results of the preceding section are applied to elastic exchange scattering in the 
case where the electron polarization has an arbitrary direction with respect to the target 
polarization. Measurement of the cross section and the change of the electron polarization 
and/or target polarization (including the rotation of the polarization out of its initial plane) 
constitutes a "perfect" scattering experiment which yields all the attainable information on the 
scattering amplitudes. 

We can now apply the density matrix formalism to treat the general case of elastic 
exchange scattering of an electron beam whose polarization has an arbitrary 
direction with respect to the target polarization P A. By proper choice of the z axis 
one obtains P A = P Azez, PAx = PAy = 0. The density matrix (l of the initial state is 
(cf. Problem 4.2) 

By multiplication with the scattering matrix (4.33) we find the final-state 
density matrix (l' = S(lst whose elements are 

(lll =Hl + Pez) (1 +PA)lf-gI2, 

(l12 = -HPex -iPey)(l +PA)(f-g)g*, 

(l13 = HPex -iPey)(l +PA)(f -g)f*, 

(l14 =0, 

(lZl = -!(Pex +iPey)(l +PA)g(f* -g*), 

(lZ2 =![(1 + Pez) (1 - P A)lfl2 + (1 -Pez)(l + PA)lgI2], 

(lZ3= -![(1 +Pez)(l-PA)fg*+(l-Pez)(l +PA)f*g], 

(lZ4 =!(Pex -iPey)(l - PA)(f* -g*)f, 

(l3l =HPex +iPey)(l + P A)f(f* -g*), 

(l32= -± [(1 +Pez)(l-PA)f*g+(l-Pez)(l +PA)fg*], 

(l33 =![(1 +Pez)(1-PA)lgI2 +(1 -Pez)(l +PA)lfn 
(l34= -±(Pex -iPey)(l-PA)g(f* -g*), 

(l4l = 0, 

(l42 =±(Pex +iPey)(l - PA)(f -g)f*, 

(l43= -±(Pex+iPey)(l-PA)(f-g)g*, 

(l«=±(1-Pez)(1-PA)lf-gI2. 
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This density matrix yields the cross section 

Introducing the cross section 0'0(8) from (4.14) for zero electron and/or target 
polarization, (4.36) may be written 

(4.37) 

This shows that with arbitrary spin orientation it is only the electron
polarization component along the direction of the atomic polarization which 
contributes to the spin dependence of the cross section. The relative cross-section 
difference for scattering with antiparallel (PezP A < 0) and parallel (PezP A> 0) 
spms IS 

(4.38) 

with the asymmetry 

A= 
If-gl2 -lfl2 -lgl2 fg* +I*g 
If _g12 + Ifl2 + Igl2 20'0 

(4.39) 

The polarization of the scattered electrons becomes 

For a discussion of this result it is expedient to resolve the electron polarization 
Pe into components parallel and perpendicular to the atomic polarization 
(cf. Fig. 4.2), 

From 

one has 
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so that one obtains from (4.40) 

Fig. 4.2. Electron polarization Pc 
with components parallel and per
pendicular to atomic polarization 
PA 

P~=[(Pez+PA) 1;;(~~2 +(Pez-PA)T'(O)}z 

+[ ~~) -U'(O)] Pep + S'(O)PA(ez x Pep). (4.41) 

Here, for reasons of comparison with (3.77), we have set 

S'(O)=· fg* -f*g 
1 2(1(0) , 

U'(O) =fg* +f*g 
2(1(0) . 

Just like (3.77) in the case of Mott scattering, (4.41) enables one to see very 
easily how the scattering process affects the polarization. Let us, however, 
emphasize the essential differences compared to Mott scattering: The physical 
origin and the meaning of the scattering amplitudes g in exchange scattering are 
quite different. Furthermore, the vector it of (3.77) which is determined by the 
directions of incident and scattered electrons no longer plays a role here; it is 
replaced by ez , determined by the atomic polarization. Consequently, in contrast 
to Mott scattering, reversal of the incident direction affects neither the change of 
the polarization components in the initial plane (ez, Pep), nor the rotation of the 
polarization vector out of this plane. The latter is described by the additional 
component S'(O)PA(ez x Pep). The angle ex of this rotation is seen from Fig. 4.3 
and (4.41) to be given by 

i(fg* -f*g) 
tan ex ----,--:-;:-------21f12 -(fg*+f*g) ' 

(4.42) 

which shows that such a rotation occurs only if the exchange amplitude is 
different from zero. The angle of rotation ex vanishes also in the special case where 
f = If I exp (iYl) and g = Igl exp (iY2) have the same phase: 

i(fg*-f*g)= -2Ifllglsin(Yl-Y2)=0 for Yl=Y2. 
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a. [lfl2 'J ai9)-U (e) Pep 

Fig. 4.3. Angle of rotation of 
the polarization component 
Pep 

In order to become familiar with the physics of exchange scattering we will 
now discuss a few simple cases. 

If g = 0, there is no change of the polarization at all: in this case one has 
0"( 8) = Ifl2 so that (4.41) yields P~ = Pezez + P p = Pe. It is quite obvious that there 
can be no change of the polarization when there is no exchange scattering 
causing target electrons to go into the scattered beam. Since we have excluded 
explicit spin-dependent forces there is, with vanishing exchange scattering, no 
way of affecting the electron polarization so that the polarization of the scattered 
electrons must be identical to that of the incident beam. 

If, on the other hand, f = ° so that no direct processes contribute to 
scattering, one has 0"= Igl2 and (4.41) yields 

P~ = [t(Pez + PA) -t(Pez -pA)]ez=pAez· 

This is what one expects, since now all the scattered electrons have been in the 
target before the scattering. No explicit spin-dependent forces being present, 
these electrons retain their spin direction during the exchange process so that the 
atomic polarization is transferred to the scattered beam. 

In the case P A = ° which is of practical importance, (4.41) yields 

P~=-21 [(If-gI2 + Ifl2 -lgI2)Pez +(2IfI2 -fg* -j*g)Pep] 
0"0 

If _g12 + Ifl2 -lgl2 
= If _g12 + Ifl2 + Igl2 Pe (4.43) 

which describes the fact that there is a partial depolarization ofthe electron beam 
due to exchange processes with the unpolarized target. The electron polarization 
retains its direction (the depolarization is the same for each component) but is 
reduced due to the admixture of target electrons. 

If, on the other hand, Pe=O, (4.41) yields 

(4.44) 

which describes a polarization transfer from the target to the electrons due to 
exchange scattering. 
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From (4.41) one also sees that, with P A =l= 0, there is one special case where 
only the magnitude but not the axis of Pe is changed by the scattering; this occurs 
when Pep = 0, i. e., when P e is parallel or anti parallel to the target polarization. P~ 
has then az component only. Thisis the situation which has been used in Sect. 4.1 
for introducing the basic facts of exchange scattering. The formulas given there 
follow immediately as special cases of (4.41). 

In order to obtain complete information on the scattering amplitudes it does 
not suffice to measure Iflz, IgIZ, and If -giZ = Iflz + IglZ -fg* -f*g = Iflz + IglZ 

- 21fllgl cos (Y1 -yz) by means of the experiments discussed in Sect. 4.1, since the 
difference of Y1 and Yz [which are defined by f = If I exp (iY1), g = Igl exp (iyz)] can
not be obtained from cos (Y1 -Yz) alone. For a "perfect" scattering experiment 
which fully determines the scattering amplitudes, an investigation of the rotation 
of the polarization is also necessary. Such an additional measurement yields, ac
cording to (4.42), i(fg* -f*g) = -2lfllgl sin(Y1 -Yz) so that, together with a mea
surement yielding cos (Y1 -Yz), the phase difference Y1 -Yz can be unambiguous
ly determined. Consequently, an experiment where the rotation of the polariza
tion has not been measured cannot be called "perfect" as is sometimes done in 
literature [4.5]. The situation is quite similar to Mott scattering where we have 
seen that rotation experiments with the polarization are required in order to fully 
determine the scattering amplitudes. This is not surprising because of the formal 
similarity of the expressions (4.41) and (3.77) which describe the behavior of the 
polarization in scattering. 

Before discussing the change of the atomic polarization by exchange 
scattering, let us point out that the scattering amplitudes can be fully determined 
by studies of the scattered electrons alone. Apart from the set of measurements 
we have explicitly discussed, there are several other combinations of measure
ments which represent such a perfect scattering experiment. 

In order to find the polarization of the scattered atoms we have to evaluate 
the expression 

P' _ tr{Q'(J"~} 
Ai- tr{Q'} (i=x,Y,z). 

Using the (J"~ given in (4.28) one obtains, by proceeding in the same way as in the 
evaluation of P~, 

P;" = [(Pez +PA ) I;:(~~Z +(PA -Pez)T'(8)]ez 

+ [l~~) -U'(8)] Pep -S'(8)PA (ez x Pep), (4.45) 

which can easily be seen to follow from (4.41) by interchanging f and g. The 
formula shows that the polarization of the recoil atoms has three components, in 
the directions ez, Pep, and ez x Pep, although the initial target polarization was 
assumed to have a component in the z direction only. Comparison with (4.41) 
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shows that the components of PA and P~ in the direction ez x Pep are opposite to 
each other. In the special case Pep =0 where the formulae of Sect. 4.1 containing 
PA are seen to follow from (4.45), the polarization of the recoil atoms has a z 
component only. 

We will refrain from illustrating (4.45) in detail as we did with (4.41) for the 
scattered electrons, since such a discussion is quite analogous for the two cases. 
Let us just mention a few facts: For g = 0 one finds PA = P A, i. e., no change of 
the target polarization because there is no exchange scattering. For 1=0 one 
finds PA = Pe , i. e., complete transfer of the electron polarization to the scattered 
atoms because there is exchange scattering only. If unpolarized electrons are 
scattered by a polarized target, the depolarization of the recoil atoms is described 
by the same factor as in (4.43). Similarly, the polarization transfer from polarized 
electrons to unpolarized atoms is given by the multiplicative factor in (4.44). 

A perfect scattering experiment yielding the full information on the 
scattering amplitudes can be made by studies of the recoil atoms alone. By 
suitable choice of the initial polarizations and the measured polarization 
components of the recoil atoms the quantities III, Igl, and Yl -Y2 can be obtained 
as in the case of the scattered electrons. Consequently, in order to make a perfect 
scattering experiment, one has the choice of observing either the recoil atoms or 
the scattered electrons or both. One can therefore achieve a highly desirable 
redundancy in the determination of I and g so that it is possible to check the 
reliability of these difficult experiments. 

4.4 Polarization Experiments in Elastic Exchange Scattering 

Measurements of quantities characteristic of exchange scattering are discussed. In early 
experiments, unpolarized electrons were scattered from polarized atoms and the polarization 
of either the recoil atoms or the scattered electrons was measured. More recently, scattering of 
polarized electrons from polarized atoms has been started. 

In the preceding sections we saw that for atoms with one outer electron there are 
several experimental possibilities for determining the quantities that are essential 
in elastic exchange scattering. In the first investigations made, polarized atoms 
were crossed by unpolarized electrons [4.6-9], since polarized electrons of 
sufficient intensity could not be produced at that time. We shall first discuss an 
experiment [4.7] in which the change of the atomic spin by the scattering process 
was measured according to (4.25), which is a special case of (4.45). 

Figure 4.4 is a schematic diagram of the experiment in which a spin analysis 
of the recoil atoms was made. A beam of potassium atoms is sent through a 
Stern-Gerlach magnet which selects atoms of a certain spin direction and energy 
range. Slow electrons are fired across the polarized atom beam. Their energy is in 
the 1-e V region and is thus insufficient to excite the K atoms, so that only elastic 
collisions between the K atoms and the electrons occur. Both collision partners 
change their momentum direction during the scattering, the scattering angle of 
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x 

Fig. 4.4. Schematic diagram of a scattering experiment 
with spin analysis of the recoil atoms [4.8] y 

the heavy atoms being much smaller (;:;:; 1°) than that of the electrons owing to the 
large ratio of atomic masses to electron mass. 

Due to the exchange interaction, some of the recoil atoms change their spin 
direction during the scattering process. They are selected by the spin analyzer ifit 
is set so that only atoms with reversed spin direction are transmitted. This spin 
filter consists of a strong inhomogeneous magnetic field on which a strong 
inhomogeneous electric field is superimposed. The electric field is such that the 
force exerted on the induced electric dipole moments of the atoms has the same 
magnitude but the opposite direction as the magnetic force on the atoms with the 
desired spin direction. These atoms therefore pass through the analyzer without 
being deflected, while the atoms with the opposite spin direction are removed 
from the beam. 

By rotating the analyzer-detector assembly about the scattering center, the 
angular distribution of the scattered atoms can be measured. From this, the 
angular distribution of the scattered electrons can be calculated using energy
momentum conservation. 

If the spin filter is switched off, all atoms scattered within the angular range 
subtended by the detector are observed and not just those which have 
experienced a spin flip. In this case one obtains the full differential cross section 
0"0(8). In the present experiment the ratio Ig(8)12/O"o(8) was first measured by 
using the two analyzer settings mentioned. Then, in order to find Ig(8)12, the 
quantity Q = 2n S 0"0(8) sin 8 d8 was determined from the measured angular 
distribution and fitted to the total cross section Q measured in a separate 
experiment. This yields the absolute values of 0"0(8) and thus of Ig(8)12. 

Needless to say, there were deviations from the ideal conditions described 
here. For example, the imperfect transmission and polarization of analyzer and 
polarizer had to be determined by test measurements. The influence of the 
nuclear spins on the atomic polarization was avoided by using an additional 
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strong magnetic field in the scattering region (see Sect. 5.1). The two spin systems 
were thereby decoupled so that the change of the atomic polarization may be 
assumed to be due solely to the scattering. The detection of the weak atomic
beam intensities was accomplished by using the lock-in technique: The electron 
beam was modulated with a certain frequency. This frequency was superimposed 
by the scattering process on the recoil atoms which reached the detector. The 
phasesensitive narrow-band amplifier for the detector signal was locked to the 
oscillator controlling the electron-beam modulation and therefore responded 
only to the modulation frequency. In this way all disturbing background 
frequencies were cut out. 

The main difference between this measurement and the next experiment to be 
mentioned [4.9] is that instead of the spins of the recoil atoms, those of their 
collision partners, the scattered electrons, are analyzed. This yields If(O)j2/CTo(O) 
according to (4.24). The electrons scattered by the polarized potassium atoms 
pass through a filter lens which removes unwanted inelastically scattered 
electrons. They are then accelerated to 100 ke V so that their polarization can be 
measured with a Mott detector, just as in the experiments described in Sect. 3.7. 

In this experiment it was not possible to decouple electron and nuclear spins 
in the scattering region by using a strong magnetic field. This would have had too 
strong an effect on the path of the electrons whose scattering angle is one of the 
quantities to be measured. Accordingly, the polarization of the atoms is reduced 
by the hyperfine coupling to rather small values ( < 20 %). In turn, the electron 
polarization is small, so that very low scattering asymmetries had to be 
measured. Furthermore, the experiment suffered from the lack of intensity, 
which is typical of many double scattering experiments. 
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These difficulties explain the rather large error bars on the results shown in 
Fig. 4.5. The measurements could be carried out only at relatively small 
scattering angles because only there were the cross sections large enough to 
produce usable intensities. Despite all the problems, the measurements show that 
calculations made with the close-coupling approximation [4.10] appear to be 
quite reliable. This is particularly brought out in the first experiment discussed 
where Ig(8)12 was determined in a large angular range at several energies with an 
error of < 30 % (see Fig. 4.6). 
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Fig. 4.6. Experimental [4.8] and theoretical [4.10] values of Igl2 for potassium 

The rather large cross sections Ig( 8)12 of more than 10 -16 cm2/sr suggest the 
use of exchange scattering of slow electrons for building a source of polarized 
electrons. We shall treat this and give further references in Sect. 8.2. 

The experiments discussed so far were made at times when efficient sources of 
polarized electrons were not yet available. Now the situation has changed and 
first measurements have been reported where polarized electrons are scattered 
from polarized atoms. It is seen from (4.38) that such an experiment yields the 
scattering asymmetry A provided that the polarizations of the incident electrons 
and of the target are known. With the help of (4.14) the asymmetry A given by 
(4.39) may be rewritten in the form 

A = _R--,e {>.:....f-=* g,-,,-} If+gl2 -If-gI2 

If + gl2 + 31f _g12 
(4.46) 

as is done by the authors of an experiment in which polarized electrons are 
scattered from polarized hydrogen atoms [4.11]. From (4.46) the lower bound of 
A is seen to be -1/3 which is reached for If + gl = 0, i. e., for the case of pure triplet 
scattering explained in Sect. 4.1. 

The description of the apparatus used for the polarized-electron-polarized
hydrogen experiment will be postponed to the next section, since it has also been 
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Fig. 4.7. Measured values of 
asymmetry at II = 90° for elas
tic scattering of polarized elec
trons from polarized hy
drogen atoms with various 
theoretical curves. For details 
see [4.11) 
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used for extensive asymmetry measurements of inelastic exchange scattering 
which will be discussed there. The essential result of the elastic scattering 
experiment, the asymmetry 0 bserved at the scattering angle () = 90° (L1 () = 24°), is 
shown in Fig. 4.7 together with a number of theoretical curves. It is interesting to 
note that the measured value for 13.8 eV is consistent with A = -1/3 which 
corresponds to pure triplet scattering. 

Although electron-hydrogen elastic scattering is the simplest of all electron
atom collision problems, the agreement between the experimental and theoreti
cal data is in most cases not satisfactory at the higher energies shown where 
calculations become increasingly difficult. In fact, agreement is good with only 
one of the theoretical predictions that is based on the close-coupling approxi
mation. This is quite a different situation than is found for theoretical results on 
the spin-averaged cross section in this region, which mostly agree with the data 
obtained in conventional experiments with unpolarized electrons. Such agree
ment does not guarantee that calculated values ofthe scattering amplitude sf and 
g are correct as is demonstrated by the present example and by many other 
similar cases in electron-atom scattering. That is why measurements of 
polarization effects put theory to a more stringent test than do cross-section 
measurements alone, in particular if the angular variation of the asymmetry is 
also studied [4.12]. 

The evaluation of all of the above measurements has been made under the 
assumption that the role of spin-orbit coupling can be neglected. Since light 
atoms were used as targets and the experimental error bars are large, this is 
certainly a reasonable approach. When one is able to increase the accuracy of the 
experiments, it will be necessary to consider, quantitatively, how far the 
polarization effects can be influenced by spin-orbit interaction, particularly if 
heavier atoms and fairly large scattering angles are studied. The theoretical 
treatment of this problem has been initiated [4.13-15]. 
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4.5 Inelastic Exchange Processes with One-Electron Atoms 

Spin-dependent impact ionization and excitation are discussed. Investigations analogous to 
those of elastic scattering can be made. Additional information on the cross sections for 
excitation of the various sublevels can be obtained by polarization analysis of the emitted light. 
Electrons exciting fine-structure levels become polarized by exchange scattering even from an 
unpolarized target. 

4.5.1 Spin-Dependent Electron-Impact Ionization 

When now dealing with inelastic scattering, let us first assume that enough 
energy is transferred from the incident electron to the atom for impact ionization 
to take place. The results that have been derived in this chapter are then still 
applicable if f and 9 are taken to be the amplitudes for inelastic direct and 
exchange scattering leading to impact ionization of the atom. There are several 
experimental studies of the spin dependence of electron-impact ionization. Let us 
pick out here the polarized-electron-polarized-hydrogen experiment we have 
already met in the preceding section. 

The experimental layout is illustrated in Fig. 4.8. Longitudinally polarized 
electrons (Pe ::::: 70 %) intersect perpendicularly a beam of thermally dissociated 
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Fig. 4.8. Schematic diagram of the scattering chamber for polarized-e1ectron-polarized
hydrogen experiment [4.16] 



108 4. Polarization Effects Caused by Exchange Processes in Electron-Atom Scattering 

polarized hydrogen atoms (P A = 50 %) whose polarization vector is oriented 
either antiparallel or parallel to that of the incident electrons in accordance with 
a 100-mG magnetic field in the interaction region. The methods used for 
producing the polarized electrons (Fano effect) and the polarized atoms (six-pole 
magnet) will be discussed in Chap. 5. By counting the protons produced in e-H 
collisions the relative ionization cross sections for antiparallel and parallel spins 
of the colliding beams are determined. A mass analyzer monitors the relative 
amounts of atomic and molecular hydrogen so that the ion counts originating 
from molecular hydrogen can be corrected for. The measurements have been 
made over the energy range 13.8 to 197 eV. The experimental details of such 
ambitious experiments are too sophisticated to be described here. Some of them 
(like atomic-beam modulation) have been outlined in the preceding section; for 
others we have to refer to the original papers [4.16]. 

The measurements yield the asymmetry A given in (4.46), wherefand g are 
now the amplitudes for inelastic scattering. Since the ionization processes are 
detected regardless of the scattering angles and final energies of the scattered 
electrons, the terms in the expression for A must be integrated over these 
variables. 
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Fig. 4.9. Measured values of asymmetry vs. incident electron energy for impact ionization of 
polarized hydrogen atoms by polarized electrons [4.16] 

The experimental results are shown in Fig. 4.9. They are in substantial 
disagreement with the theoretical predictions between threshold and 50 eV 
confirming that the electron-hydrogen scattering problem cannot be said at the 
present time to have been mastered, even though it is the most fundamental and 
least complicated of all electron collision problems. 

Such investigations of impact ionization of polarized atoms by polarized 
electrons have become quite popular now that the techniques for producing 
polarized electrons and atoms are well established. Among the elements studied 
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are potassium, lithium, and sodium [4.17-20]. The polarized-electron sources 
that have been employed are based on various techniques (cf. Sect. 8.2) like 
scattering, field emission from EuS, or photoemission from GaAs, whereas the 
polarized atoms are produced either by means of six-pole magnets or by optical 
pumping with circularly polarized light, a method whose principle will be 
discussed in the next chapter. One of the reasons for the interest in such 
experiments is the problem of the threshold law, i.e., the relation (JocEm between 
the ionization cross section and the final energy E of the escaping electrons. The 
measurements were of considerable help in clarifying such controversial 
questions as whether there is a drastic difference of the exponents m for triplet 
and singlet excitation or whether the exponential relation even needs modifi
cation [4.20-22]. 

4.5.2 Spin-Dependent Effects in Electron-Impact Excitation 

In the rest of this section and in the following two sections we shall see that 
polarization studies are a powerful means for exploring the details of excitation 
processes. Inelastic electron scattering may raise the atoms to discrete states 
which differ in their energies and their angular momenta. A separation of 
transitions into different angular momentum states cannot be achieved by 
energy analysis if the states are energetically degenerate; it can, however, be 
performed by the methods discussed below. 

If one wants to describe inelastic processes leading to various degenerate 
angular momentum states, one needs more scattering amplitudes than in the 
cases treated before but there are also more observable quantities. A direct spin 
analysis of the excited atoms is not easy because their lifetimes are generally 
short. One can, however, observe the polarization of the atoms after their return 
to the ground state [4.23,24]. A direct spin analysis of the excited atoms has been 
made for metastable hydrogen which has a sufficiently long lifetime [4.25]. 
Further information on inelastic exchange scattering is obtained by analyzing 
the polarization of the light produced in the decay of the various excited states 
[4.26] and by observing the polarization of the scattered electrons as in the elastic 
case. Another observable is the scattering asymmetry obtained with polarized 
electrons. The technique of scattering polarized electrons from polarized atoms 
has recently been applied to asymmetry measurements in electron-impact 
excitation, analogous to those discussed above for impact ionization [4.27]. 

In line with our major topic, we shall focus attention on processes where 
polarized electrons are involved. In this subsection, we treat the simplest case of 
atoms with a single valence electron in an s state and consider excitations from 
the ground state into the resonance states, that is, transitions S ~ P. As in the 
case of elastic exchange scattering, we neglect the spin-orbit interaction of the 
unbound electrons that causes the polarization effects in Mott scattering. 

For the P state there are, with respect to some reference direction, three 
possible orientations, specified by ml = 0, ± 1. Accordingly, three scattering 
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amplitudes fo'/1, and f -1 are needed to describe the inelastic direct scattering 
leading to the excitation of one of these states. Correspondingly, three scattering 
amplitudes go, g1, and g -1 are needed to describe the exchange scattering. From 
symmetry considerations, one has If112 = If-112 and Ig112 = Ig _112. If this were not 
the case, the two states m1 = ± 1 would obtain different populations even when 
excited by ordinary collisions with unpolarized collision partners. The resulting 
angular momentum in the direction of quantization, together with the 
components in this direction of the momenta occurring in the scattering process, 
would define a screw sense which would be reversed in the mirror image of the 

m· 1 +~ J -2 
mt -1 0 0 +1 
ms +1 1 +1 1 

2 -2 2 -2 

c ( t 1 ms ml ,.; m j ) \'ttJ-r 2p,/2 

3 1 I m 

~4~ 
25112 

m~ 0 0 

ms= mj 
1 +1 -"2 2 

Transition Cross section Spin direction Circular polarization 
of scattered of light emitted in 
electron transitions I:1mJ = + 1 or -1 

a) b) a) b) a) b) 
I 1 jlfo - gol2 i t a+ a 
II 2 0 
III 3 0 
IV 4 tlfl - g11 2 a a+ 

c) d) c) d) c) d) 
I 1 jlfol 3 t i a+ a 
II 2 jlgol2 i t a a+ 
III 3 tlgl1 2 i t a+ a 
IV 4 tlf112 t i a a+ 

Fig. 4.10. Transitions to 2 PI/2 with totally polarized collision partners. a) to d) denote the 
following processes: 

a) ei+Ai -4 AePl/2 ) b) e!+A! -4 AePl/2 ) 

c) e!+Ai -4 AeP1/2) d) ei+A! -4 ACZPI/2 ) 

The amplitudes for transitions 3 and III are indicated for illustration 
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experiment. Thus - as explained in more detail in Sect. 3.4.4 - parity 
conservation would be violated. 

Applying to the inelastic case the results summarized in (4.8-13), we obtain 

Process Amplitudes Cross section 

e~+Aj --> e~+A(Zp)t} 
ei +A! --> ei +A(ZPH 10'/',/-' 1/012 + 1/,12 +1/-,12 = 11012 +21/,12, (4.47) 

e~ +Aj --> ei +A(ZPH} 
ei+A~ --> e~+A(ZP)t 

-go, -g" -g-, IgoI2+2Igd2, (4.48) 

ei+Aj --> ei+Aep)t} 

e~ +A~ --> e~ +A(ZPH 
/o-go,/,-g,,/-,-g-, I/o -gol2 + 21ft _g,12, (4.49) 

where Ae P) represents an atom in the excited 2 P state and the tabulated 
quantities apply to the individual processes to their left (the kinematical factor 
k' /k of the inelastic cross sections has been omitted). Analogous to the elastic 
case of (4.14), the differential cross section for the situation where at least one of 
the colliding beams is unpolarized is thus 

(4.50) 

For later discussion oflight emission and electron scattering with high energy 
resolution we have to take the fine structure of the P levels into account. The 
transitions to 2 P1/2 which occur with various initial polarizations are illustrated 
by Fig. 4.10. A characterization of the excited states by the quantum numbers ms 
and ml is only possible when the excitation time is short compared with the spin
orbit relaxation time so that the spin-orbit-coupled states need not be considered 
during excitation. This is justified for light alkali atoms, where the relaxation 
time is of order 10-12 s, whereas the excitation time may be considered to be of 
order 10- 15 s. For all processes that need", 10- 12 s or more, we have to take into 
account the fact that due to spin-orbit coupling ms and ml are not good quantum 
numbers; from the quantum numbers of the excited states in Fig. 4.10, only} and 
mj represent constants of the motion. 

Using the Clebsch-Gordan coefficients C(slmsmlo }m) tabulated in text
books on quantum mechanics, a state with certain values}, mjcan be written as a 
superposition of states3 1m., ml) which have fixed values of ms and mlo where 
ms+ml=mj. For example, the coupled wave function for the mj=t substate of 
2 P1/2 is given bt' 

yIlt, 0) - t41-t, 1), (4.51) 

3 Since we consider states of fixed s and there, we dispense with these quantum numbers in the 
state vectors. 
4 As to the sign of the Clebsch-Gordan coefficients, see [Ref. 4.28, p. 123]. 
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which is a superposition of the wave functions corresponding to ms = + t, 
ml = 0, and ms = -t, ml = 1. The Clebsch-Gordan coefficients tit and - Vf 
are chosen so that (4.51) is an eigenfunction not only ofjz but also ofP, since the 
total angular momentum also is a constant of the motion (see also Sect. 5.2.1 and 
Problem 5.1). 

mj -~ 
m~ -1 

ms 1 -2 
, 3 

C('2'msmt'2 mjl 

Transition Cross section 

-1 

1 -2 

-~ 
2 

Spin direction 
of scattered 

+.1 
2 

+~ 
+1 

+~ 

Circular polarization 
of light emitted in 

~/~ 

electron transitions I1mj = + 1 or -1 

a) b) a) b) a) b) 
I' l' jl/o - gol2 i t 0'+ 0' 

II' 2' 0 
III' 3' 0 
IV' 4' jill - gll2 0' 0'+ 

V' 5' 111 - gll2 0'+ 0' 

VI' 6' 0 

c) d) c) d) c) d) 
I' l' jl/ol2 t i 0'+ 0' 

II' 2' jlgol2 i t 0' 0'+ 

III' 3' jlgll2 i t 0'+ 0' 

IV' 4' jl/112 t i 0' 0'+ 

V' 5' 11112 t i 0'+ 0' 

VI' 6' Igtl2 i t 0' 0'+ 

Fig. 4.11. Transitions to 2 P3/2 with totally polarized collision partners. a) to d) denote the 
following processes: 

a) ei+Ai --> Aep3 /2 ) b) e!+A! --> Aep3/2 ) 

c) e!+Ai --> Aep3/2 ) d) ei+A! --> Aep3/2 ) 
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Using the coupled atomic wave functions, one finds from (4.5-7) that one 
must multiply the amplitudes for transitions to the uncoupled states by the 
Clebsch-Gordan coefficients, also given in Fig. 4.10, in order to find the 
contribution of these transitions to the excitation of the coupled state ~mj>. This 
explains the numerical factors of the cross sections in Fig. 4.10, which apply to 
the basic processes listed in the figure caption, where ej and e! refer to the states 

G) and (~} respectively. The last column concerns the polarization of emitted 

radiation which will be discussed later. 
The transitions into the 2P3/2 levels are illustrated by Fig. 4.11 in the same 

way. 
We now consider the experimental possibilities for determining the quan

tities introduced here and choose as an .example the excitation of unpolarized 
atoms by polarized electrons ej with polarization Pe . Let us assume that the 
quantity to be measured is the polarization P: of the scattered electrons after the 
excitation process. We will first consider the case where the fine-structure 
splitting is not resolved. Since half the collisions take place with atoms A j and 
the other half with A! (factor t), we obtain, from the relevant processes in 
(4.47,49) the cross section for the appearance of ej: 

a!CZP) = : Pe(llfoI2+lflI2+llfo-goI2+lfl -gII2) 

+l(1-Pe)aOCZP) (4.52) 

with aoCZ P) from (4.50). Here the partially polarized primary beam has again 
been split into a totally polarized and an unpolarized part as in the derivation of 
(4.22). Similarly, it follows from the lower process in (4.48) that the cross section 
for appearance of e! is 

(4.53) 

Thus 

(4.54) 

Hence, by measuring P:(8), one obtains the quantity 

(4.55) 

if the initial polarization Pe and the differential excitation cross section ao CZ P) 
are known. 
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By observing the electron polarization P: after the inelastic scattering of 
initially unpolarized electrons by polarized atoms with polarization P A, one 
obtains 

~' (1/0(8)12 + 21/1(8)12) = o-oep) (1- ~:} (4.56) 

which can be derived in the same way as (4.55). 
From the results obtained so far it seems as though exchange scattering of 

unpolarized electrons from unpolarized targets cannot produce spin polari
zation. This is, however, not generally true! If the electrons which have excited 
different fine-structure levels are separated from each other, they may have 
significant polarization even making the assumption of this chapter that spin
orbit interaction in the continuum state (the origin of polarization in Mott 
scattering) disappears [4.29, 30]. For a straightforward calculation of the 
polarization one needs only to apply the formalism we have presented. Let us 
settle on the case that unpolarized electrons are inelastically scattered from 
unpolarized atoms, thereby exciting the 2P1/2 state. Since direct polarization 
analysis of the short-lived excited atoms is difficult, we will restrict our 
considerations to the polarization of the electrons and therefore treat the 
problem in the 2 x 2 electron spin space rather than in the composite spin space of 
electron and target, which would be more rigorous but more lengthy. Let us take 
the direction of incidence z as the quantization axis and the x -z plane as the 
scattering plane. 

In order to apply our formalism we need to know the scattering matrices for 
the processes shown in Fig. 4.10. The scattering amplitudes can be read off from 
this figure by taking account of the Clebsch-Gordan coefficients given there. For 
transition Aj----+AePl/2, mj=1/2) the scattering matrix is seen to be 

(4.57) 

since the process may go via paths I and III and may have ej and eL contributions 
as given by reactions a) and c). In finding (4.57) we have recalled (cf. Sects. 3.2,3) 
that the arrangement of the matrix elements is 

( Sir Sf!) 
S~ 1 S~~ 

where Sl ~ denotes a spin flip of the scattered electron from L to j, etc. 

A pure inital state (::) is transformed by the scattering matrix to the pure 

final state 
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This differs from the situation in scattering without fine-structure analysis, 
where the scattered beam is a mixture of electrons with different spin directions, 
because it contains electrons whose spins have flipped by exchange and others 
which have not flipped. In the present case, however, it cannot be said whether 
the transition goes via path I or III, since the excited state has no well-defined 
magnetic spin quantum number ms. The atoms are all excited to the same pure 
state mj' Consequently, since electrons and atoms were initially in a pure state 
the scattered electrons are also in a pure state [4.2]. 

The scattering matrices for the remaining transitions 

Ai~Aepl/2' mj= -t), A!~Aepl/2' mj=t), 

A!~Aepl/2' mj= -t) 
are given in Problem 4.3 where the polarization of an inelastically scattered beam 
which has excited the 2 Pl/2 state is found to be 

p(I/2) _ q/2 (flg~ -irgo) -(fogf -fO*gl) A 

- 3 1ft -g112 +tlfl +g112 +tlfo -gol2 +!-Ifo +gol2 n 
(4.58) 

if the incident beam is unpolarized (n = unit vector normal to scattering plane). 
The analogous calculation for 2 P3/2 excitation yields 

p(3/2)= -tp(1/2). 

A numerical evaluation of these quantities as a function of the scattering angle () 
has been made for excitation of the 6 2 P1/2 and 6 2P3/2 states of cesium [4.31]. The 
ratio of the cross sections for scattering with 2P3/2 and 2P1/2 excitation is 
(J3/2/(Jl/2 =2, which is seen by adding up the cross sections given in Figs. 4.10 and 
11. Hence the polarization of initially unpolarized electrons which have excited 
the unresolved 2 P state disappears in the approximation made here: 

p= (Jl/2 P (I/2) + (J3/2 P (3/2) 0 

(Jl/2 + (J3/2 

in accordance with (4.54). This shows that the fine-structure splitting caused by 
spin-orbit coupling of the atomic electrons is crucial for the polarization to 
appear. The polarization is a cooperative result of exchange scattering and spin
orbit interaction in the bound state; both are required to produce the spin 
orientation of the scattered electrons. 

From the results given, one may easily derive the other polarization effects in 
inelastic scattering with excitation of a fine-structure level. Using in Problem 4.3 
the density matrix (} (2.19) for a polarized beam one may obtain (by the same 
straightforward calculation we made earlier for other scattering processes) the 
scattering asymmetry [4.30] and the change of the polarization vector caused by 
the excitation process. The observables discussed may be utilized to disentangle 
the various scattering amplitudes. 
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Polarization effects caused by fine-structure interaction are not restricted to 
one-electron atoms. In fact, experimental studies have mostly been made with 
mercury where the fine-structure splitting is sufficiently large that the scattered 
electrons may be separated by spectrometers. In Figs. 3.35 and 36 of Sect. 3.9 
one can clearly see the polarization effects related to fine-structure splitting and 
compare them with those caused by spin-orbit interaction in the unbound 
electron state alone, which are seen in 6 1 P1 excitation. Although the latter 
mechanism is also effective when the triplet levels are excited, the fine-structure 
effects are evident because the results obtained for different fine-structue levels 
differ in sign. Polarization phenomena which are caused by the fine-structure 
interaction alone cancel if the fine structure is not resolved. At the energies 
chosen in the experiment, the fine-structure effect is obviously an essential 
polarization mechanism [4.32]. 

In superelastic scattering (the time-reversed process of inelastic scattering) 
from laser-excited sodium atoms the "fine-structure polarization" of the 
scattered electrons has also been observed to yield opposite polarizations for 
deexcitation of 32P1/2 and 32P3/2 levels [4.33]. 

Problem 4.3. Find the polarization of an initially unpolarized electron beam after excitation 
of the 2 Pl/2level of an unpolarized target of one-electron atoms. Spin-orbit interaction of the 
unbound electron, the mechanism effective in Mott scattering, is to be neglected. 

Solution. The scattering matrix for the transition from the A j ground state to the mj= 1/2 
excited state is given by (4.57). Like this matrix, those for the three transitions 
Aj->Aepl/2,mj= -1/2), A!->AePI/2,mj=I/2), A!->Aepl/2,mj= -1/2) can be read 
off from Fig. 4.10 to be 

_1 (0(f-1 -g-I) go) 
V3 0 0f-1 ' 

1 (-fo 0) 
V3 -0g-1 -(fo-go)' 

With the relationsf_1 = -flo g_1 = -gl, which follow from parity conservation [4.34], and 
e' = 1/2 sst tr{e} from (3.71) for vanishing polarization of the incident electrons, one obtains 
the density matrices of the scattered electrons, 

for the four respective transitions. An additional factor 1/2 has been included as before, cf. 
(4.52), since half of the collisions take place with A j, and the other half with A!. The scattered 
electron beam is an incoherent mixture of the four polarized beams resulting from the 
individual transitions because the atomic states involved are incoherent mixtures of well
defined angular momentum states. Which of the four paths was followed can in principle be 
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determined for each scattering event. (A thorough treatment of coherent and incoherent 
transitions can be found in [4.2]). The density matrix of the scattered beam is therefore 

4 

r/= I Il~· 
n=l 

The calculation of the polarization P' =tr{Il'u}/tr{Il'} is straightforward and yields Px =Pz =0. 
For Py one obtains (4.58) where the expression for tr {Il'}, which is the sum of the cross sections 
given in Fig. 4.10, has been rewritten in a convenient form. The fact that there is only a single 
polarization component normal to the scattering plane is a consequence of parity conservation 
as shown in Sect. 3.4.4. 

4.5.3 Emission of Circularly Polarized Light Induced by Excitation 
with Polarized Electrons 

Further information on the cross sections for excitation of the various substates 
is obtained by observing the circularly polarized light which is emitted by the 
atoms. The fine-structure splitting has to be taken into account because it is 
easily resolved by optical spectrometers. We assume the hyperfine interaction to 
be decoupled experimentally. Since the 10-8 s excited-state lifetime is large 
compared with the re1.axation time of spin-orbit coupling, the analysis of the 
emitted radiation has to be based on the coupled states Ij, mj). 

If one observes the light regardless of the angle at which the electrons are 
scattered in the excitation process, one does not obtain information on the 
differential cross sections but rather on the integral cross sections 

and (4.59a) 

7t 

Q = 2 n S a(O) sin 0 dO. (4.59b) 
D 

The emitted light has linearly and circularly polarized components. Their 
intensity ratio l"jr for the transitions from the states mj = ±!- is !- for 
2P1/2~2SI/2 and 2 for 2P3/2~2SI/2. This follows from the calculation of the 
corresponding transition matrix elements (see, for example, [Ref. 4.35, Sect. 
48]). 

Let us first focus attention on the transitions from 2 P1/2 . If all excited atoms 
return to the ground state by light emission, the cross sections for production of 
polarized radiation are 

reP1/2) =t QePI /2), 

!UePI/2) =r+ eP1/2) + r- e P1/2) =t QePI /2), 

(4.60) 

(4.61) 

where Qe P1/2) is the total cross section for excitation of2 PI 12 . The last column in 
Fig. 4.10 indicates the sense of circular polarization of the emitted light, 
considering that in transitions LIm j = -1 and + 1 from the levels m j = + t and 
mj= -!- circularly polarized a+ and a- light is emitted along the quantization 
axis which again is defined as the direction Z of the incident electron beam. We 
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will deal here with circularly polarized light, since it is typical of excitation by 
polarized electrons [see (4.64)]: owing to parity conservation we know that it 
cannot be produced by unpolarized electrons in the experiments discussed here, 
since reflection would change its helicity without changing the initial electron 
state (cf. Sect. 4.6). 

For impact excitation of unpolarized atoms by electrons totally polarized 
along the z axis, that is, for 

which is described by processes a) and d) in Fig. 4.10, we see that 

l"+ =~ IFo -Golz +~ IGolz +~iFdz 
l"- =~ IF1 -G11z +~ iFolz +~ IGdz 

(4.62) 

[where the factors t from (4.61) and t due to the scattering on an unpolarized 
target ha"e been included]. Thus for excitation with a partially polarized electron 
beam of polarization Pe, one has 

l"+ =~ Pe(iFo -Golz + IGof +2IF1IZ)+t(1-PeHQep1/z) (4.63) 

/,1- =~ Pe(2iF1 -GdZ + iFolz +2IG1j2) +t(1-PeHQep 1/Z)' 

If the fraction of the emitted intensity observed along the z direction is ,10", the 
circular polarization of the light emitted in the transition Z P1/Z ~ 2S1/2 is 

(4.64) 

Since according to (4.61 and 62) 

it follows that 

(4.66) 

or 

(4.67) 

If we know the polarization Pe of the incident electrons, and the cross section 
Qep1/2) which is found by measuring the total light emitted in the transitions 
2 P1/z ~2S1/2' then, by measuring the circular polarization of the emitted line, we 
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can obtain the sum of three of the unknown cross sections. Thus the sum of the 
remaining terms in Q is also known: From (4.65 and 66) one has 

or 

(4.68) 

Further relations between the cross sections can be obtained in a similar way 
from Fig. 4.11 by considering the circular polarization of the light emitted in the 
transitions from 2P3/2 (see Problem 4.4). 

In order to determine the various unknown cross sections experimentally, 
other independent combinations of these quantities are needed. Such relations 
can be obtained by considering the excitation at the threshold energy. The 
scattered electrons then leave with vanishing energy and hence vanishing orbital 
angular momentum. As the quantization axis has been chosen parallel to the 
incident electron beam, we can state that the incident electrons also have 
vanishing orbital angular momentum along the quantization axis. Hence the 
electrons neither transfer nor carry away angular momentum parallel to the 
quantization axis, so that LJm1 = O. Consequently, at the threshold energy Eth' the 
transition from the ground state of the alkalis (l = 0, m1 = 0) can lead only to states 
with m1 = O. This is different at incident energies well above the threshold energy. 
In this case the scattered electrons leave with considerable energy and thus with 
considerable orbital angular momentum. Unless the electrons are scattered at 0° 
or 180°, they do have orbital angular momentum components along the 
direction of quantization. This means that usually there is a transfer of orbital 
angular momentum parallel to the quantization axis at higher energies. 

Accordingly, at threshold energy all the cross sections for m1 = ± 1 vanish, 
whereas with increasing energy the cross sections for m1 = 0 tend to zero. For 
example, we obtain from (4.67 and 68) 

tlFo/2 = lim Qep1/2 )(1-P"/Pe) 
E-+Eth 

(4.69) 

t/F1/2 = lim Qep1/2 )(1 +P"/Pe) 
E~oo 

for the 2 P1/2 ~ 2S1/2 transition. 
Further possibilities for determining the cross sections arise from measure

ments where both collision partners are polarized. Such experiments are 
difficult, but have the advantage that the number of possible transitions is 
further reduced so that the various terms can be more easily separated. 
Furthermore, one can observe the scattered electrons in coincidence with the 
emitted light as briefly considered in Sects. 4.6 and 7. Measurement of the 
electron polarization in such coincidence experiments is, however, not within the 
reach of present experimental techniques. But in principle the individual cross 
sections can all be determined [4.36] by combining the various possibilities 
whose results can be read from Figs. 4.10 and 11. 



120 4. Polarization Effects Caused by Exchange Processes in Electron-Atom Scattering 

Problem 4.4. Equation (4.67) gives the combination of cross sections that is obtained by 
measuring the circular light polarization in the transition 2 P 1/2 -> 2 Sl/2 if unpolarized atoms 
are excited by polarized electrons. Find the corresponding expression obtained by measuring 
the circular polarization in the transition 2 P3/2 -> 2 Sl/2. 

Solution. In this process, transitions from mJ = ±~ result in circularly polarized light only, 
whereas in transitions from m j = ±!- due to the relation r W = 2 only a third of the emitted 
light is circularly polarized. Thus one obtains, for totally polarized electrons ej, from 
processes a) and d) of Fig. 4.11, 

r+ =~JFo -GOI2 +!-IFl -Gl12 +~IGoI2 +/s-JFlI2 +!-IGlI2 

r- =/s-JFl -Gl12 +~IFoI2 +/s-IGlI2 +!-JFlI2. 

Hence for partially polarized electrons it follows that 

r+ =Pe(~JFo -GOI2+tIFl -GlI2+~IGoI2+fs-IFlI2+tIGlI2)+W -PeW 

r- =Pe(fs-JFl -GlI2+~IFoI2+fs-IGlI2+!-JFlI2)+H1-PeW, 

where 

is independent of the polarization of the incident electrons. This yields 

(4.70) 

Contrary to what might be expected from (4.64), /aep3/2 ) and Qep3/2 ) are not connected by a 
fixed numerical factor. Reason: the fraction of excitations which lead to m j = ±3/2 (a light 
only) and to mj= ± 1/2 (fraction of a light is 1/3) is not specified by QfP3/2). It depends on the 
size of the individual terms of QfP3/2 ) which thus also determine the fraction of circularly 
polarized light. From (4.70) it follows that 

par=PeW-~IF1-Gd2_~IFoI2_IFlI2_~IGd2) or 

~JFl -GlI2+~IFoI2+IFlI2+~IGlI2=r (1- ~:). 
To determine the left-hand side of the last equation one needs to measure pa, Pe, and the total 
cross section for producing circularly polarized light by excitation of the 2 P3/2 state. 

Let us note that the fine structure need not be resolved in order to obtain circularly 
polarized light: Adding the above expressions for r+ and r- to the corresponding 
expressions (4.62) for 2Pl /2 excitation one finds that p"=(r+ -r-)/(r+ +r-) differs in 
general from zero. 
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4.6 General Laws for Polarization of Light Emitted 
After Excitation by Polarized Electrons 

From symmetry arguments, general relations between the polarization oflight and that of the 
electrons causing its emission are derived. The results depend on whether the photons are 
observed alone or in coincidence with the scattered electrons. 

We will now show that the results on light polarization caused by polarized
electron-impact excitation are not restricted to the special case discussed in the 
Sect. 4.5.3. We will see from symmetry arguments that there are close general 
relations between the polarization of light and the polarization of the electrons 
causing its emission. 

Let us first recall from textbooks of optics the set of four independent 
measurements which must be performed in order to completely determine the 
properties of a light beam [4.37, 38]. The direction of the photon detector is given 
by n in Fig. 4.12 where n, el, and e2 are three orthogonal vectors. Let l(a) denote 
the intensity transmitted through a linear-polarization filter oriented at an angle 
IX with respect to el. For complete specification of the light beam one must 
measure the "Stokes parameters" 
1. total intensity of the beam observed along n, 
2. degree of linear polarization with respect to el, 

(4.71) 

3. degree of linear polarization with respect to an axis oriented at 45° to el, 

/ 
/ 

/ 
f---_ 

z 
PHOTON 
DETECTOR 

y 

(4.72) 

Fig. 4.12. Geometry for observation oflight beam 
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4. degree of circular polarization, 

(4.73) 

where r+ and r- are the light intensities transmitted through polarization 
filters for (J + and (J - light. In the following discussion we will always assume that 
the primary electron beam propagates along the z direction and we define i1 to lie 
in the plane spanned by n and the z axis. 

Let us first assume that the light is observed along the y direction. According 
to our definition, e1 then coincides with the z axis. It is easy to show that 171 = 0 if 
the incident electron beam is unpolarized: For measurement of 171 the 
polarization filter is oriented successively along the axes 1 and 2 indicated by the 
dashed lines of Fig. 4.13. Assume that 171 =FO because the emitted light is linearly 
polarized along axis 1. Reflection at the y-z plane leaves the initial state 
unchanged whereas the sign of 171 would be reversed because the polarization 
along axis 1 would be transformed into polarization along axis 2. The different 
results obtained in the laboratory and in the mirror image would mean violation 
of parity as discussed in Sect. 3.4.4. Hence 171 =0. For the same reason one has, 
for an unpolarized incident beam, 172 = O. Otherwise the reflection at the y-z plane 
would change the sign of 172 by changing the helicity, whereas the initial state 
remains unchanged. On the other hand, parity conservation permits 173 =F O. In 
the present case, one has 173 = [/(z) - /(x)]!/, where /(z) =/(0°) and lex) =/(90°) 
are the light intensities measured with the orientation of the filter along the z and 
x axis, respectively. Unlike /(45°) and /(135°), /(0°) and /(90°) are not 
transformed into one another by reflection at the y-z plane so that 1]3 remains 
unchanged. Consequently, parity conservation is compatible with 173 =F O. Indeed, 
such a light polarization is quite common. It is caused by different excitation 
cross sections for different sublevels m" a situation discussed at the end of Sect. 
4.5.3. When the various states ml with their different populations decay, one 
obtains different intensities from the transitions with LJml = 0 and LJm1 = ± 1 
which yield, respectively, light polarization parallel and perpendicular to the z 
axis. 

/ 
...... / 

X 
/ \ 

/ \ 

/ 
/ 

/ 

/1 
/ 

Fig. 4.13. Measurement of light polarization gene
rated by electron beam incident along the z axis. 
Light detector normal to the x-z plane 
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If the primary electron beam has transverse polarization along the y 
direction, the arguments used are no longer valid because the initial state is then 
also changed by the reflection (cf. Sect. 3.4.4). The light observed along the y 
direction will therefore, in general, be polarized not only with respect to the 
directions (x, z) as expressed by 113 =F 0, but also with respect to (1,2) in Fig. 4.13 
(/11 =F 0) and it will also have circular polarization (112 =F 0). 

For the same reason light polarization cannot be excluded by the parity 
arguments used if the electron beam is longitudinally polarized. However, axial 
symmetry around the z axis may then be exploited to show that 111 = 112 = 0 for 
dipole radiation. s Owing to the axial symmetry of the excitation process, the 
radiation field must also be axially symmetric so that the signal in the light 
detector cannot change if the detector is rotated around the z axis. Let us assume 
that 111 =F 0 because the dipole radiation emitted by the atom is linearly polarized 
along axis 1. The detector in the y direction with polarization filter along axis 1 
then transmits a certain intensity. Rotation of the detector by 180° into the -y 
direction interchanges the filter axes 1 and 2 so that the transmitted intensity is 
reduced. The measured intensity therefore fluctuates when the detector is rotated 
around the z axis, which means that emission of dipole radiation with 111 =F 0 leads 
to violation of axial symmetry. Consequently 111 must be zero. For the same 
reason the circular light polarization 112 disappears. Let us assume that 112 =F 0 
because the angular momentum transferred to the photon by the atomic dipole 
transition has the sense of rotation indicated in Fig. 4.13. Light accepted by the 
detector in the y position will not be accepted in the - y position, because the 
sense of rotation transmitted through the circular polarization filter is reversed 
as the light detector is rotated by 180°. The fluctuation of the measured light 
intensity thus caused contradicts axial symmetry, so that 112 must be zero. On the 
other hand, 113 =F 0 is compatible with axial symmetry, since the filter orientations 
Q( = 0° and 900 which coincide with the z and x axis, respectively, are not changed 
by rotation around the z axis. 

The results for observation along the y axis obtained so far are summarized in 
Table 4.1 (upper third) together with those which we will derive now, more 
briefly, since the line of argumentation is basically the same. For an unpolarized 
or longitudinally polarized electron beam the light polarization observed in the x 
direction is the same as in the y direction since, due to axial symmetry, the two 
directions are equivalent. Hence 111 = 112 = 0, 113 =F O. For the primary beam with 
transverse polarization Py one finds by reflection at the x-z plane that 111 = 112 = 0 
(cf. Fig. 4.14). The reflection does not change the initial excitation process, since 
the axial polarization vector represents a sense of rotation around the y axis. 
Accordingly, reflection cannot change the outcome of the experiment so that 
light polarization along axis 1 can be excluded since it would be transformed by 
the reflection into polarization along axis 2. Hence 111 = O. Similarly, the observed 

5 Since attention is focused on optical transitions, only dipole radiation needs to be considered 
here. Those results which cannot be transferred to higher multipole transitions (e.g., 
bremsstrahlung) due to their different polarization characteristics are indicated in Table 4.1. 
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Table 4.1. Connection between light polarization and electron polarization. The Stokes 
parameters '11 and '13 describe the two independent kinds of linear light polarization; '12 
describes circular light polarization. Electron beam is incident along z axis; direction of 
transverse electron polarization along y axis. 

Electron polarization Position of photon 
detector along direction 

y 

Light polarization 

'11 '12 '13 

0 0 =1=0 
0' 0' =1=0 

o 
longitudinal 
transverse =1=0 =1=0 =1=0 

o 
longitudinal 
transverse 

o 
longitudinal 
transverse 

x 

z 

• dipole radiation assumed. 
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Fig. 4.14. Measurement oflight polarization generated by electron beam incident along z axis 
and transversely polarized along y axis. Light detector in x direction 

Fig. 4.15. Same as Fig. 4.14, but light detector in z direction 

light cannot have a sense of rotation around the x axis since it would be 
transformed by the reflection into the opposite direction. Hence 112 = O. On the 
other hand, 113 =F 0 is allowed since the reflection does not interchange the y and z 
axes.6 

6 ·For observation in x direction, 1(0°) and 1(90°) denote, according to the definition of 
directions given at the beginning of this section, filter orientations along the z and y axis, 
respectively. 



4.6 General Laws for Polarization of Light Emitted After Excitation 125 

The same line of reasoning yields the results given in Table 4.1 for 
observation in z direction (Fig. 4.15). From axial symmetry one obtains, for 
unpolarized or longitudinally polarized electrons, '11 = '13 = O. The quantity 1]2 

disappears for unpolarized electrons owing to the parity argument used above. 
Since this argument cannot be applied to longitudinally polarized electrons (cf. 
Sect. 3.4.4), 1]2 may be different from zero in this case which has been treated in 
detail in Sect. 4.5.3. For the transversely polarized beam with polarization Py (the 
special case indicated in Fig. 4.15) reflection at the x-z plane shows, as in the last 
paragraph, that 1]1 = 1]2 = O. The fact that even 1]3 disappears is seen by reflection 
at the y-z plane. The reflection does not change 1]3, since it does not affect light 
polarization along x or y, but it changes the polarization of the incident electrons 
from Py to - Py . Because of parity conservation, the mirror image is also a 
process which can occur in nature. Consequently the same 1]3 is observed, no 
matter whether the incident polarization is Pyor - Py. This means that 1]3 cannot 
differ from the value which is produced by an unpolarized beam made up of 
electrons with polarizations Py and - Py and which we have seen before to be 
zero. 

The results obtained here are more general than those of Sect. 4.5.3. They 
show that excitation by polarized electrons yields, in addition to the linear light 
polarization 1]3 also obtained with unpolarized electrons, circular light polari
zation 1]2 if the primary electrons have longitudinal polarization. If they have 
transverse polarization, the light may have circular polarization 1]2 and also 
linear polarization 1]1 which is independent of 1]3 . 

From the symmetry arguments given, we see when the different kinds oflight 
polarization may appear, but we do not see how large they are. This is 
determined by the dynamics of the particular process considered. Earlier in this 
book, we found a similar situation for the electron polarization after scattering 
of an unpolarized electron beam: symmetry permits polarization normal to the 
scattering plane, but the interaction decides whether the polarization appears 
and how large it is. Correspondingly, it has been shown that 1]1 can be different 
from zero only if spin-orbit interaction plays a role in the excitation process 
[4.39]. Under the same condition, the light polarization 1]3 produced by 
transversely polarized electrons is different from 1]3 produced by unpolarized 
electrons (in order to see the difference, the light has to be observed in a direction 
different from x, y or z [4.40]). An important consequence is that measurement 
of the light polarization is one of the possibilities of getting insight into the 
interaction mechanism if the experimental results are compared to values 
computed from theoretical models. 

Experiments exploiting this new source of information have been made only 
in recent years. Examples will be given in the next section. The information 
obtained can be enhanced if the light polarization is observed in coincidence with 
the scattered electron which has excited the photon emission (cf. Fig. 4.16). Since 
the primary electron beam and the direction of the scattered-electron detector 
now define a scattering plane (which we assume to be the x-z plane), a photon 
detector rotating around the z axis no longer observes axial symmetry. 
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Fig. 4.16. Electron-photon coincidence 

Table 4.2. Connection between light polarization and electron polarization if the photon is 
observed in coincidence with the scattered electron which has caused the photon emission 
(cf. Fig. 4.16). Electron scattering plane is x-z plane 

Electron 
polarization 

° Pxtx+ Pztz 
Pyty 

° Pxtx+Pztz 
Pyty 

° Pxtx+Pztz 
Pyty 

Position of photon 
detector along direction 

y 

x 

z 

Light polarization 

'11 '12 '13 

*0 *0 *0 
*0 *0 *0 
*0' *0' *0' 

° ° *0 
*0' *0' *0 

° ° *0' 

° ° ° ° *0' ° ° ° ° 
• denotes that '1 differs from the value obtained with unpolarized electrons. (For arbitrary 
position of the photon detector all of the '1 obtained with polarized electrons differ from those 
obtained with unpolarized electrons.) 

Furthermore, reflection symmetry with respect to the x-z plane is now broken 
not only by longitudinal polarization Pz of the primary electron beam, but also 
by transverse polarization Px lying in the scattering plane (since the axes have 
now been defined by the scattering process we are no longer free to assume that 
the transverse polarization is directed along the y axis). This is an entirely 
different situation from that which we analyzed in Table 4.1, and many of the 
arguments which proved there that certain Stokes parameters vanished, do not 
apply here. Thus, in coincidence experiments the observed light is usually 
polarized as illustrated in Table 4.2, which may be easily verified by the reader 
using the symmetry arguments used above. If the light is not observed along one 
of the axes x, y, z, but along an arbitrary direction, all Stokes parameters '1i are 
generally different from zero and all of them depend on all components of the 
electron polarization. As a consequence, coincidence experiments allow more 
information about the dynamics of the excitation process to be extracted than 
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non-coincidence experiments. An adequate and expedient description can be 
given by using the method of state multipoles introduced by Fano and Macek 
[4.41]. For a more detailed discussion of this point we must refer to the original 
literature [4.40]. 

4.7 Inelastic Exchange Processes with Two-Electron Atoms 

Even though two-electron atoms with saturated spins cannot be polarized, exchange 
interaction can be studied by suitable polarized-electron experiments. A depolarization 
experiment which yields the energy dependence of exchange excitation and measurements of 
the light polarization characteristic of polarized-electron excitation are discussed. Such 
measurements allow us to disentangle the various atomic interactions (Coulomb-, exchange-, 
spin-orbit interaction) which are effective in the excitation process, since certain observables 
are sensitive to only one or the other of these forces. 

Experiments with polarized atoms, such as those discussed earlier in this chapter, 
cannot be made with atoms that have two outer electrons and saturated spins 
(spin quantum number S = 0). These atoms are in singlet states which cannot be 
polarized. Still, experiments with polarized electrons give valuable insights into 
exchange processes with such atoms. We have seen in Sect. 3.9 and 4.5.2 how 
both the polarization after scattering of an initially unpolarized electron beam 
and the scattering asymmetry of a polarized beam may be affected by exchange 
interaction in mercury atoms. We will now discuss measurements of other 
observables: the depolarization of an electron beam by excitation and the 
polarization of the light that is emitted after atomic collisions with polarized 
electrons. 

Let us consider the excitation of a triplet state (S = 1) of a two-electron atom 
by polarized electrons ej. As before, we will first exclude forces that are explicitly 
spin dependent which implies that the total spin quantum number and its 
projection along the quantization axis remain invariant in the collision. This is a 
good approximation for light atoms like helium. Then the excitation of a triplet 
state from the singlet ground state can occur only by exchange of the incident 
electron with one of the atomic electrons as shown in Fig. 4.17. We see from the 
figure that in this process the orientation quantum numbers have the following 
values: 

before the collision 

after the collision 

ms( electron) 

+t 
either +t 
or 

Ms(atom) 

o 
o 

The polarization direction of the electrons has been chosen as the reference axis. 
We see that with ej the state Ms = -1 cannot be reached without violating the 
conservation of spin angular momentum. 
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Fig. 4.17. Excitation of triplet states by exchange collisions 

Let us now consider the polarization of the scattered electrons. The cross 
section for excitation of Ms = 1 is twice as large as that for excitation of Ms = 0. 
This can be seen from a simple calculation (see Problem 4.5) and is made 
plausible by Fig. 4.18, which represents the excitation by an unpolarized electron 
beam. The ei of this beam excite the levels Ms= +1,0, whereas the e! excite 
Ms= -1,0. Since Ms=O can be excited by the ei of the unpolarized beam as 
well as by the e!, one would obtain a disparity in the populations of M s = ° and 
Ms = ± 1 if the excitation cross sections for Ms = + 1 and -1 were not twice as 
large as that for excitation of Ms = 0. There is no reason why such an alignment 
of the spin directions should occur by excitation with an unpolarized beam. We 
have seen in Fig. 4.17 that in excitation of a state Ms = + 1 there is a reversal of 
the free-electron spin direction, whereas in excitation of Ms = ° the spin 
directions of incident and scattered electrons are the same. Consequently, 
excitation by a totally polarized electron beam ei yields a scattered beam with 
two thirds e! and one third ei, in other words, a polarization P' = -t of the 
scattered beam. 

Since the derivation of this result was straightforward, it does not seem very 
challenging to make such an experiment because one knows its result in advance. 
For helium, for example, where the underlying assumption (no explicit spin-
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Fig. 4.18. Excitation of sublevels Ms 
= 0, ± 1 (which may be part of sublevels 
M j as in Figs. 4.10 and 11) by un
polarized electrons. (--) excitation 
by ei; (----) excitation by et 
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dependent forces) is well established, it seems quite obvious that a measurement 
of the ratio of the polarizations P' of the scattered beam and P of the incident 
beam would yield P' / P = -to This assumes, of course, that there is no other 
influence on the polarization which has not been considered here (e.g., by 
compound states). The first polarization experiment of this kind has therefore 
been made with a target with which there was no question that one would learn 
something new. 

For mercury it is well known that spin-dependent forces (spin-orbit forces) 
are no longer negligible. The excitation of a triplet state can in this case occur not 
only by an exchange of electrons but also by a direct process, in which the spin of 
one of the atomic electrons flips during excitation. This affects, of course, the 
value pi / P just derived so that a measurement of this ratio yields the extent 
to which the exchange processes discussed above still contribute to the excita
tion. This has been studied in a triple scattering experiment [4.42,43]. 

Figure 4.19 is a schematic diagram of the apparatus. Scattering from a 
mercury-vapor beam, as described in Sect. 3.7.1, is used to produce a polarized
electron beam of 80 e V and P = 0.22. The polarized electrons are decelerated to 
energies between 5 and 15 eV and focused on a second mercury target. From the 
electrons scattered here, an energy analyzer selects those that have been scattered 
in the forward direction after excitation of the 6 3p states of the mercury 
atoms (energy loss", 5 e V). The polarization of these electrons is measured by a 
Mott detector. 

There were two reasons for studying the electron scattering in the forward 
direction. First, there is the maximum of the scattered intensity; this helps in such 
a triple scattering experiment with its notorious lack of intensity. Second, the 
spins of the electrons scattered in the forward direction are not affected by spin
orbit coupling (see Sect. 3.6 where this has been illustrated by the fact that 
electrons scattered at small angles pass by the atom at a distance large enough 
that spin-orbit interaction is negligible). It was uncertain whether pi for electrons 
scattered in the forward direction would be different from the incident 
polarization P, because the theoretical treatment of exchange scattering in the 
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Fig. 4.19. Triple scattering experiment for 
direct observation o f exchange excitation 
in mercury [4.42) 
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forward direction was particularly difficult [4.44,45] and did not yield reliable 
results. Since it is the exchange processes that cause the change of the free
electron spin direction, P' would equal P if these processes did not playa role at 
small scattering angles. 

The experimental results of Fig. 4.20 show that at incident energies below 
8 e V there is a great number of processes which change the polarization, and at 
6 eV the limiting value of P'jP= -t is even observed (within the experimental 
error limits). That means that at this energy nearly all the excitation processes of 
the 63 P levels occur by exchange scattering. On the other hand, the exchange 
excitation discussed above no longer plays an appreciable role at energies above 

0.01---+-+---,-----------

-0.5 

5 6 7 8 9 10 11 

ENERGY (eV) 

Fig. 4.20. Measured values [4.42] of depolari
zation vs. incident energy for 6 I S0 ....... 6 3p 
(forward direction) 
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10 eV. Figure 4.21 gives these facts directly for the 6 3Pl state. It is the evaluation 
of a measurement in which the fine structure of 6 3p has been resolved. A 
theoretical description of the results with the Bonham-Ochkur approximation 
reflects the strong energy dependence of the exchange contribution [4.46,47]. 

Needless to say, experiments of this kind are rather delicate and need careful 
checks in order to ensure that the observed depolarization is not spurious. An 
essential check of the experiment discussed is shown in Fig. 4.22. Here the 
excitation of the 6 l P l level (energy loss 6.7 eV) has been studied in the same 
apparatus. In the excitation of a singlet state from a singlet ground state no 
change of spin directions can occur, no matter whether the excitation takes place 
by a direct or an exchange process.7 (Remember that we are discussing cases 
where polarization effects due to spin-orbit interaction of the unbound electrons 
are negligible.) This is observed in the experiment, which shows that no spurious 
depolarization effects occur. 

The derivation of the formulae expressing the polarization of the final beam 
in terms of the direct and exchange scattering amplitudes may be performed by 
the methods discussed in Sect. 4.5.2 and will therefore not be given here [4.30]. 

Another process which has been studied with two-electron atoms is the light 
polarization produced by polarized-electron impact. The picture given at the 
beginning of this section may be used to explain the basic mechanism responsible 
for the circular polarization of the light emitted in the direction of the 
quantization axis z. We have seen that the sub states Ms = -1 are not populated 
by exchange excitation with ej. In diagrams analogous to Figs. 4.10 and 11, 
where the M J are expressed in terms of Ms and ML (Ms+ML=MJ), the 
Ms = -1 substates are located preferentially on the left-hand side so that, in 
excitation by ej, one has a significant disparity between the populations of the 
sub states with positive and negative M J. In other words, the spin orientation of 
the incident electrons produces an orientation of the excited atoms and can thus 
result in a preferential emission of (j + light. For el the situation is reversed so that 
mainly (j- light is emitted. 

If the light is produced by electrons with transverse polarization Py and is 
observed in the y direction, it may have not only circular but also linear 
polarization 111 [cf. (4.72)] as discussed in the preceding section. The origin of the 
light polarization can be derived from the scheme of Fig. 4.18 as follows. 
According to Chap. 2, transverse spin states are a (coherent) superposition of 
longitudinal spin states parallel j and anti parallel 1 to the quantization axis z 
which we take as usual to be the direction of the incident electrons. Excitation by 
transversely polarized electrons is therefore described by coherent superposition 
of the transitions caused by ej and el so that the three sublevels Ms of Fig. 4.18 
are excited coherently. When an atom thus excited decays, one finds a coherent 
superposition of the radiation fields corresponding to transitions LlM = ± 1 and 

7 The same is true, of course, for elastic scattering from atoms in a singlet ground state; there is 
no point in studying elastic exchange scattering from such atoms with polarized electrons. 



132 4. Polarization Effects Caused by Exchange Processes in Electron-Atom Scattering 

Z Fig. 4.23. Light emission by an atom whose 
sublevels have been coherently excited 

" x 
~ , z 

" ~ 
~ y 

~G;, 
~t;j 

v"" «.,S Py 

E 

AM = 0, as illustrated in Fig. 4.23. Accordingly, the light observed in the y 
direction has, in general, both circular and linear components and is elliptically 
polarized. 

An apparatus that has been used for extensive studies of the light polarization 
produced by polarized electrons is shown in Fig. 4.24. A GaAs source (cf. Sect. 
8.2) produces electrons of a constant polarization whose value is between 0.35 
and 0.45. By means of electrostatic deflection and magnetic rotation (cf. Sect. 
8.1.1) the polarization is made transverse (in the y direction) or longitudinal 
before the electron beam hits the target. The results shown below were obtained 
with a mercury target whose resonance line 6 3P1 ---+ 6 1S0 (254 nm) has been 
excited by a beamofl0 nA with an energy spread of140 meV. For analysis of the 
light polarization, the advantages of a pile-of-plates analyzer forming the 

Fig. 4.24. Schematic diagram of apparatus for 
measurement of light polarization produced 
by polarized electrons [4.48] 
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Fig. 4.25. Experimental values of light 
polarization [Stokes parameters defined 
by (4.72) and (4.73)] produced by 
polarized-electron impact. Transition 
6 3Pl -- 6 1 So (254 nm) in mercury. All the 
Stokes parameters shown differ from 
zero only if the electrons are polarized. 
Linear and circular polarizations rh,y and 
'12,y are obtained with transverse electron 
polarization and photon detector in y 
direction; circular polarization '12, z is 
obtained with longitudinal electron pola
rization and detector in z direction. Light 
polarization is normalized to electron 
polarization. The threshold 4.89 eV for 
light excitation, the position of the 4.92 
e V resonance, and typical error bars are 
indicated [4.48]. (--) theoretical curves 
[4.49] 

Brewster angle with the direction of incidence have been exploited. For 
measurement of circular light polarization it was preceded by a quarter-wave 
plate (Pockels cell). The photons were detected by a photomultiplier in 
conjunction with a multichannel analyzer. 

Figure 4.25 gives some results at electron energies between the excitation 
threshold and 7 e V for a few of the cases listed in Table 4.1 : linear and circular 
light polarizations '11,y and 'h,y detected in the y direction when the electrons have 
transverse polarization, and circular polarization 1'/2,z detected in the z direction 
with longitudinal electron polarization. The light polarizations are normalized 
to the electron polarization by which they are produced. All of these light
polarization curves are strictly zero if produced by unpolarized electrons. This 
follows from the symmetry arguments discussed in the preceding section and has' 
also been confirmed in the above experiment. With polarized electrons the light 
polarization becomes significant. The remarkable structure of 1'/l,y and 1'/2.y is 
caused by resonances due to the compound negative ion states of mercury which 
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are found at these energies. The theoretical results depend sensitively on the total 
angular momenta assigned to the resonances, so that a classification of the 
resonances becomes possible [4.49] (see also Sect. 3.8). Bearing in mind the 
approximations which have to be made in these calculations and noting that 
other classifications of the resonances may even result in different signs of the 
calculated light polarization, the overall agreement between theoretical and 
experimental results in Fig. 4.25 can be regarded good. 

The first experiment to determine electron polarization by measuring circular 
polarization of the emitted light [4.50, 51] was made with nonresonant radiation 
from zinc atoms [4.52]. Longitudinally polarized electrons excited the triplet 
state 5 s 3S1 from the ground state 4s2 ISO; the light emitted by the transitions 
5s 3S1 -4 4p 3pJ was observed in the z direction. From the measured circular light 
polarization of 14 % for the transition to 4 3PO the electron polarization was 
derived to be (28 ± 2) %. Care was taken to avoid excitation of energy levels 
higher than the 5 3S1 state. Otherwise this state might have also been populated 
by decay from the higher excited levels ("cascading"). This would alter the 
population difference of its sublevels and thus change the polarization of the 
emitted light. The optical detection of electron polarization is therefore limited 
to electron energies in the small range between the excitation threshold of the 
level of interest and the first states that are able to cascade to this level. 

More recently, the analogous transitions in mercury 7 3S1 -4 6 3pJ have been 
studied with higher accuracy. Polarization curves 172,y/Py of the type shown in 
Fig. 4.25 have been observed between the excitation threshold and 21 eV [4.53]. 
At threshold the polarization of 88 % predicted by theory [4.51] for the transition 
to 6 3PO has been confirmed, while at higher energies the curve has a pronounced 
resonance structure dropping, for instance, from 88 % to 15 % within an energy 
range of 1 e V above threshold. Because of this rather involved dependence of the 
light polarization on electron energy, the original proposal [4.51] to use it 
without calibration for electron-polarization analysis cannot be recommended 
except for a very narrow region above threshold. The transitions discussed here 
have the advantage for polarization analysis that the light is not absorbed by 
ground-state Hg atoms so that problems of self absorption do not occur. Their 
intensity is, however, much lower than that of the 254 nm line (Fig. 4.25) ending 
in the ground state. 

A more detailed analysis of the light-polarization curves would be beyond the 
scope of this book. Instead, we will explain in more general terms the physical 
import of such studies. We have emphasized before that the compatibility of 
certain observables with symmetry principles does not mean that these 
observables will definitely appear in experiment. Instead, they are found to be 
different from zero only if they are really produced by the dynamics of the 
process under consideration. Evidence of this fact can be found throughout this 
book, such as the electron polarization resulting from scattering of an initially 
unpolarized electron beam or the polarization of photoelectrons, both of which 
appear only if spin-orbit interaction plays a role. A more complicated example is 
the light polarization 171. It has been shown that a nonvanishing value of 171 is 
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only possible if spin-orbit coupling cannot be neglected during the collision 
[4.39,54]. These examples show that the mere presence or absence of certain 
observables in an experiment provides insight into the mechanisms effective in 
the processes studied. More quantitative information is, of course, obtained by 
the numerical values of these observables. If, for instance, exchange processes are 
the dominant mechanism, then in atomic excitation by electrons of transverse 
polarization Py , the circular light polarization /}2.y has the same sign as Py • A 
change of sign of /}2,y can only be caused by strong spin-orbit coupling during the 
scattering [4.39]. 

Measurements of /}1 and 112 are therefore an important means for disentang
ling the various atomic interactions like Coulomb-, exchange-, and spin-orbit 
interaction, which are effective in the excitation process. When one finds 112 =1= 0, 
one can conclude from the preceding discussions that exchange processes playa 
role. From differing signs of 112.y and Py or from 111 =1= ° one can conclude that spin
orbit interaction is strong. In this way one can specifically test the assumptions 
made in theoretical models on the various mechanisms, whereas the usual 
comparison between experimental and theoretical results allows only a test of the 
theoretical model as a whole with all its approximations on the scattering 
dynamics and the atomic wave functions. While even such rough information as 
the sign of an observable, or whether it vanishes, gives insight into the dynamics 
of the process, more detailed data such as the energy-dependence curves of the 
observables discussed here put theoretical models to strong quantitative test. 
This is even more true if the scattered polarized electrons are observed in 
coincidence with the photons whose polarization is analyzed [4.55]. Such 
measurements have been done with the apparatus of Fig. 4.24 by detecting the 
electrons scattered in the forward direction in coincidence with the photons 
[4.56]. First theoretical attempts to calculate the light polarization in such 
coincidence experiments have been successful. 

We have seen in the preceding sections how experiments with polarized 
electrons add new independent observables to the conventional ones. In addition 
to the customary quantities, like total or differential cross sections and linear 
light polarization 113, they enable one to measure novel observables, such as the 
polarization P arising from scattering of an unpolarized beam, the scattering 
asymmetry of a polarized beam (which, in inelastic scattering, is in general 
different from P), the change of the electron polarization caused by scattering, 
and the light polarizations 111 and 112 which yield even more detailed information 
when analyzed in coincidence with the scattered electrons by which they are 
produced. The complexity of the inelastic processes discussed in this chapter 
does not, therefore, prevent their experimental analysis, since it results in a great 
number of measurable quantities. Studies of these observables have opened new 
dimensions in atomic physics with the promise of obtaining much better insight 
into atomic interactions. 

Let us finally point out that some of the work on exchange scattering has been 
made with a view to a possible source of polarized electrons. It will be discussed 
in Sect. 8.2 [4.57-60]. 
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Problem 4.5. Show that the cross section for excitation by ej of a triplet state with Ms = 1 
from a singlet ground state is twice as large as that for excitation of Ms = 0, provided that the 
other quantum numbers of these states are identical. 

Solution. We evaluate the scattering amplitude (4.4) with the antisymmetric wave functions 

'/Ii = 0 [exp (ik . rl)'1(1)u(r2, r3hA(2, 3) + exp (ik· r2)'1(2)u(r3, rlhA(3, 1) 

+exp (ik· r3)'1(3)u(rl, r2hA(1, 2)) and 

'/Jr = 0 [exp (ik' . rl)'1' (1)u' (r2, r3hs(2, 3) +exp (ik' . r2)'1'(2)u' (r3, rlhs(3, 1) 

+exp (ik' . r3)'1' (3)u' (rl, r2hs(1, 2)), 

where the notation is the same as in Sect. 4.1; XS is given by (4.15a and b) for the final substates 
Ms = + 1 and 0, respectively. Multiplication yields nine terms. The three terms corresponding 
to direct scattering (incoming and scattered electrons have the same label) disappear because 
XA (A, /1) is orthogonal to Xs(A, /1). If we first consider the transitions to Ms = + 1, the six 
nonvanishing terms have the form 

g~% {'1'(2)ex(3)ex(1)'1(1) [ex(2)P(3) -P(2)ex(3)J}, where 
3V 2 

g(l)) = -2:2 (exp(ik' . r2)u'(r3,rl)II1exp(ik· rl)u(r2,r3), (4.74) 

etc., through permutation.8 The spin function of the incident ej is '1 = ex. If the spin function '1' 
of the outgoing electron also equals ex, the above product of the spin functions is zero. This is in 
agreement with Fig. 4.17 which shows a change of the spin direction of the free electron for 
excitation of Ms = + 1. For 11' = P the product of the spin functions is -1. Since we have six 
terms of the kind given above, we find the scattering amplitude to be -6 [g(I))/3 0) = 

-0g(I))· 
For Ms=O the six nonvanishing terms have the form 

~~1)1 {'1' (2) [ex(3)P(1) + P(3)ex(1 ))ex(1) [ex (2) P(3) - P(2) ex (3)J), 

etc., through permutation. This time the spin product is zero for '1' = P, in accordance with 
Fig. 4.17, which shows no change of the free-electron spin for excitation of Ms=O. For '1' =ex 
the spin product is 1, so that the sum of the six nonvanishing terms yields the scattering 
amplitude g(I)). 

The expressions (4.74) for g(l)) are identical for excitation of Ms= 1 and Ms =0 if the space 
functions of the final states are identical. The ratio of the scattering amplitudes is therefore 
-0 9 (I))/g (I)) = - 0, and the ratio of the cross sections is 2. 

8 In permuting the electrons one has to take into account that the u are symmetric and the u' 
are antisymmetric. 
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4.8 Maller Scattering 

Electron-electron scattering is spin dependent. This can be utilized for polarization analysis. 
Comparison with the Mott analyzer is made. 

One of the few cases where calculations of the polarization effects in inelastic 
scattering are relatively easy is electron scattering from electrons whose binding 
energy is small compared to the energy transfer during the collision. One can 
then neglect the binding energy and consider the scattering process as an elastic 
collision between free electrons. This yields a simple relation between f and g 
which is generally derived in textbooks of quantum mechanics but can also be 
read off from (4.7). Since bonding is no longer considered, we can replace the 
wave functions u and u' by free-electron wave functions and obtain in the first 
Born approximation 

2 

f oc < exp (ikl . r1) exp (ik2 . r2)1 ~ lexp (ik1 . r1) exp (ik2 . r2) 
r12 

2 

goc < exp (ikl . r2) exp (ik2 . r1)1 ~ lexp (ik1 . r1) exp (ik2 . r2) , 
r12 

(4.75) 

where the scattering potential e2/r12 has been introduced and the common factor 
has been omitted. In the center-of-mass system we have k1 = - k2' kl = - k2 so 
that, after separation of the motion of the center of mass, we obtain 

2 

focJ exp [i(k1 -kl)·r] ~ d3r, 
r 

(4.76) 

where r=r1 -r2. Since Ik1 -k11 = 2k1 sin 8c/2, Ik1 + kll =2 k1 cos 8c/2, where 8c is 
the scattering angle in the center-of-mass system, one easily sees, by taking the 
polar axis in the direction of the vectors k1 - kl and k1 + kl' respectively, that 

Let us assume that a totally polarized electron beam is scattered from a 
totally polarized target, the angle between the polarization of the target and that 
of the incident beam being 3. Then we find from (4.36) the cross section 

cr(8c) =t [(1 +cos 9)lf(8c) -fen -8c)12 

+ (1 -cos 9)(lf(8c)12 + If(n -8c)12)]. (4.77) 

For the scattering angle 8c = 90° we obtain 

which is 0 for parallel spins (9 = 0) and 2If(900)12 for antiparallel spins (9 = 180°). 
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The difference of the cross sections can be understood as follows. Electrons with 
parallel spins have symmetric spin functions but an antisymmetric space part of 
the wave function so that the probability of finding them close together tends to 
zero as the distance decreases. That is why they are, on average, further apart 
than electrons with antiparallel spins and are thus less likely to be scattered from 
each other. 

If the binding energy of the target electron is negligible compared to the 
energy transfer, it can be considered to be at rest in the laboratory system. Since 
Be and the scattering angle B in the laboratory system are then related by Be =2B 
we have (Jp/(Ja =0 for e=45°, when (Ja and (Jp are the differential cross sections for 
parallel and antiparallel spins. This case where half of the incident energy is 
transferred to the target electron (see Fig. 4.26) is therefore most suitable for 
polarization analysis: polarized electrons may be scattered by a magnetic 
material whose spins are oriented first parallel and then anti parallel to the 
incident polarization. The relative difference of the scattering intensity yields the 
unknown polarization. 

y 

x 
z 

Fig. 4.26. Electron-electron scattering with sym
metric energy transfer (nonrelativistic limit) 

A relativistic treatment of electron-electron scattering does not, in principle, 
affect this scattering asymmetry, which is caused by electron exchange; the 
numerical results are, however, modified. Only at low velocities is the interaction 
of the electrons, at each instant of time, given by their static interaction. At 
higher electron velocities, there are retardation effects of the electromagnetic 
interaction due to the finite velocity of light. Exchange of photons between the 
two electrons then becomes important, so that one has no longer a problem of 
quantum mechanics but, instead, of quantum electrodynamics. 

A solution to this problem under the aspect considered here has been given by 
Rineer [4.61] who calculated the spin dependence of the cross section for 
scattering of two Dirac electrons. The first treatment of relativistic electron
electron scattering by M?/ler [4.62] did not emphasize polarization phenomena. 
Bincer's results for longitudinally polarized electrons are shown in Fig. 4.27, 
where (Jp/(Ja is given as a function of the energy transfer W= WIT [Wis the kinetic 
energy lost in the collision by the incident electron and T = me? (y -1) is its kinetic 
energy before the collision). As explained above, one has in the nonrelativistic 
limit (Jp/(Ja = 0 at w = 0.5. For higher energies (Jp/(Ja still has a minimum at w = 0.5, 
though its value increases from 0 to 1/8 in the extreme relativistic limit (y - 00). 
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Fig. 4.27. Ratio of the differential cross 
sections for scattering oflongitudinally 
polarized electrons with parallel (0" p) 
and antiparallel (0".) spins [4.61] 

The scattering angle () belonging to w = 0.5 decreases from 45° in the 
nonrelativistic limit y = 1 to 0° for y ---+ 00. 

In our discussion of the spin dependence of the cross section in the 
nonrelativistic case no assumption has been made about the direction of the spin 
relative to the momentum. Accordingly, the results are valid both for 
longitudinal and for transverse polarization. This becomes different in the 
relativistic region, as Fig. 4.28 illustrates. The meaning of the asymmetry 
coefficients aij shown there can be seen if one writes the cross section in the form 

(4.78) 

where J( ()) is the M011er cross section for unpolarized electrons and Pi and Pjt) (i,j 
= x, y, z) are the polarization components of the incident electron and the target 
electron, respectively. The direction of the axes is as shown in Fig. 4.26. 

The contours azz = const. again illustrate the spin dependence of the cross 
section for scattering oflongitudinally polarized electrons. In the nonrelativistic 
region, the spin dependence for transversely polarized electrons is the same, as 
can be seen from the contours axx = const. and ayy = const. Between 100 ke V and 
1 MeV there is, however, a strong decrease in a xx and a yy , so that above 1 MeV 
the spin dependence of scattering for transversely polarized electrons IS 

considerably lower than that for longitudinally polarized electrons. 
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Fig. 4.28. Contours of the asym
metry coefficients for electron
electron scattering, cf. (4.78) 
[4.63] 

The coefficients aij (i::j= j) which describe scattering of transversely polarized 
by longitudinally polarized electrons or vice versa are, at all energies and angles, 
either smaller than 0.1 or vanish. This means that in those cases the spin 
dependence of scattering is negligible, particularly if one considers the experi-
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mental conditions under which these effects can be studied: even in an iron target 
that is magnetized to saturation, only approximately 8 % (::::; 2/26) of the electrons 
are orientated. A target polarization pit) = ± 8 % yields, with the optimum value 
of Gii = -1 in (4.78), a scattering asymmetry of only 8 %. With asymmetry 
coefficients that are much smaller, the observed effects are reduced below the 1 % 
limit, which makes experiments cumbersome. 

The smallness of the observable effects is the reason why M0ller scattering 
has not become the predominant method for measuring electron polarization 
although it certainly has several advantages. Many studies of spin polarization in 
f3 decay utilized this technique, taking advantage of the fact that the longitudinal 
polarization of the electrons need not be converted into transverse polarization 
as in Mott scattering, if the target is magnetized in the direction of the incident 
spins. The few electron-electron scattering events can be selected from the many 
background electrons, which are mainly due to scattering from the nuclear 
Coulomb field,9 by detecting the two outgoing electrons in coincidence. This is 
done by two counters arranged under suitable angles (45 0 in the nonrelativistic 
range, as shown in Fig. 4.26; smaller angles at higher energies). Pulse-height 
analysis further distinguishes the two electrons sharing the incident energy from 
the electrons scattered by the Coulomb field. The technique described also 
reduces the influence of multiple scattering: electrons that undergo considerable 
scattering will not be recorded. 

The experiments discussed in the various chapters of this book show however 
that Mott scattering is more widely used than M0ller scattering for polarization 
analysis. The asymmetry effects are larger for the former and careful absolute 
measurements of the asymmetry function have been made, so that one does not 
have to rely on theory for the calibration of the polarization analyzer. Although 
careful measurements of the M0ller cross section for unpolarized particles have 
been made [4.64-66], absolute measurements of the asymmetry coefficients are 
not known to the author, so that one has more or less to rely on theoretical 
results, such as those shown in Fig. 4.28, which are based on lowest order 
perturbation theory. On the other hand, M0ller scattering does not have the 
disadvantage of Mott scattering that it is inapplicable in the extreme relativistic 
region. Since (Jp/(Ja = 1/8 even for y- 00, a polarization analyzer based on this 
method works at all energies (see Sect. 8.4). 

It is quite obvious from our discussion that the employment of M0ller 
scattering would not lead to an efficient source of polarized electrons. Even with 
an iron target the polarization would never be larger than 8 %, and the necessity 
of discriminating against the large number of background electrons would make 
such a source even less attractive. 

9 The scattering intensity in electron-electron scattering is proportional to the number Z of 
electrons per atom, whereas the intensity scattered from the nuclear Coulomb field is, roughly 
speaking, proportional to Z2. 
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5.1 Photoionization of Polarized Atoms 

Polarized electrons can be produced by photoionization of polarized atomic beams, which 
have high intensities when produced by six-pole magnets. The process has been investigated 
mainly with a view to building a source of polarized electrons. 

In the first chapter it was shown that a Stern-Gerlach magnet cannot be used as a 
polarization filter to select free electrons with a certain spin direction. Electrons 
that are bound to atoms can, however, be polarized in this way. If the oriented 
atomic electrons are extracted from the atoms without affecting their spin 
directions, polarized free electrons are obtained. This can, for example, be 
achieved by photoionization. 

Although such an experiment was suggested [5.1] as early as 1930, it was 
performed only much later [5.2-4]. Instead of using conventional Stern-Gerlach 
magnets, six-pole magnets (see Fig. 5.1) were used to polarize alkali atoms. The 
atoms with the required spin orientation, emerging divergently from the atomic
beam oven, can thereby be focused so that high intensities can be attained. The 
reason for this is as follows. 

Let us assume a field that exerts a force proportional to =+= p,r on the magnetic 
dipoles, where =+= refer to directions of the electron spin parallel and antiparallel 
to the magnetic field, and r is the distance from the axis. Such a field deflects away 
from the axis those atoms whose spins are antiparallel to its direction; it acts on 
them as a diverging lens. Atoms with the opposite spin directions are deflected 
towards the axis. They perform harmonic oscillations of uniform frequency 
about the axis and are therefore focused to one point if they have equal axial 
velocity. The field acts on these atoms as a converging lens. 

It can be shown that a six-pole magnet as drawn in Fig. 5.1 possesses such lens 
properties: Near the axis, the magnitude IBI of the magnetic field strength is to a 
good approximation proportional to ,2 (B itself is of course in no way axially 
symmetric, as one can see from Fig. 5.1). Thus the potential energy of the dipoles 
for the two spin directions is 

and the force is - VVoc =+= p,r. In actual fact, the magnetic field and thus also the 
spins parallel to it have all possible directions. If, however, a magnetic field in the 
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Fig. 5.1. Magnetic dipole in six-pole magnet 
(magnetic moment anti parallel to electron 
spin) 

direction of the axis is attached to the six-pole magnet, the field as well as the 
spins lying parallel to the field gradually turn into the axial direction as one goes 
from the inside of the magnet to the outside. The change of the magnetic field 
direction as seen from the moving particles takes place slowly in comparison to 
the Larmor frequency so that the spins follow the change of the magnetic field 
adiabatically. 

In this way the six-pole magnet produces a longitudinally polarized, well
focused beam of alkali atoms. The oriented valence electrons are then ejected by 
photoionization. This occurs within the axial magnetic field just mentioned 
which is made strong enough to decouple the atomic electron spin s from the 
nuclear spin I U = s = t in the ground state of alkali atoms). Without decoupling, 
the resultant angular momentum F = s + I and not the electron spin would be 
oriented in the magnetic field.! The spin expectation value in the direction of 
orientation of the selected atoms would then decrease; in other words, the 
observed polarization would be diminished. 

After extraction of the photoelectrons from the region of the magnetic 
decoupling field they were, in the aforementioned experiments, sent through a 
polarization transformer in order to convert their longitudinal polarization into 
transverse polarization, as required for analysis by a Mott detector. The 

1 This is analogous to the coupling of s and I to j which will be discussed in more detail in Sect. 
5.2. 
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maximum polarization obtained was 85 %. The experiments were not done 
primarily because of an interest in the underlying physical processes, but rather 
for the purpose of building an intense source of polarized electrons. A further 
discussion of this method will therefore be given in Sect. 8.2, so that we can 
refrain here from giving further experimental details. 

For completeness, let us mention that polarized atoms have also been 
obtained by optical pumping with circularly polarized light, though the object of 
these experiments was not the production of polarized electrons by subsequent 
photoionization. In this method, of which an example is given in Sect. 5.5.2, the 
spin orientation of the photons in the circularly polarized pumping light is 
transferred to the atoms. The technique has been repeatedly used to produce 
polarized atoms for studies of spin-dependent electron-atom scattering of the 
type discussed in the preceding chapter [5.5-8]. 

5.2 The Fano Effect and Its Consequences 

Polarized electrons can be produced by photo ionization of un polarized atoms with circularly, 
linearly, or even unpolarized light. The photoelectron polarization is caused by spin-orbit 
interaction in the continuum state or in the bound atomic states. Polarization measurements in 
conjunction with cross-section measurements may be utilized to determine completely the 
matrix elements characterizing the photoionization process. 

5.2.1 Theory of the Fano Effect 

The obvious idea that polarized electrons could be obtained by photoionization 
of polarized atoms was put forward long ago. That the same goal could be 
achieved with less effort by starting with unpolarized atoms and using circularly 
polarized light is more difficult to see and was first recognized by Fano [5.9] in 
1969. 

We describe the Fano effect with the aid of Fig. 5.2, which gives the relevant 
energy levels of an alkali atom. 2 The unpolarized atomic beam is a mixture of 
equal numbers of atoms Ai and At with spins parallel and antiparallel to the 
quantization axis, which we assume to be given by the direction of light 
propagation. This means that the levels mj = ms = +i and -i of the ground state 
2SI/2 are equally populated. 

The transitions caused by the incident light lead to P states because of the 
selection rule L11= ± 1. For alkali atoms, the P states have the total angular 
momenta} = i, ! . Radiation of a wavelength short enough for ionization leads to 
transitions into the continuous PI/2 and P3/2 states adjoining the bound PI/2 and 
P3/2 states at the ionization threshold. If the unpolarized atomic beam is ionized 

2 It has been shown [5.9] that the influence of hyperfine interaction on the polarization 
is negligible. 
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Fig. 5.2. Level diagram for the discussion ofthe photoionization of alkali atoms. The angular
momentum properties of the states are characterized by combinations of the kets Im"m,) 

by circularly polarized (J + light one has the additional selection rule LIm j = + 1. 
One then obtains the transitions 1, 2, and 3 shown in Fig. 5.2. 

The final-state angular momenta, which are our main interest, can be directly 
seen from the spin and angular parts of the wave functions. For the final state 
reached via transition 1 this part is 

G) Y1,l(8,4» (5.1) 

(see Problem 5.1), if Y,m (8, 4» denote the spherical harmonics. From the spin 

function (~) it can be seen that the spin component in the z direction 

(quantization axis) is +t; the eigenvalues of Y1 ,l are given by l=m,=1. We 
therefore have abbreviated this state in Fig. 5.2 as 1m., m,) = It, 1). Its vector
model representation is given in Fig. 5.3a. 

The spin directions of the states reached via transitions 2 and 3 can no longer 
be simply described by a single quantum number. The state mj=t, for example, 
can be realized by ms =t, m, = 0 or by ms = -t, m, = + 1. But neither of the 

corresponding eigenfunctions of jz, G) Yl,o(8, 4» and G) Y1,l (8,4», is simul

taneously an eigenfunction of p, which, owing to the conservation of total 
angular momentum, is required for a realistic wave function. Using the Clebsch
Gordan coefficients, the correct eigenfunctions can, however, be constructed as 
linear combinations of these two parts. For 2P3/2(mj=t) one finds 

J1 (~) Y1 ,o(8, 4» + fl G) Yl,1 (8,4». (5.2) 
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Fig. 5.3a--c. Vector model for the states 
a)It,1); 
b) WIt, 0) + Vfl-t, 1); 
c) VfIt,0)-WI-t,1) 

The reader who is not familiar with Clebsch-Gordan coefficients can easily check 
by direct calculation that (5.2) is an eigenfunction ofF andJz with the eigenvalues 
JU+l)=t·t and mj=t (see Problem 5.1). 

According to the quantum mechanical interpretation of the expansion of a 
wave function, a measurement on the state (5.2) yields the spin +t with 
probabilitytl Y1 ,o(8, (/»12 and the spin -twith probabilitytl Y1,1 (8, 4>W. Ifwe are 
not concerned with the angular distribution of the photoelectrons (which is 
described by the spherical harmonics) but instead integrate over the solid angle, 
we obtain, since the Y1m are normalized, t· t+t· ( -t) =t for the expectation 
value of the spin component in the z direction. Correspondingly, the expectation 
value of the z component of the orbital angular momentum is t· O+t·l =t. 
These values can also be obtained from the vector model, as shown in Fig. 5.3b. 
(One must not, of course, directly form the projections ofl and s in the z direction 
from the arbitrary positions shown. One must first form the projections in the 
fixed j direction. The time-averaged values of I and s thus obtained are then 
projected on the z axis.) 

The situation in the state 2Pl/2 is quite analogous. For mj=t one has the 
eigenfunction3 

(5.3) 

3 cf. footnote 4 in Chap. 4. 
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Its representation in the vector model is given in Fig. 5.3c. 
What can be learned about the polarization of the photoelectrons from the 

eigenfunctions just established? First of all we see that for transition 1 (Fig. 5.2) 
no change occurs in the spin direction since ms is +i in both the initial and final 
states. For transitions 2 and 3, however, which start from ms= -i, there is a 
definite possibility of a spin flip to ms = +i. To determine the fractions of the 
photoelectrons with ms = + i and -i and thus the electron polarization, we must 
know the probabilities with which the various transitions occur. They are 
determined by the dipole matrix elements. 

To calculate the matrix elements one needs the complete wave functions 
including their radial parts which are not known exactly. We denote the radial 
parts by F(r), F1(r) and F3(r) which refer to the ground state, 2P1/2 state, and 
2 P3/2 state, respectively. FI (r) is generally different from F3 (r) since the radial 
parts of the Hamiltonians that result in the P1/2 or P3/2 states differ in the sign of 
the spin-orbit coupling potential (im- 2c- 2)(ljr)(dVjdr)(l· s), the scalar pro
duct I· s being negative for j=i and positive for j=f (see Figs. 5.3b and 5.3c, 
and Sect. 3.2). Since the radial parts of the Hamiltonians differ, one obtains 
different radial eigenfunctions. The difference between FI (r) and F3 (r) increases 
with increasing spin-orbit coupling, i.e., with increasing atomic number. 

Using the abbreviations (X=G} P=(~} R1,3=<F1.3(r)l rIF(r», and the 

dipole operator x + iy of circularly polarized a + light, the matrix elements for 
transitions 1, 2, 3 in Fig. 5.2 are 

bl = <e 2p3/2, mj=f Ix+iyI 2SI /2, mj=i> 

= <F3 (r)(X Yl,l Ix + iyIF(r)(XYa.a> = - 111 R3, 

b2 = <e2Pl/2, mj=!-lx+iyI2S1/2 , mj= -1-> 
= <F1 (r)(Vf (XY1.a -111 pYl,l)lx+iyIF(r) PYa.a> 

= +tR1 , 

b3 = <e 2p3/2 , mj=i Ix+iyI2SI /2, mj= -!-> 
= <F3(r) (111 (XY1,a + Vf PY1 ,1)lx+iyIF(r) PYa,a> 

V2 
= -"3R3 ' 

(5.4) 

(5.5) 

(5.6) 

The integrations carried out above are very simple as only the lowest spherical 
harmonics (which are merely sine and cosine functions) occur. In addition, the 
orthogonality of the spin functions (X and P has been used (see Problem 5.2). 

The wave function of the electrons that have made the transitions 2 and 3 
starting from the same level is given by the coherent superposition 

(5.7) 
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(common factors which cancel out in the calculation of the polarization, such as 
the intensity of the ionizing light, have been omitted). For transition 1, which 
describes the ionization of a different atom of our incoherent mixture of Ai and 
At, the corresponding expression is 

(5.8) 

By substituting (5.1-6) into (5.7 and 8) and rearranging according to spin 
functions, we obtain 

(5.9) 

in the case of transitions 2 and 3 for the part of the wave function which 
determines the angular momenta. In the case of transition 1 we obtain 

(5.10) 

According to Sect. 2.3, the density matrices of the final states are, from (5.9 
and 10), 

(5.11) 

(5.12) 

where common factors that are not important in our considerations have been 
expressed by the constant C. 

These density matrices can be used to calculate the electron polarization that 
arises in the photoionization of the At and Ai beams. To calculate the 
polarization of the electron mixture which arises from the photo ionization of the 
unpolarized atomic beam, we form the density matrix of the mixed state, which 
according to (2.22) is the sum of the matrices (5.11 and 12): 

Since from (2.21) one has Pi=tr{eO"i}/tr{e} for the components of the 
polarization vector, one obtains, if one chooses the z component as an example, 
the angle-dependent expression 
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Using the rearrangement made in Problem 5.3, one obtains 

t R~ sin2 0 + 2 (R3 - Rl)2 cos2 0 -t (2Rl + R3)2 sin2 0 

Pz 2(R3 -Rl)2+(6RlR3 +3 R~) sin2 0 

2(R3 -Rl)2 +2(R~ +RIR3 -2Rt) sin2 0 
2(R3 -Rd2 +(6RIR3 + 3 RD sin2 0 
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(5.14) 

(5.15) 

In this subsection we will deal with the case where all photoelectrons are 
collected regardless of their direction of emission. We are therefore interested in 
the polarization P averaged over all angles. In this averaging, the polarization 
values must be weighted with the corresponding intensities I. According to 
Problem 5.3, Px and Py vanish. Thus 

IS IPz sin 0 dO d¢ 
P=Pz IS I sin 0 dO d¢ . 

(5.16) 

From the form Pz=(N t -N~)/(Nt +N~)=tr{(JO"z}/tr{(J} of the polarization 
formula it can be seen that tr {(J} is proportional to the intensity of the 
photoelectrons. Therefore, with (5.14 and 16), and using the fact that the 
spherical harmonics are normalized, one obtains 

9 R~ +2(R3 -Rl)2 -(2Rl +R3)2 1 +2X 
Pz 9R~+2(R3 -Rd2+(2Rl +R3)2 = 2+X2 

X 2R3+Rl 
R3- Rl 

with (5.17) 

(5.18) 

Problem 5.1. Show that G) Yl.l is an eigenfunction of p and jz with the respective 

eigenvaluesj(j+1)h2 =3/2·(5/2)h2 and rn j h=(3/2)h. Show the analogous relations for the 
state 12P3{2,rnj =!). 

Solution. Using the abbreviations er:=G} P=(~) we have 

per: Y1•1 = (12 + S2 + 21· s)er: Y1•1 = [(2 +i)h2 + 21· sjer: Y1,1' 

With the relations following from (2.2), 

one has 

From the following relations which can be found in textbooks on quantum mechanics, 
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(Ix +ify) Yzm = h V(I-m) (I +m + 1) Y/m+ l 4 

(Ix -ify) Yzm = h V (I +m) (l-m + 1) Y/m- l , 

one has (Ix + ify) Yl.l = 0. Thus it follows that 

j2aYl •l = (2 +i + 1 )h2a Yl .l =!. t h2a Yl.l . 

In addition one has 

jzaYl •l = (lz +sz)a Yl .l = ( h +~) a Yl.l =! haY, .l . 

For 12P3/2,mj=t> it follows that 

p vt cV2aY,.o+ PYl,l) 

= [12 +S2 + h(lx(Jx+ fy(Jy+ Iz(Jz)] vt cV2aY" o + PYl,l) 

= h2 (2 +!) vt (V2aY, .O + PYl,l) + h(lxP +ilyP) v1 Yl.O 

+h(lxa-i1ya-hp)vt Yl,l' 

From the last two terms, together with (5.19), one has 

Thus one obtains 

p vt (V2a Yl ,0 + PYl .l) 

= h2(2 +i) vI (V2aY, .O + PYl,l)+ vI h2pYl ,l + v1 h2aYl ,o 

=t· th2 vt (V2aY1 •0 + PYl,l)' 

In addition one has 

Problem 5.2. Calculate the value of b2 given in (5,5), 

(5.19) 

Solution. Since x = r sin (J cos r/J, y = r sin (J sin r/J, and <alP> = 0, <PIP> = 1, it follows that 

b2 = -<Fl (r) v1 Y",lrsin (Jei</>IF(r) Yo,o> 

fi (f3)" 2" . 0 
= '-l3 Rl '-lsn ! ! sin (Je -.</> sin (Je'</> '-l41t sin (J d(J dr/J 

2n "S' 3(J (J 2 =- Rl sm d =3Rl' 
4n 0 

4 Variations in the sign in various publications arise from differing definitions of Yim. We 
use the notation in which Y/, _ m = ( _1)m Y/;t;" 
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Problem 5.3. Calculate Px and show that the average values Px and Py vanish (use Yl,o = Yto 

(3 (3 . () i<l» 
=V4;COS(}'Yl,l=-VS;sm e " 

Solution, With Q from (5.13) we obtain 

tr{Q'(~ ~)} 
Px = tr{Q} 

V2(R3 -Rl )(2Rl + R3)(Yl ,OYtl + ytOYl,l) 
9 R~I Yl,ll2 + 2(R3 - Rd21 Yl ,ol2 + (2 Rl + R3)21 Yl,ll2 

V2(R3 -Rl)(2Rl +R3) Yl,O(Yt,l + Yl.l) 

2(R3 -Rln Yl,oI2+(4Rr+4RlR3 + lOR~)IYl,d2 
(R3 - Rl ) (2 Rl + R3) cos () sin () 2cos 4> 

2(R3 - Rl)2(1 -sin2 (}) +(2 Rr +2 RlR3 + 5 R~) sin2 () 

2(R3 - Rl )(2 Rl + R3) cos () sin (}cos 4> 
2(R3-Rlf+(6RlR3+3Rnsin2() . 

It can immediately be seen from the first term that 

(5.20) 

vanishes since the spherical harmonics are orthogonal. For Py it is unnecessary to make the 
analogous calculation: Since in the arrangement discussed we have rotational symmetry, the x 
and y directions are equivalent. Because Px is 0, Py must also be O. 

5.2.2 Illustration of the Fano Effect. Experimental Results 

According to the preceding formulae, the attainable polarization is determined 
by the radial matrix elements Rl and R3 . It can be seen immediately that for 
Rl = R3 (vanishing spin-orbit coupling) the polarization vanishes. It is therefore 
not obvious that polarized photoelectrons arise from ionization with circularly 
polarized light (i.e" spin-oriented photons), The occurrence of electron 
polarization cannot simply be inferred from the balance of angular momentum: 
With vanishing spin-orbit coupling, the photon spin is transferred to the orbital 
angular momentum of the photoelectron, as described by the selection rule 
Jm l = ± 1 for circularly polarized light. Only if there is an interaction between 
spin and orbital angular momentum of the photoelectron can the preferential 
orientation of the photon spins lead to a preferential orientation of the electron 
spins. 

To avoid getting lost in the calculations we shall try to illustrate how the 
Fano effect arises. First we shall consider the electron polarization which arises 
from photoionization of At, i.e., from transitions 2 and 3 in Fig. 5.2. We must 
then start from Q2+3 [(5.11)] and instead of (5.17) which refers to photoioni
zation of an unpolarized atomic beam we obtain 
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(5.21) 

Q] and Q; are the cross sections for photoproduction of ej and et for the target 
being considered. If the spin-orbit coupling vanishes (Rl =R3) one obtains 
Pz = -1. This is to be expected since the atomic beam is totally polarized in the 
- z direction and the electron spin is not affected by the photoionization if there 
is no spin-orbit interaction. If R3 =1= Rl we see from (5.21) that Q] =1= O. This means 
that some of the spins will flip during photoionization and reduce the degree of 
polarization arising in these transitions. 

The polarization of the photoelectrons produced by transition 1 can be 
calculated from (5.12): 

P =Q! -Q; 9R5-0 
z Q! + Q; 9 R5 + 0 1. 

(5.22) 

In this case no spin flips occur: Q; is always zero. 
Thus we see that the spin-orbit interaction has two effects: 

a) it may cause spin flips in transitions 2 and 3; 
b) it leads to differing cross sections for the photoionization of A j and At: 

Q(At) 2(R3- Rl)2+(2Rl+R3f 

Q(Aj) 9R5 
(5.23) 

[Q(AWQ (A j) is the ratio of the denominators in(5.21) and (5.22), which refer to 
the photoionization of At and A j, respectively]. With vanishing spin-orbit 
coupling this ratio is 1. 

The resulting polarization is determined by these two effects of spin-orbit 
coupling. It is quite easy to see that the average polarization Pz is not necessarily 
parallel to the spin direction of the incident photons. If, for example, Rl = 4 R3 
then from (5.23) Q(AWQ(Aj) = 11 and from (5.21) 

This means that the probability for the At to be ionized is 11 times greater than 
that for the A j, and that most of the spin directions are retained. Therefore a 
negative polarization arises as also follows from (5.17): Pz = -t. 

If, on the other hand, R3 = - 2 R l , then (5.21) yields Qi = O. This means that 
in the ionization of the At, all spins must flip into the +z direction. We then 
obtain only photoelectrons with spins parallel to the z direction. Correspon
dingly, (5.17) yields Pz = 1. This can also be explained as follows. In forming the 

. 12 1 dl 2 1 .. h expresSIOn (5.9) from 8 Pl/2,mj='X) an 8 P3/2,mj='X)' terms contammg t e 
spin-down functions cancel due to interference, if R3 = - 2 Rl . In 
this exceptional case, ms = +t and ml = 0 are good quantum numbers for the 
state resulting from transitions 2 and 3. 

Since spin-orbit coupling is only a small interaction, such large polarization 
effects cannot usually be expected. Normally the polarization does not differ 
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Fig. 5.4. Qualitative diagram of the photoionization cross 
section and the photoelectron polarization as a function of 
wavelength for alkali atoms (Q; = 0 for R3 = - 2R j ) 

significantly from 0, the value without spin-orbit coupling. The circumstances 
which favor high degrees of polarization can be illustrated by the following 
picture which in fact led to Fano's considerations. The photoionization cross 
sections, together with the transition matrix elements - and thus also the 
polarization of the photoelectrons - depend on the wavelength of the incident 
light. For most alkali atoms this dependence is particularly pronounced in an 
experimentally convenient region: the photoionization cross section Qe = Q! 
+ Q; passes through a deep minimum near the threshold. Due to the spin-orbit 
interaction we obtain slightly different cross sections Q! and Q; for the 
photo production of ei and et (see Fig. 5.4) since one obtains from (5.17) 

Q~ 9R~+2(R3-Rlf 
Q; (2 Rl + R3)2 

(5.24) 

Although the small spin-orbit interaction does not generally lead to large 
differences between the two cross sections, their ratios near the minima are quite 
considerable.5 If one uses wavelengths near the minima, one obtains electrons in 

5 The strong deviation of the ratio R j / R3 from 1 in the numerical example above can only 
occur near zeros of R j and R3 because the absolute difference between these quantities is very 
small due to the small spin-orbit coupling. Since the photoionization cross sections are 
determined by R j and R3, the minima of the cross sections and the zeros of R j and R3lie in the 
same wavelength range. 



154 5. Polarized Electrons by Ionization Processes 

predominantly one spin state, i. e., a high degree of polarization. The situation is 
therefore quite analogous to that in electron scattering, which was discussed in 
Sect. 3.4.2: the shape of the polarization curves is determined by the cross
section curves for producing ej and et. 

To be able to quantitatively determine the curves given in Fig. 5.4, Rl and R3 
must be known. It is, however, difficult to calculate the radial parts of the wave 
functions and thus the transition matrix elements with enough precision that 
even the difference R3 - Rl occurring in the formulae is still reliable. Fano 
therefore tried to eval ua te the wavelength dependence Pz (A) by making use of the 
fact that the spin-orbit interaction responsible for the polarization effect also has 
other consequences which had been studied earlier. Apart from the doublet 
splitting of the alkali energy levels, spin-orbit interaction determines the intensity 
ratio of the doublet lines and the exact shape of the photoionization cross section 
Qe (even if the spin direction of the photoelectrons is not taken into account). 
From such data he estimated the parameter X - connected with Rl and R3 by 
(5.18) -as a function of the wavelength A. He predicted approximately the results 
that were obtained by the measurements we will now discuss. 

Figure 5.5 is a schematic diagram of an experimental setup for measuring the 
Fano effect. An unpolarized cesium-vapor beam is crossed by monochromatic 
circularly polarized uv light. The photoelectrons produced are collected by an 
extraction system, irrespective of their direction of emission. The subsequent 
measurement of their polarization which is carried out with a Mott detector (see 
Sect. 8.1.2) thus yields the average value P=Pz • The task of suppressing the 
numerous background electrons that come from the chamber walls or other 
parts of the apparatus is accomplished by suitable electron-optical potential 
barriers. In addition, it must be ensured, through the choice of a suitable oven 
temperature, that the portion of the CS2 molecules in the Cs beam is small; the 
high photoionization cross section of these dimers must not give rise to an 
appreciable number of unwanted photoelectrons. 

Cs OVEN 

Fig. 5.5. Experimental ar
rangement for measuring the 
Fano elTect [5.10] 

/ 
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Fig. 5.6. Experimental values of the 
photoelectron polarization vs. wave
length for the Fano effect with cesium 
[5.10] 
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Figure 5.6 shows the results of these measurements which were made in the 

interesting wavelength region where the cross-section minimum occurs. It can be 
seen that at 290 nm total polarization is achieved within the limits of 
experimental accuracy. This makes the Fano effect of interest as a source of 
polarized electrons. In addition, such measurements yield information on the 
parameter XCA-) from (5.18) and thus on the radial matrix elements. In this way 
one obtains more accurate information than was previously available on the 
influence of spin-orbit coupling on the aforementioned properties of the alkali 
atoms [5.11-15]. 

Although the wavelength dependence of the photoelectron polarization has 
not been measured for alkali atoms other than Cs (for solid alkalis, see Sect. 7.2), 
it can easily be drawn from an equivalent experiment which has been made with 
K, Rb, and Cs. Ai and At have been separately photoionized by circularly 
polarized light [5.11]. The ratio of the photoionization cross sections 
Q(A j)jQ(A!) is given by (5.23). Comparison with (5.24) shows that the infor
mation obtained from a measurement of Q(A j)jQ(A!) is equivalent to that 
obtained from measuring the polarization P = (Q! - Q; )/(Q! + Q;) = 

[(Q! /Q;) -1 ]/[(Q! /Q;) + 1]. We can therefore say that there is good quantitative 
knowledge of the Fano effect, not only for Cs, but also for Rb and K (see also 
[5.16]). 

One of the consequences of the discovery of the Fano effect was a strong 
stimulation offurther work on polarization effects in photoionization. Not long 
after the first surprise, Fano's discovery, came the second surprise, when it 
turned out that it is not even necessary to use circularly polarized light in order to 
eject polarized electrons from unpolarized atoms. This will be discussed in the 
following subsection. 

Problem 5.4. Derive from the results of Sect. 5.2.1 the angular dependence of the 
photoionization cross section 

d(J =lL [1 -~ (~ cos2 () -~)J 
dQ 411: 2 2 2 

(5.25) 
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for circularly polarized or unpolarized incident light. Q is the total cross section, {3 a parameter 
which has to be determined. 

Solution. The intensity 1(0) of the photoelectrons produced by u light is proportional to 
tr {Q}, where Q is the density matrix (5.13) describing the photoelectrons. Using the expressions 
for the spherical harmonics given in Problem 5.3 we obtain 

Setting 

4R1R3+2R~ X2-1 
{3= Rf+2R~ 2 X2+2 

with X from (5.18) and determining the constant of proportionality by the condition 

n du 
211: S dQ sinOdO=Q, 

o 

we obtain (5.25). For reasons of mirror symmetry the result holds both for u + and u - light. It is 
therefore valid also for unpolarized light. 

5.2.3 Polarized Electrons Ejected from Unpolarized Atoms by Unpolarized Light 

When unpolarized electrons are scattered from an unpolarized target one 
obtains a polarization of the scattered electrons which is perpendicular to the 
scattering plane and disappears when averaged over all azimuthal directions. 
This has been discussed in previous chapters and provokes the question whether 
the situation in photo ionization might be analogous. It has in fact been predicted 
that photoelectrons produced by unpolarized light from unpolarized targets and 
ejected into a well-defined direction may have spin polarization [5.17-19]. From 
the symmetry arguments of Sect. 3.4.4 it follows that the polarization must be 
perpendicular to the reaction plane, which is the plane defined by the direction of 
the incident light and the direction of the photoelectrons observed. Axial 
symmetry then requires the polarization averaged over the directions of emission 
to be zero (see Fig. 5.7). 

Fig. 5.7. Polarized photoelectrons pro
duced by shining unpolarized light on 
unpolarized atoms 
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2 

Fig. 5.8. Symmetry of transverse 
photoelectron polarization in non
relativistic case 

Symmetry arguments also give some insight into the angular dependence of 
the polarization. Axial symmetry demands that, as in electron scattering, 
electrons emerging in directions 1 and 2 of Fig. 5.8 have opposite polarizations. 
In discussing the 8 dependence of the polarization we consider the (non
relativistic) limit where the photon momentum can be neglected in comparison 
with the photoelectron momentum so that it does not play a role for the 
polarizations observed, for instance, in directions 1 and 2 whether the photons 
come from the right or from the left. It follows then from rotation of the right
hand side of Fig. 5.8 through 1800 that the polarizations in directions 3 and 4 are 
opposite to those in directions 2 and 1, respectively. We have Pn(n -8) = - Pn(8) 
where P '= Pi' with Ii = ki X k/lki x kl (ki and k give the directions of the incident 
light and of the photoelectron which form an angle 8). This symmetry is reflected 
by the numerator in the polarization formula 

(5.26) 

The denominator is, apart from a constant factor, the well-known expression for 
the total photoelectron intensity emerging into the direction of observation 
(cf. Problem 5.4). This is in accordance with the fact discussed previously [e. g., in 
connection with (5.16)] that the denominator of the polarization formula gives 
the total number of ej and e!. 

While the symmetry of the angular distribution follows from general 
principles, the parameters ~ and f3 are determined by the matrix elements of the 
particular photoionization process considered. In order to derive the polariza
tion by means ofthe density matrix formalism, calculations along the line of Sect. 
5.2.1 have to be repeated for (J- light. Adding incoherently the density matrices 
obtained for (J+ and (J- light and using (2.18) one obtains the photoelectron 
polarization (5.26) for unpolarized incident light were ~ is proportional to 

IR11IR21 sin (<>1 -<>2) 
IRl12+IR212 (5.27) 

IRil and <>i (i = 1,2) are the moduli and phases of the (reduced) matrix elements 
describing the transitions to the two continua which we have assumed here to be 
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allowed by the selection rules. In the case of alkali atoms, the phases of the two 
matrix elements differ only due to the influence of the spin-orbit interaction 
which is not strong enough to produce a significant deviation of sin (b 1 - b2 ) from 
zero [5.14,15], so that no appreciable polarization appears.6 If, on the other 
hand, a state is photo ionized where a p electron is ejected, the electron can 
reach Sand D states. Consequently, we have in (5.27) the phase difference bs - b D 

which is usually much larger since it is caused by the Coulomb force which is 
much stronger than the weak spin-orbit interaction in the continuum responsible 
for the polarization effects with alkalis. 

Numerical values for ~ are shown in Fig. 5.9. The two curves hold for 
photo ionization of the p shell of argon atoms when the residual argon ion is 
either in the 2 P1/2 or in the 2 P3/2 state. The electrons corresponding to these two 
states of the residual ion differ in energy by 180 me V and were separated 
experimentally by an electrostatic spectrometer. Such experiments could only be 
performed with highly developed experimental techniques since the photoelec
trons have to be analyzed simultaneously for energy, angle of emission, and spin. 
The results of Fig. 5.9 have been obtained by observing the polarization of the 
photoelectrons ejected at the magic angle 8m = 54°44'. At this angle the 
denominator of (5.26) is 1 so that ~ follows directly from Pn=~sin28m' 
Measurements of this type have also been made for other noble gases and metal 
vapors like mercury [5.23,24]. 

An arrangement which allows one to observe the complete angular 
dependence Pn(8) is shown in Fig. 5.10. It takes advantage of the fact that there is 
a close connection between the polarizations of photoelectrons produced by 
unpolarized and by linearly polarized light. As shown in Problem 5.5, the 
photoelectron polarization p(l) produced by linearly polarized light is consistent 
with the polarization (5.26) for unpolarized light if it is given by 

(5.28) 

where 8 is now the angle between the light polarization vector E and the photo
electron direction k, and n is given by n = k x Ellk x EI. For the measurement of 
P~l)(8) the light polarization vector E is rotated about the axis of the light 
beam by rotating the vuv polarizer as indicated in Fig. 5.10. Thus the angle 8 is 
varied while the axis of the photoelectron polarization remains perpendicular to 
the scattering plane of the Mott detector used for polarization analysis. 

The polarization of the vuv radiation is produced by reflecting the incident 
beam at three gold coatings, which produces a maximum polarization of 88 %. 
The apparatus includes several parts which together reduce the electron intensity 
arriving at the counters of the Mott detector by a factor of 10- 7 : light polarizer 

6 When discussing the Fano effect for alkali atoms we assumed both matrix elements to be real 
so that the phase difference was exactly 0 (or 7t if one of the matrix elements is negative), which 
turned out to be a very good approximation. 
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Fig. 5.9. Transverse polarization 
P n of photoelectrons ejected from 
argon atoms by unpolarized ra
diation (in accordance with com
mon practice we frequently drop 
the index of a polarization com
ponent when no other com
ponents exist). Angle of ejection 
lim = 54°44'. The scales on the left 
hold for ~ defined by 
(5.26).Experimental data from 
[5.20]; theoretical values by 
Cherepkov [5.21] (----) and 
Huang et al. [5.22] (---) 
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Fig. 5.10. Arrangement for measuring the angular 
dependence Pn «(}) of photoelectrons produced by 
linearly polarized light (5.25] 
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Fig. 5.11. Angular distribution of 
photoelectron polarization P!I)(8) 
(upper curve) and intensity (lower 
curve, arbitrary units) for the 
process Ar+hv(21.22eV) -> 

Ar+ ePI/2) +e. (--) least squares 
fit yielding c; and f3 of (5.28) [5.25] 

(reduction of the light intensity to 4 %), electron spectrometer (accepted angle 
.de = ± 5S, energy resolution 0.7 %), Mott detector (reduction 1/1000). This is 
why the measurements were possible only with the strongest helium resonance 
line (58.43nm::;,21.22eV), which was produced in a capillary discharge tube. 
With a primary intensity of 1013 photons/s typical count rates in the Mott 
detector were 2 to 30 counts per second. Instrumental asymmetries were 
eliminated by taking advantage of the reversal of the electron polarization which 
follows from mirror symmetry if the light polarizer is rotated from e to 3600 

- e. 
The experimental results of Fig. 5.11 are found for argon when the residual 

ion is left in the 2 P 1/2 state. The data are normalized to a light polarization of 
100 %. The parameters ~ and /3 of (5.28) yielding the best fit to the experimental 
results of Fig. 5.11 are ~=0.25±0.01, /3=0.89±0.04. 

From the results so far presented in this chapter one can see that the 
polarization phenomena in photoionization may be produced by spin-orbit 
interaction in the bound state and/or in the continuum. For the polarization 
given in the last few figures, spin-orbit splitting of the argon p shell is essential. 
The opposite sign of the data for the 2 Pl/2 and 2P3/2 states in Fig. 5.9 results in a 
polarization P ~ 0 if the photoelectrons from these states are not separated: With 
the respective polarizations p(1/2) and p(3/2) from the Pl/2 and P3/2 shells, one has 

a p(1/2) + a p(3/2) 
p= 1/2 3/2 0, 

al/2 +a3/2 

provided the cross-section ratio a3/2/al/2 ("branching ratio") is equal to its 
statistical value 2 (4 electrons in P3/2 shell, 2 electrons in Pl/2 shell; photo
ionization cross section of a shell proportional to number of electrons in this 
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shell). Deviations from zero may be caused by spin-orbit interaction in the 
continuum, particularly in heavier elements [5.23]. In cases where fine-structure 
splitting does not playa role, such as photoionization of s shells, spin-orbit 
coupling in the continuum is the only mechanism for producing photoelectron 
polarization. Examples are the Fano effect in alkalis and the polarization 
observed in photoionization of the Hg 6s2 subshell by unpolarized light [5.24]. 

Let us conclude this section by pointing out the analogy between the results 
presented here and our findings in inelastic electron scattering, where we also saw 
spin-orbit interaction in bound atomic states and spin-orbit coupling in the 
continuum state of the unbound electron to be independent causes of electron 
polarization. 

Problem 5.5. Show that the photoelectron polarization (5.26) produced by unpolarized light 
follows from the photoelectron polarization (5.28) produced by linearly polarized light. 

Solution. As indicated in Fig. 5.12, the unpolarized light can be considered to be an 
incoherent mixture oflinearly polarized light with the polarization vectors El parallel and E2 
normal to the plane defined by k, and k. Denoting the intensities and the polarizations of the 
photoelectrons produced by these two components by 11 , 12 and p(ll), p(l2), respectively, we 
have for the resulting polarization of the photoelectrons produced by the unpolarized light 
according to (2.16) 

The last term disappears according to (5.28) since in this case the angle () between the light 
polarization and the direction of the photoelectrons is 90° so that p(12) ex: sin 2 () = O. As 
mentioned repeatedly, the denominators of the polarization formulae are proportional to the 
numbers of electrons observed, so that from (5.28) we have 11 (()1) = 1 + P(3/2 cos2 ()1 -1/2), 
12 (90°) = 1 - P/2. Consequently, 

2~sin2()1 , 
p= n with 

2 + P(}cos2 81 -1) 

, k x El k i X k 
n=lkxE1 1 =Ik, x kl' 

k 

Fig. 5.12. Photoelectrons produced by unpolarized light (ki and k refer to 
incident photon and photoelectron, respectively) 
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Introducing (}2 = 71,/2 - (}l, the angle between the directions of the light and the photoelectrons, 
we have sin 2 (}l = sin 2 (}2 and cos2 (}l = 1 -cos2 (}2' 

Thus 

P ~ sin2(}2 A 

f3 (3 1) n. 
1 -2" 2" cos2 (}2 -2" 

Dropping the index of the angle we obtain (5.26). In Fig. 5.12 we have arbitrarily drawn the 
light polarization vector El to the right. The result is the same if El is reversed, since both;' and 
the sine function change sign then. 

5.2.4 The "Perfect" Photoionization Experiment 

When dealing with Mott scattering or with exchange scattering of electrons, we 
have discussed the measurements necessary for a "perfect" or complete 
experiment (cf. Sects. 3.3.3 and 4.3). Such an experiment was defined to yield the 
complete set of parameters (moduli and phases of the complex amplitudes) 
describing the process under consideration. Let us now discuss the measure
ments necessary for that purpose in photoionization. 

It can easily be seen that, as a result of the selection rules for dipole radiation, 
photoionization cannot lead to more than three continuum states. If, for 
instance, a state with quantum numbers I and j = I +t is photoionized, the 
selection rules LJI = ± 1, LJj = 0, ± 1 allow only the three final states with l' = 1-1, 
j' = I-t, and l' = 1+ 1, j' = 1+ t, 1+ t to be reached. The process is therefore 
described by three matrix elements whose radial parts will be denoted by 
Rk = IRkie idk with three values for k. Unlike the angular parts, which are 
determined by the spherical harmonics, the radial parts are not well known. 
Since, according to the principles of quantum mechanics, an absolute phase 
determination cannot be achieved, one of the phases can be chosen arbitrarily. 
There are thus five independent parameters, three moduli and two phases, which 
must be determined in order to describe the photo ionization process completely. 

Which are the observable quantities from which these five parameters can be 
obtained? The extension of our previous density matrix calculations for two 
continuum states to the general case of three continuum states is straightfor
ward. It shows that the following quantities may be observed when unpolarized 
atoms are photoionized and that they depend, in general, on the matrix elements 
indicated: 

Q(IRk j2), total cross section, 
{3(IRkI2, IRkIIR,1 cos (Ok -0/)), asymmetry parameter of angular distribution, 
P(IRkI2, IR1/21IR3/21 cos (01/2 -03/2)), average photoelectron polarization for 

incident (J light; the indices t and t refer to the spin-orbit-split continua 
j' = 1+ t, 1+ t (interference terms of I' = 1-1 and l' = l+ 1 disappear by 
averaging in view of the orthogonality of the wave functions)1, 

7 The reason why, in the discussion of the Fano effect with alkali atoms, phase-dependent 
terms do not appear is given in the preceding footnote. 
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Fig. 5.13. Components of photoelectron 
polarization for incident (J light 

~(IRkI2, IRkIIR/1 sin (bk -b/)), which specifies the angular distribution (5.26) of 
the polarization normal to the reaction plane, and 

y(IRkI2, IRkIIR/1 cos (bk -b/)), which specifies, for incident (J light, the angular 
distribution of the polarization component P z (z = direction of photon spins) 
according to 

(5.29) 

For unpolarized target atoms, y also specifies the transverse photoelectron 
polarization parallel to the reaction plane for incident (J light (see Fig. 5.13): 

3 y sin () cos () A 

Pp«())=2 /3 (3 2 1) ep ' 
1-- - cos ()--

2 2 2 

(5.30) 

with ep = ez x n, where ez is the unit vector along the z direction and n has been 
defined in the preceding subsection. 

At first glance, it looks quite reasonable to have the five independent 
measurable quantities Q, /3, P, ~, and y for determining the aforementioned five 
independent parameters (moduli and phases) of the matrix elements. But the mea
surements do not yield the phase differences directly. Instead, it is sin (b k -b/) 
and cos (b k -b/) which derive from the measurable quantities. For an un
ambiguous determination of a phase difference neither the sine nor the cosine 
alone suffices; both are required. This means that, for one phase difference, two 
measurements are required. They are not independent, but they are necessary. 
The situation is as in electron scattering (cf. Sects. 3.3.3 and 4.3) where we found 
that, for the same reason, four measurements were needed in order to determine 
three independent parameters. Since in photoionization two independent phases 
have to be determined, four measurements are required for ascertaining the 
phases. Consequently, a total of seven instead of five measurable quantities are 
needed to determine the five parameters of the matrix elements describing the 
photo ionization process. 
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From the results obtained hitherto, it might seem doubtful whether there 
exist additional quantities that could be measured. So far, however, we have only 
discussed the photoionization of un polarized atoms. The additional information 
required may be obtained by photo ionization of polarized atoms [5.26-28]. Let 
us briefly indicate the reasons for this. 

First, Pz (8) and Pp(8) - (5.29, 30) - are no longer described by one and the 
same parameter y if polarized targets are used. Instead, P p (8) is characterized by 
another quantity ~p, a function of IRkl2 and IRkliRll cos (15k - 151) which depends on 
the argument in a different way than y. Furthermore, the four angle-dependent 
quantities - (5.26, 29,30), plus the intensity distribution - do not merely depend 
on (3/2) cos2 8 -1/2 = P2 (cos 8) or sin 2 8 = (2/3)P11 ) as in the case of un polarized 
targets, but contain additional Legendre polynomials P21 (cos 8), pW (cos 8), 
with factors which again depend on the matrix elements we want to determine. 
Besides, the ratio Q (n)/ Q «(J) of the cross sections for photoionization by (J and by 
n light yields another independent relation for evaluating the IRkI2. We will return 
to the latter point in Sect. 5.4. 

This shows that there are even more measurable quantities than is necessary 
for a complete determination of the complex matrix elements if photo ionization 
of polarized atoms is taken into consideration. The redundancy desirable for 
such difficult measurements is thus granted. The various experimental possibi
lities differ, however, in intricacy. In particular, experiments requiring polarized 
vuv radiation are difficult to perform since linear polarizers in the vuv are 
inefficient and vuv circular polarizers are even worse. It has been the 
construction of intense sources of (polarized) synchrotron radiation which now 
makes possible the measurement of even such unhandy parameters as y [5.29]. 

Experimental determination of the matrix elements has so far been focused 
on cases where less than the entire set of observables is needed. This occurs 
[5.30,31] if the number of matrix elements is reduced either by making 
simplifying theoretical assumptions or by studying photoionization processes 
that need only two matrix elements for their description; for example, transitions 
from a P1/2 initial state lead, due to the selection rules, only to S1/2 and D3/2 
continuum states. Examples will also be found in the following sections 
[5.32,33]. In addition to the theoretical data mentioned earlier, numerical 
evaluations of the polarization parameters have been made for some noble gases 
[5.34], metal vapors [5.35], and cesium [5.15]. 

Let us conclude with a summary of the various possibilities of producing 
photoelectron polarization. It is given in Table 5.1. For unpolarized and for 
linearly polarized light the electron polarization has only a component 
perpendicular to the reaction plane. The other components and the polarization 
averaged over the directions of the photoelectrons disappear because otherwise 
parity conservation or axial symmetry would be violated (cf. Sect. 3.4.4). Only 
for circularly polarized incident light is it compatible with parity conservation 
that all the electron polarization components are different from zero. The 
average polarization has, for reasons of axial symmetry, a component only along 
the direction of the light propagation. 
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Table 5.1. Polarization of photoelectrons ejected from unpolarized atoms for different 
polarizations of incident light. The parameters given characterize the different components 

Light polarization Electron polarization 

Pz p. Pp P 

unpol. ~ 
11: ~ 
II Y ~ Y Pz 

The polarization mechanisms which are effective in photoionization of 
atoms work also in molecules though the calculation of quantitative theoretical 
results is more difficult [5.36]. Experimental results which have so far been 
obtained with unoriented molecules yield a photoelectron polarization much 
smaller than with atoms [5.37]. 

The discussion of this chapter, as briefly summarized in Table 5.1, reveals 
clearly that spin polarization of photoelectrons is not at all exceptional, though it 
has been believed for a long time that it occurs only as an effect of higher order in 
forbidden transitions [5.38] or in the relativistic region where the photon energy 
is comparable with the electron rest mass (cf. Sect. 6.1). Theoretical and 
experimental developments of the past few years have shown that spin 
polarization of photoelectrons is quite a common phenomenon. No matter 
whether circularly, linearly, or unpolarized light is used for photo ionization, the 
photoelectrons are generally polarized. 

5.3 Ionizing Transitions of Excited Atomic States 

The polarization of photoelectrons may be substantially influenced by autoionization 
resonances. The resonance behavior of the spin polarization is discussed using the example of 
thallium atoms. Significant resonance structure in the polarization curves has been found for 
several atoms and has been utilized for classification of the resonances. Auger electrons are 
polarized not only if ejected from polarized atomic shells or produced by polarized projectiles, 
but also if the initial hole state is aligned and the final-state angular momentum is nonzero. 

5.3.1 Autoionizing Transitions 

The discussion of the preceding section has been restricted to direct photo
ionization processes. At certain wavelengths, autoionizing transitions playa 
dominant part by causing resonances in the photoionization cross section. Such 
auto ionizing resonances are also found in the polarization curve as will be seen in 
the following. 

Let us first briefly recall the mechanism of autoionization. When an outer 
electron of the atom is excited beyond the ionization limit, its energy levels are no 
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Fig. 5.14. Possibilities of autoionizing 
transitions. (Left part) after excitation 
of two outer electrons; (right part) after 
excitation of one inner electron 

longer discrete, but it reaches the energy continuum as illustrated in Fig. 5.2. It is, 
however, equally possible to excite the atom to discrete energies exceeding this 
ionization limit. This can occur, for instance, if two outer electrons or one inner 
electron are excited, as shown schematically in Fig. 5.14. One of the electrons in 
the outer orbitals is likely to return to the lowest unoccupied energy state while its 
excess energy, instead of being radiated away, is concentrated on an excited 
electron. This electron obtains then more than enough energy to leave the atom, 
so that we have a spontaneous ionization or autoionization. We can also say that 
there exists a degeneracy between the singly excited continuum and the discrete 
atomic states above the ionization threshold. If selection rules permit, an atom in 
such a discrete state can decay into the continuum state of the same energy. 

Figure 5.15 illustrates the situation for the thallium atom, where autoionizing 
resonances of the polarization curve were first studied. Due to the selection rules 
t1i= ± 1, t1j=O, ± 1, and t1mj= + 1 (0-+ light), the states e2S1/2' e 2D 3 /2 (mj=t), 
and e 2D3/2 (mj =!) are accessible from the 6 2Pl/2 ground states of the unpolarized 
thallium atoms. 

The spin polarization of the photoelectrons in a specific final state follows 
immediately from the coupling coefficients of the wave functions 1m., ml) given 
in Fig. 5.15. For example, we find for the state e2D 3 /2 (mj=!) the polarization P 
= (t -t)/(t+t) = -0.6 (see Problem 5.6). Superposition of the spin polari
zations of the various final states weighted with the corresponding transition 
probabilities yields the photoelectron polarization. Evaluation of the transition 
probabilities similar to Problem 5.2 shows that the two final e2D3/2 states 
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I 
Z 

~I@_ 6'PJ/? W. ____________ ____ __ ____ _______ _ 

Fig. 5.1S. Autoionizing states and con
tinuum states reached from the ground 
state 62Pl /2 of thallium with circularly 
polarized light 
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together contribute a polarization of -0.5, whereas the S2S1/2 state has a 
polarization of + 1. Because of the different signs of these values the resulting 
polarization 

(5.31 ) 

would normally not be very large, the exact value depending on the ratio of the 
cross sections for transitions to the Sand D states, QS/QD' which depends on the 
wavelength A.. 

So far we have not taken into account, however, the autoionizing states of 
thallium which are also shown in Fig. 5.15. They result from excitation ofa 6s 
electron and decay after a short lifetime, so that eventually the same final states 
are reached via these indirect transitions. The autoionizing state 62Pl /2 decays 
into the s 2S1/2 continuum, and 62D3/2 and 6 4P 3/2 into s 2D3/2 ' since, due to the 
conservation of angular momentum, J must be the same before and after the 
decay. At the excitation wavelengths of the autoionizing states one has a 
resonance behavior of the photoionization cross section Q as shown in Fig. 5.16 
which is based on results of Marr and Heppinstall [5.39] and of Berkowitz and 
Chupka [5.40]. 
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cross section of thallium according to 
[5.39] (-) and [5.40] (----). (Upper 
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calculated using the cross sections from 
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Whenever one of the cross sections Qs and QD dominates due to the 
autoionization resonances, the polarization tends to + 100 % or - 50 %, re
spectively, according to (5.31). As an example, let us consider the wavelengths 
where Qs dominates. The analysis of the cross-section resonances shows that QD 
disappears at approximately 49730 and 57239 cm -1, leaving Qs alone to 
contribute to P; in these cases the polarization should be exactly 100 %. On the 
other hand, Qs dominates near 67137 cm -1. A tendency of the polarization 
towards 100 % is then to be expected. Similarly, the negative peaks of P occur at 
those wavelengths, where QD dominates. 

Since the cross-section resonances produce polarization resonances one 
frequently has polarization peaks located at those wavelengths where the 
photoionization cross section has a maximum. In the other polarization 
phenomena discussed so far we often found that the polarization peaks were 
located near cross-section minima, a fact which renders experimental studies 
difficult. 

Our considerations show that the polarization of the photoelectrons can be 
predicted on the basis of (5.31) if the relative contributions of Qs and QD to the 
photoionization cross section can be evaluated. The result of a semi-empirical 
calculation is seen in the upper part of Fig. 5.16, where the solid and broken lines 
are the polarization curves based on two different experimental cross-section 
curves. The figure also shows that experimental studies of this polarization 
phenomenon have to use wavelengths where it was cumbersome before the 
advent of synchrotron radiation to produce circularly polarized light of 
sufficient intensity. 

In the experiment [5.41] sketched in Fig. 5.17 the uv light produced by a H2 
discharge lamp was circularly polarized by a MgF2 prism in conjunction with a 
MgF2 quarter-wave plate and focused onto a thallium-vapor beam emerging 
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Fig. 5.17. Schematic diagram of the ap
paratus for measuring the polarization of 
photoelectrons from thallium [5.41] 
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from an oven at 1100 °e. The photoelectrons were produced in the middle of an 
asymmetric quadrupole field (not shown) which ensured that all electrons were 
extracted regardless of their direction of emission and that electrons produced at 
the walls were not detected. The electron polarization was measured by a highly 
efficient Mott detector whose 1/10 ratio was better than 10-3 (see Sect. 8.1.2). It is 
worth pointing out that for the measurement of P(J.) the intensity distribution 
I(J.) of the light need not be known. This is due to the fact that measuring the 
electron polarization means measuring the ratio of the intensities scattered into 
the two detectors in the Mott chamber, so that knowledge of incident intensities 
is unnecessary. 

The deviation of the measured from the predicted polarization near 150 nm 
emphasized the necessity of remeasuring the photoionization cross section 
[5.42]. The new cross-section data are in accordance with the polarization given 
in Fig. 5.16. The observed value P = - 50 % at 64400 ± 600 cm -1 means that at 
this wave number, Qs disappears. This special case illustrates the general fact 
that at each wavelength the polarization measurement determines the ratio of the 
individual cross sections Qs and QD. On the other hand, measurement of the 
photoionization cross section yields the sum Q = Qs + QD, so that one has two 
independent experimental results for determining Qs and QD separately. This is 
another example of the application of spin-polarization studies (for a further 
discussion see [5.43,44]). They provide additional information on the autoioni
zation process that is not obtainable from cross-section measurements alone; it 
can help one to classify and understand the auto ionization resonances in cases 
more complicated than we have discussed here [5.36]. 

That is why polarization studies in autoionization have also been made for 
other metals and for noble gases. A most appropriate vuv source for that purpose 
is synchrotron radiation because it has a continuous spectrum. With the help of a 
monochromator, the wavelength dependence of the resonance can therefore be 
scanned. Figure 5.18 gives as an example the rich resonance structure which was 
found in the polarization curve obtained by photoionization of xenon atoms 
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Fig. 5.18. Polarization P of photoelectrons ejected by circularly polarized vuv radiation from 
xenon atoms: (--) experimental results [5.45], (----) theoretical results [5.19]. Further 
theoretical results in [5.46] 
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with circularly polarized radiation. All the photoelectrons were extracted 
regardless of their direction of emission. In these measurements advantage has 
been taken of another useful property of synchrotron radiation: the high degree 
of circular polarization of the vuv light emitted along a certain direction. For 
details of the evaluation of these results, and for the polarization phenomena 
observed in auto ionization of other elements, we refer to some of the original 
papers [S.30, 32, 47]. It should, however, be emphasized that such resonance 
features occur not only in the angle-averaged polarization P, but also in the other 
polarization parameters presented in Table S .1. Measurements of a complete set 
of parameters as discussed in Sect. S.2.4 have been used to determine the 
resonance behavior of the complex matrix elements for autoionization of the 
outer 6.r shell of mercury [S.32]. 

Problem 5.6. Calculate the spin polarization of the photoelectrons in the state 
IS 2D3 /2 , mj=3/2) using the eigenfunctions given in Fig. 5.15. 

Solution. We are interested in aU the photoelectrons regardless of their direction of emission. 
Since the z axis (propagation direction of the incident light) is the only preferential direction, 
Px and Py vanish when averaged over aU angles. Hence we find from the definition of Pz as the 
expectation value of the spin operator a z 

pz=<ft G) Y2 ,l - Is G) Ydazlft (~) Y2 •1 - Is G) Y2 •2 ) 

=<f (~) Y2 ,l - Is G) Ydf (~) Y2,1 + Is G) Y2 ,2)' 

Since the eigenfunctions are orthonormal, one has 

_ 1 4 
P =---= -06 

z 5 5 .. 

5.3.2 Auger Transitions 

Autoionization is found in neutral atoms which have an internal energy high 
enough to decay by electron emission. If such states of high internal energy are 
produced not by excitation but by ionization of an inner shell, the subsequent 
decay is called Auger transition. 

It is obvious that Auger transitions from polarized states may result in 
polarized free electrons. First attempts to utilize such processes for studying 
magnetic solids by polarized-Auger-electron spectroscopy are promising 
[5.48-S1]. Auger electrons may also become polarized if the incident ionizing 
projectiles are polarized. This is plausible from the numerous processes treated 
where polarization of the incident particles is transferred to the decay products: 
from photons to electrons in photo- and autoionization; from electrons to 
photons in bremsstrahlung, and in atomic light emission after electron-impact 
excitation. etc. 
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We will focus our attention on the less obvious phenomenon in which 
polarization of Auger electrons can be produced although neither the atom nor 
the ionizing projectile is polarized [5.52-55]. From the symmetry arguments 
used in Sect. 5.2.3 we find again that the polarization must be normal to the 
reaction plane, have a forward-backward asymmetry P(n-())= -P(()), and 
disappear if averaged over the directions of emission. The analogies to 
photoionization go even further. Let us discuss this for the specific case of an 
initial hole in the L3 shell (J = 3/2), assuming that two decay channels (two 
possible angular momenta for the Auger electrons) exist. The angular depen
dence of the Auger-electron polarization is then given by (5.26), where n is the 
normal to the reaction plane and ~ is again proportional to (5.27): 

(5.32) 

IRkl and 15k are now the moduli and phases of the matrix elements describing the 
Auger transitions from the initial hole state to the final states where the L3 hole is 
filled and an additional shell has been ionized. The parameter A will be discussed 
later. Again, polarization can only occur if there is interference of (at least) two 
transitions as described by the factor sin (15 1 -(52 ), i.e., more than one partial 
wave must be allowed by the selection rules for the Auger electrons. 

This brings us to the differences between photoelectron and Auger-electron 
polarization. Auger emission is not governed by the well-known selection rules 
for dipole transitions since its cause is the Coulomb interaction between the 
electrons which participate directly in the transition. One of the consequences is 
that their polarization disappears if the final ion state has zero angular 
momentum Jr = 0: since conservation of angular momentum and parity holds, 
the angular momentum J of the initial inner-shell hole is transferred to the Auger 
electron and one obtains only a single partial wave, a situation which we have 
just found to yield zero polarization. 

Another difference from photoionization is the appearance of an additional 
factor A in the parameter ~. It describes the alignment of the initial state. The 
atoms which are ionized in an inner shell may be aligned, i. e., the 2J + 1 sublevels 
IJM) may have unequal populations such that the states IJM) and IJ - M) are 
equally populated. Figure 5.19 a illustrates such a situation; the lengths of the 
vectors representing the states IJM) are assumed to be proportional to the 
numbers of particles in these states. It is seen that the average angular 
momentum of the system is zero. For comparison, the figure shows an isotropic 
system and a polarized system which possesses a net angular-momentum 
component along the z axis. If Q(IMI) are the excitation cross sections for the 
magnetic substates, one has for the above-mentioned case of an initial L3 hole 
(J = 3/2) 

A = Q (I!I) - Q (Itl) 
Q (I!I) + Q (Itl) . 
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Fig. S.19a-c. Axially symmetric systems (a) aligned, (b) isotropic, (c) polarized. The arrows 
represent the angular momentum J precessing around the axis of quantization. The length of 
an arrow indicates the number of particles in this state 

It was explained at the end of Sect. 4.5.3 why, for quantization along the 
direction of the incident particle, the excitation cross sections for different 
sublevels differ from each other. 

The appearence of the alignment parameter in the polarization formula 
implies a further restriction on the Auger-electron polarization. It is reduced by 
this factor and vanishes if A = O. Alignment can only exist if J > t ; otherwise one 
has only a single value of )M) so that unequal populations of different )M) cannot 
occur. As a consequence, polarized Auger electrons will not be emitted by decay 
of a vacancy in the K, L 1 , L 2 , M 1 , M 2 , etc., shells where J is too small. 

The fact that the alignment appears in the polarization formula can be 
visualized as follows. We have seen that parity arguments like those of Sect. 3.4.4 
demand the polarization to be normal to the reaction plane, which is spanned by 
the direction of the incident projectile and the direction of the Auger electron. 
Unlike photo ionization, the Auger effect can be considered as a two-step process 
where, in the first step, the incident projectiles may produce an alignment of the 
vacancies along the direction of incidence. If such an alignment exists, a memory 
of the direction of the incident particles is retained in the decay of the vacancies 
so that there is a well-defined reaction plane in this second step. If there is no 
alignment, one has no such plane and definition of a polarization normal to a 
reaction plane is impossible. The decaying system is then isotropic, the incident 
particles might have come from any direction, and the polarization averaged 
over all those directions vanishes. 

Let us point out again that the results obtained are valid for the case where 
neither the atoms nor the incident particles are prepolarized. Polarized incident 
particles may, of course, engender polarization of the vacancy states, (cf. Fig. 
5.19c) which may result in Auger-electron polarization in any direction, 
depending on the incident polarization. 

Having emphasized the similarities and differences between photoionization 
and Auger effect let us finally remark that in both cases the electron polarization 
is, of course, a result of spin-orbit interaction. In either case significant 
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polarization may occur due to spin-orbit coupling in the continuum. In cases 
where this interaction is negligible, electrons coming from well-defined fine
structure levels may still have polarization due to spin-orbit interaction within 
the atoms. 

Measurements of Auger-electron polarization should therefore resolve the 
fine structrue of the Auger lines or they should work with heavy elements. 
Observance of the conditions J>! and Jr=l=O for the angular momenta of 
vacancy and final state, respectively, is mandatory provided that neither atoms 
nor incident projectiles are polarized. As in photoionization, such measurements 
yield information on the transition matrix elements which complements that 
obtained from the usual studies of intensity and angular distribution. For 
completeness we add that (5.26), with e from (5.32), gives the angular 
dependence of Auger-electron polarization only in the common case where the 
alignment can be described by a single parameter. For a vacancy in an inner shell 
with J~ 2, IMI has more than two values so that one needs more parameters to 
describe the alignment. They appear in the polarization formula as factors of the 
higher order Legendre polynomials [5.52,53]. 

Since the polarization of Auger electrons ejected from unpolarized atoms is a 
new topic, experimental studies are as yet rare. In a first attempt, studies of the 
transitions M4N1N2 ,3ep2), M sN 1N2 ,3ep1) in Kr and MsN4,sN4,seF4) in Xe 
showed no significant polarization within the experimental error limits [5.56]. 

5.4 Multiphoton Ionization 

An atom can also be photoionized by absorption of several photons whose total energy is 
greater than the ionization energy. Cases are discussed where the photoionization takes place 
via an intermediate state of the atom, i.e., by absorption ofa resonance frequency. Numerous 
possibilities arise for producing polarized electrons. Studies of photoelectron polarization in 
conjunction with cross-section measurements allow comprehensive knowledge about mul
tiphoton ionization to be obtained. 

Until now we have been discussing photoionization that takes place by 
absorption of one photon. It can, however, also occur by absorption of several 
photons oflower energy, as long as the sum of the photon energies is greater than 
the ionization energy. In this case one can work with longer wavelengths and 
have the advantage of being outside the uv region which, below ca. 180 nm, 
presents particular experimental difficulties. 

Such multiphoton ionization processes may occur by excitation of inter
mediate resonance levels which are subsequently ionized by photon absorp
tion. However, when the photon frequencies do not match the energies of any 
intermediate states the processes will also take place, though with lower cross 
sections [5.57-60]. We will discuss here the first case of resonant multiphoton 
processes which is the easiest to realize experimentally and which can be 
described as photoionization of excited states. 
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Fig. 5.20. Two-photon 
transitions in Cs atom 

The polarization effects in multiphoton ionization are analogous to those 
discussed in Sect. 5.2. The first processes that were discussed are those where 
polarized photoelectrons are produced by circularly polarized light [5.57,61-
63]. To be specific, let us consider two-photon ionization of cesium. A photon of 
resonance frequency excites an intermediate state of the atom which is then 
ionized by absorption of a second photon. If we illuminate with the wavelength 
459.3 nm, the intermediate state 7 2Pl /2 is reached (see Fig. 5.20). If a+ light is used, 
the photoionization can only follow route 1 because of the selection rules 
iJI= ± 1, iJj= 0, ± 1, and iJmj= + 1. There are no transitions starting from the 
ground state with mj= +t, nor are there transitions from the excited state 
7 2P1/2 (mj=t) into the S states (since mj=f is not possible there) or into the P 
states of the continuum. 

As in Sect. 5.2.1, by using Clebsch-Gordan coefficients or by direct 
calculation, it can be seen that the final state E; 2D3 /2 (mj=3/2) has the angular 
momentum eigenfunction 

Since we are still interested in all photoelectrons regardless of their direction of 
emission we calculate their average polarization Pz in the direction of the light 
propagation and obtain Pz=t-t= -0.6 (see Problem 5.6). Thus with a + light 
of wavelength 459.3 nm one obtains, by absorption of two photons, a 
photoelectron polarization of - 60 %. We have here a different situation than in 
the case of the Fano effect. There it is essential that, owing to an appreciable spin
orbit coupling in the continuum, the radial matrix elements Rl and R3 depend on 
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j. In the present discussion, however, use is made of the energy splitting of the 
bound states which is likewise caused by spin-orbit coupling. A polarized final 
state is reached via a polarized intermediate state and dependence of the radial 
matrix elements on j is not necessary for producing polarization of the 
photoelectrons. 

If one uses 0"+ light of the shorter wavelength 455.5 nm one first reaches, by 
routes 2, 3, and 4, the sublevels mj =t and f of the 72P3/2 state and finally the 
continuum states shown. Superposition of the polarizations of the final states, 
weighted with the corresponding transition probabilities, yields the resulting 
photoelectron polarization. Accordingly, the polarization obtained depends in 
this case on the transition probabilities into the various continuum states. If one 
assumes that the radial matrix elements to the continuum are equal for j = f and t 
(thus excluding the circumstances which cause the Fano effect), a simple 
calculation similar to that in Sect. 5.2.1 yields Pz = {I ~ 82 %. If the radial matrix 
elements differ, the polarization is somewhat changed. 

Only if spin-orbit coupling were to disappear both in the continuum and in 
the discrete region (radial matrix elements to the continuum not j dependent, 
vanishing energy splitting in the discrete region) would the polarization vanish, 
since in that case the photon spins would not be coupled into the electron spin 
system. 

Multiphoton ionization can only be achieved with light sources of high 
intensities. The ionization of short-lived intermediate states, discussed above, 
only yields measurable intensities if there are enough atoms in these states. This 
explains why such experiments have been stimulated by the advent of the laser. 
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Fig. 5.21. Polarization of the photoelectrons obtained in resonant two-photon ionization of 
cesium via the 72Pl/2,3/2 intermediate states [5.64] 
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The result of a polarization experiment [5.64] in two-photon ionization is 
shown in Fig. 5.21. The polarization has been measured as a function of the 
wavelength of a tunable dye laser which has been used for excitation as well as for 
ionization. The bandwidth of the radiation was approximately 1.2 nm, the pulse 
duration was 1.4 ns with a repetition rate of the pulses up to 100 Hz, and the 
maximum peak power was roughly 500 W. 

The dashed lines in Fig. 5.21 indicate the polarizations -60 % and + 82 % 
calculated above for the 2Pl/2 and 2P3/2 intermediate states, respectively. The 
latter value is, however, to be expected only if the intensity of the exciting light is 
not too large, so that the populations of the intermediate sublevels are 
proportional to the transition probabilities into these states. If, at the other 
extreme, the transition to 7 2P3 /2 is saturated (equal rates for excitation and 
induced emission) the excited sublevels are equally populated, since their 
popUlations equal those of the ground-state sublevels. Since the numbers of 
photoelectrons in the various continuum sub states change when the populations 
of the intermediate states are changed, one obtains a different photoelectron 
polarization for the case of saturation. The polarization is then + 60 % which is 
also given by a dashed line in Fig. 5.21. When the wavelength of the laser was 
tuned on the resonance line 455.5 nm the observed polarization was, indeed, 
almost 60 %, the laser power being more than sufficient to saturate the transition. 
By tuning the laser away from resonance, it was possible to use only the smaller 
power in the tail ofthe wavelength distribution for excitation while the full power 
of the pulse remained available for ionization. In that way a setting could be 
found where saturation no longer played a role. Under this condition 82 % 
polarization was observed. The polarization obtained by two-photon ionization 
via 7 2P1/2 is not affected by saturation effects: in this case it is only one 
intermediate sublevel that is populated so that the final polarization does not 
depend on the relative populations of two competing sublevels as in the 2 P3 /2 

case. The experimental result was close to the theoretical value of -60 % for the 
7 2P1/2 resonance. When the laser was tuned in between the two resonances, the 
tails of the wavelength distribution produced photoelectrons with different signs 
of the polarization P. This explains the small values for P between the resonance 
lines. 

Multiphoton ionization is another example of the fact that it does not suffice 
to discuss the polarization phenomena "in principle". Instead, the results depend 
very much on the specific conditions of the experiment. We have seen that, owing 
to saturation effects, the polarization obtained can depend on the intensity of the 
exciting light. Another drastic change of the electron polarization may be 
brought about by the fact that the circular polarization of the light used does not 
reach the ideal value ofl00 %. The effect ofa small admixture of (J- light in high
intensity (J+ light is quite obvious: If the exciting light intensity is much higher 
than is necessary to saturate the transitions Llm j = + 1, electrons originating 
from transitions Llmj = -1 may contribute appreciably and reduce the polari
zation. This is why, near the resonances, the measured values in Fig. 5.21 do not 
quite reach the theoretical saturation values of ± 60 %. At very high exciting light 
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intensities there will be enough (J- light available to saturate even the transitions 
L1m j = -1. The subsequent photoionization of the states reached by these 
unwanted transitions results in a strong reduction of the overall polarization 
observed. There are still other reasons why the polarization may change in strong 
radiation fields: As the light intensity is increased beyond a certain limit, the 
width of the intermediate resonance level is changed as well as its energy [5.57]. 
The polarization of the photoelectrons is then affected due to the influence of 
neighboring levels with different polarizations; this has been theoretically 
discussed and experimentally verified by preliminary results obtained with 
sodium [5.65]. Besides the intensity, the other parameters of the laser pulse such 
as rise time and line shape may also affect the photoelectron polarization as has 
been shown by several calculations both for resonant and for nonresonant 
multiphoton processes [5.66]. 

A further reason for observing polarization values other than calculated 
above can be optical pumping processes of the kind discussed in Sect. 5.5.2. 
Optical pumping, a consequence of successive absorption and spontaneous 
emission processes, changes the relative population of the various sublevels. 
With (J+ light, the population of the high-mj sublevels is increased at the expense 
of the other sublevels which results in a higher photoelectron polarization. In the 
experiment discussed, optical pumping did not occur because the laser pulse 
length was much shorter than the natural lifetime of the excited states. 

The length of the interaction time between the light and the atom affects the 
electron polarization in still another way. We have so far treated multiphoton 
ionization in the fine-structure scheme, not taking into account the coupling 
between the electron angular momentum and the nuclear spin. The relaxation 
time r (or, if one prefers, the precession time) of this hyperfine interaction is 
usually of the order 10-9 to 10- 8 s. If the ionization process takes place within a 
time interval L1 t~ r after excitation, the fine-structure scheme is a proper 
description because the excited state has no time to relax into the hyperfine 
states. One has this situation if, e. g., the ionization pulse is very intense or if the 
same short pulse is used for excitation as well as for ionization. If, on the other 
hand, one uses a long ionization pulse with a moderate intensity so that it takes 
on average a time t ~ r to ionize the intermediate state, the hyperfine-structure 
scheme gives a proper description of this state. The precession of its angular 
momentum caused by the hyperfine interaction results in a lower average 
orientation of the intermediate state. Its average spin polarization along the 
quantization axis is thus reduced, so that one also obtains a smaller polarization 
of the photoelectrons. For a detailed discussion see [5.67,68]. 

Polarization experiments in multiphoton ionization allow determination of 
key parameters governing photoionization of excited states. In particular, the 
bound-free matrix elements involved in the processes can be found. This is 
similar to the situation in ground-state photoionization discussed in the 
preceding sections. Since the matrix elements (and the polarization depending on 
them) are very sensitive to the choice of the wave functions and the theoretical 
approximations [5.58], polarization measurements provide a refined test of 
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Fig. 5.22. Apparatus for measurement of polarization 
ofphotoe1ectrons produced by linearly polarized light 
in two-photon ionization of cesium. (Cs) cesium 
beam; (E) electric field direction ; (6) angle between 
directions of light polarization and observation [5.33] 
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calculational models. Such studies of matrix elements have been made not only 
for photoionization of cesium 2 P states, but also for cesium 2 D states which have 
been excited by quadrupole transitions [5.69]. Two-photon ionization which 
includes such "forbidden" steps can be performed without difficulty by suitable 
lasers. 

Up to now we have discussed photoionization of excited states by means of 
circularly polarized light. Polarized photoelectrons can, however, also be 
produced by linearly polarized or even unpolarized light, as we have seen in Sect. 
5.2.3, where we considered photoionization of the ground state. We can now 
transfer these results to photoionization of excited states. Let us pick out the case 
of two-photon ionization by linearly polarized light, since here the electron 
polarization has been studied experimentally. From the results of Sect. 5.2.3 we 
expect the photoelectrons to have a polarization which is perpendicular to the 
polarization vector of the light and to the direction of observation of the 
photoelectrons. The polarization was measured with the apparatus shown in 
Fig. 5.22. An atomic beam of cesium was crossed with the light of a dye laser 
which produced pulses of 400 ns duration, focused into 1 mm2 • The photoelec
trons ejected into a fixed direction were sent into a Mott detector for polarization 
analysis. The light polarizer was rotated in order to vary the angle () between the 
directions of light polarization and of photoelectron observation. Being 
perpendicular to these two directions, the electron polarization in the arrange
ment of Fig. 5.22 did not change its direction when () was varied, so that one 
always had maximum scattering asymmetry in the Mott detector. From the 
measured angular dependence of the electron polarization the characteristic 
parameter ~ of (5.28) was determined. 
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Applying the discussion of Sect. 5.2.4 to photoionization of the 7 ZP1/Z 
intermediate state of cesium we see that one needs four measurements to 
completely evaluate the two matrix elements Rs and RD for the transitions into 
the £ZS1/Z and the £zD3/Z continuum state. For determmation of the matrix 
elements advantage has been taken of the fact that one is not restricted to 
measurements of the quantities Q, {3, P, e, and y of Sect. 5.2.4 if polarized atoms 
are photoionized: With the help of Fig. 5.20 it can be seen that two-photon 
ionization by a light via 7 zP1/Z produces a polarized intermediate state from 
which only a D continuum state can be reached. (The S continuum is not shown 
in the figure.) The photoionization cross section Q(a) is therefore determined by 
IRDlz alone. Since both Sand D continuum states can be reached by two-photon 
transitions with linearly polarized light (selection rule Am j = 0, z direction 
= direction of light polarization), Q(n) is determined by IRsiz + IRDlz. From a 
measurement of the ratio Q(n)/Q(a), together with an absolute cross section 
measurement yielding IRsiz + IRDlz, one therefore obtains IRsiz and IRDlz 
separately. From the measured electron polarization one obtains e and thus the 
expression (5.27) (in which R1 and Rz are now the matrix elements Rs and RD)' 
From the angular dependence of the intensity, which has also been measured in 
the experiment described, one obtains the asymmetry parameter {3(IRsIZ, IRDlz, 
IRsllRDI cos (c5s -c5D)) (cf. Sect. 5.2.4). Having determined IRsl and IRDI from the 
cross sections, one can evaluate the phase difference c5s - c5 D from e and {3 and 
accomplish the complete determination of the matrix elements. For numerical 
results, see [5.33]. 

We have dealt with only a few of the simplest cases for producing polarized 
electrons by multiphoton ionization. There are abundant possibilities if one 
varies the number of photons participating and the kinds of atoms used. One 
can, for example, work [5.61] with atoms which have the ground state n zP1/Z (B, 
AI, Ga, In, TI) and illuminate with a+ light of the wavelength that excites the 
intermediate state (n + 1)ZS1/2 (see Fig. 5.23). Due to the aforementioned 
selection rules for a+ light, the two-photon transition then follows a specific path 
into the continuum state £ zP3/Z (mj =t) in which all electrons have the spin 
quantum number ms = + t. The photoelectrons are thus totally polarized. 
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Fig. 5.23. Two-photon transition in tri
valent atom 
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By playing around with energy levels of various atoms, selection rules, the 
light polarization, and the number of photons participating, the reader can easily 
find innumerable other transitions which yield polarized electrons in mul
tiphoton ionization. 

5.5 Collisional Ionization of Polarized Atoms 

By collisional ionization of polarized atoms, polarized free electrons can be produced. The 
processes discussed in detail are the collision of polarized deuterium atoms with H2 or He and 
Penning ionization of polarized helium atoms in a helium discharge. Measurement of the 
electron polarization can be used as a diagnostic tool for the analysis of collision processes. 

5.5.1 Collisional Ionization of Polarized Metastable Deuterium Atoms 

If one has polarized atoms one can eject their oriented electrons by ionization 
and so produce polarized free electrons. This can be done by photoionization, as 
discussed in Sect. 5.1, but it can also be done by collisional ionization. Useful 
degrees of polarization are obtained only if it is mainly the oriented electrons that 
are ejected in the collisions; ionization of states with nonoriented electrons must 
be avoided. 

In the method [5.70] now to be discussed, polarized deuterium atoms in the 
state 22S 1/2 are used. This state is metastable because radiative transitions into 
the ground state 12 SI/2 are forbidden by the selection rule LJI = ± 1. The state lies 
only 3.4 eV below the ionization threshold and is much easier to ionize than the 
ground state whose ionization requires about 13.6 eV. When the metastable 
deuterium atoms collide with H2 molecules or He atoms, which themselves have 
high ionization energies, the metastable deuterium atoms are preferentially 
ionized. 

The details of the experiment are given in Fig. 5.24. A deuteron beam which 
passes through Cs vapor picks up electrons by charge exchange. At deuteron 
energies from 500 to 1000 eV, about 25 % of the neutral D atoms emerging from 
D+ -Cs collisions are in the metastable state 22S1/2 • The rest are in states that 
decay immediately to the deuterium ground state. The remaining charged 
particles that leave the Cs cell are removed from the beam by a weak electric 
deflector field. 

To polarize the metastable deuterium atoms the "level-crossing" technique is 
used which takes advantage of the Zeeman splitting in an external magnetic field 
[5.71]. The mj= -t sublevel of the 2 2S 1/2 state and the mj=t sublevel of the 
22P1/2 state cross in a magnetic field of 57.5 mT (see Fig. 5.25). If the states 
overlap, a weak electrical perturbation field causes strong mixing of their wave 
functions. Consequently, the 2 2S1/2 state obtains a large admixture of the 2 2P1 /2 

wave function so that the 22S1/2 (mj = -1/2) atoms can rapidly decay into the 
ground state by an optically allowed transition. Accordingly, the arrangement 
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Fig. 5.24. Production and collisional ionization of polarized metastable deuterium atoms 
[5.70] 

shown in Fig. 5.24 yields polarized metastable D atoms. (During the short time 
needed by the metastables to traverse the field, the weak perturbation field does 
not suffice to depopulate the 22S 1/2 (mj= + 1/2) state.) The static magnetic field 
that gives rise to the Zeeman splitting and simultaneously decouples the electron 
spins from the nuclear spins may, in principle, be used as the perturbation to 
bring about the mixture between the Sand P wave functions, since it causes a 
motional electric field E = (v/c) x B. In the present experiment an additional 
weak electrostatic field ("quench field") is used to ensure that the unwanted 
states are completely depopulated before the atoms reach the ionization cell. 

The collisional ionization ofthe metastable D atoms whose spins are oriented 
parallel to the magnetic field takes place in a gas cell filled with H2 or He. (To 
photoionize the atoms would be ineffective here. The photoionization cross 
section is small, and the D atoms of a few hundred e V have high velocities so that 
their density in the ionization area is low.) The electrons ejected by collisional 
ionization are collected by an extraction field. After conversion of their 
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Fig. 5.25. 22S1/2 and 2 2P1/2 energy levels of 
atomic deuterium as a function of the magnetic 
field 
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longitudinal polarization into transverse polarization (see Sect. 8.1.1) the 
polarization is measured with a Mott detector. The maximum value found was 
33%. 

Since the ionization cross section of the metastable state is about 15 times 
larger than that of the ground state and since the ratio of polarized metastable 
atoms to atoms in the ground state is about 1/8, the polarization ought to be 
considerably higher than 33 % (about 60 %) if the polarized bound electrons were 
directly knocked out during the collision. The fact that the measurement gave P 
::;; 33 % indicates that the collisional ionization predominantly proceeds as 
follows: When the polarized D atoms pass through the target gas cell, first D
ions are formed; they subsequently eject one of their electrons by autoionization. 
The spins of the electrons that are picked up by the polarized atoms from the 
unpolarized target gas can be parallel or anti parallel to those of the polarized 
atoms. Since in the auto ionization process there is no difference between the 
attached electrons and the previously oriented atomic electrons, the observed 
electron polarization is reduced. 

The experimental result thus leads to the conclusion that the collisional 
ionization of the metastable D atoms does not take place directly, but instead 
occurs predominantly by autoionization. This is an example of how polarization 
measurements can yield essential information on atomic collision processes. 

5.5.2 Penning Ionization 

We will now give another example of the diagnostic possibilities arising from 
electron-polarization studies. It has been shown by such investigations [5.72] 
that the free electrons in a weak He discharge are mainly produced by collisions 
between metastable He atoms (He*) and not by ionization of the atoms through 
electron collisions, as one might suppose. 

Figure 5.26 is a schematic diagram of the experiment. A weak rf discharge 
produces a steady-state population of the metastable helium states. Because of 
their long lifetime (fraction of a millisecond) the metastable states are populated 
to a much higher extent than the other excited states. The metastable 23 S1 atoms 
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Fig. 5.26. Polarized electrons from an optically 
pumped He discharge [5.72] 
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Fig. 5.27. Optical pumping in helium. Not drawn to scale. The 2 3 PO,l,2 levels lie so close 
together that they are all excited by the 1.08-11m line 

are polarized by optical pumping with circularly polarized light. The polarized 
He* atoms thus obtained give rise to polarized free electrons in the discharge. An 
exit canal in the discharge cell allows extraction of electrons and analysis of their 
polarization by a Mott detector. 

Figure 5.27 explains how the metastable atoms are polarized by optical 
pumping. By irradiating with infrared circularly polarized 0'+ light of wave
length 1.08 11m one obtains transitions into the 2 3p states with the selection rule 
AMJ= + 1. The subsequent spontaneous emission is governed by the selection 
rules AMJ=O, ± 1, so that only some of these transitions go back to the initial 
states; the rest go to higher M J of the state 23S1 . By continuous pumping, the 
population of the state 23S1 (MJ = +1) is therefore increased at the expense of 
the two other sublevels of 23S1 . Since in the 23S1 (MJ= + 1) state both electron 
spins are parallel to the incident direction of the light, one obtains a partial 
polarization of the He* (2 3 Sl) atoms in this direction. These metastables are thus 
labeled by their polarization. If there are polarized free electrons in the discharge 
they could only have originated from these atoms. 

On the other hand, there are numerous processes in the discharge that can 
produce unpolarized electrons, for example, collisions of ions with the walls of 
the exit canal and other secondary processes. The fact that, in spite of this, the 
extracted electron beam was still found to be 10 % polarized, shows that a large 
fraction of the free electrons in the discharge originates from the polarized He* 
atoms (an estimate showed that - since the metastable atoms are only partially 
polarized - in the ideal case where all extracted electrons are produced by 
collisions between metastable atoms, 30-40 % polarization should be measured). 

This proves that collisional ionization of un polarized He atoms (which are at 
least a factor 105 more numerous than the polarized He* atoms) by electrons is 
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not the main source of the free electrons. Ionization of the polarized He* atoms 
by electron collisions (ionization energy 4.7 e V) can, however, also be excluded: 
Since in the discharge there are not enough electrons available with energies 
> 4.7 eV (estimated on the basis of the electron temperature of 2.5 eV), this 
process cannot possibly balance the large electron loss rate due to diffusion to the 
walls, as would be necessary for maintaining a steady discharge. Exchange 
scattering of slow electrons by the polarized He* atoms does not release enough 
polarized electrons either, as another estimate by the authors shows. Thus 
Penning ionization, that is, ionization by collision of two metastable atoms, 
remains as the predominant electron production process. 

Let us consider this reaction in more detail. When a He*(2 3S1, MJ= +1) 
atom collides with a He* (2 3 S 1, M J = 0) atom, the reaction can be written 

He*(2 3S1)+He*(2 3SI) ~ He(11So)+He+ +e, 

if j!+H j!-H i i 

where the spin eigenfunctions of the various particles are given symbolically. 
Conservation of total spin, which is assumed in the above reaction, has been 
separately proved by the authors [5.73]. They showed that with strong 
polarization of the metastable atoms, the production rate of free electrons 
decreases. This has the following explanation: with increasing polarization, the 
Penning ionization must increasingly occur with metastable atoms in the state 
MJ=1. Since 

if+if ~ j!-H+i+i 

is incompatible with spin conservation, the decrease of the free electrons with 
increasing polarization shows that spin conservation holds. Furthermore, the 
observation of the decrease of the free electrons provides additional evidence for 
the fact that Penning ionization is the predominant source of ionization in the 
discharge. 

Polarized electrons are also produced by the reaction 

He* (2 ISO) + He*(2 3SI) ~ He(l ISo)+He+ +e 

j!-H if j!-Lj i i 

in which metastable atoms in the singlet state are involved. The electrons 
produced by Penning ionization of two H*(2 3SI) atoms with MJ=O are, 
however, unpolarized. 

The conclusions drawn here were confirmed by measuring the electron 
polarization during the afterglow. When the discharge voltage is terminated the 
electrons rapidly come to thermal equilibrium with the gas atoms so that 
electron-impact ionization can no longer take place. Nevertheless, for 10-3 to 
10-4 s (during the so-called afterglow) charged particles are still produced. It is 
known that the Penning ionization is responsible for this. There are no 
competitive electron-production processes in the afterglow, so that an increase 
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of the polarization is to be expected. Indeed, the polarization measurements on 
electrons which were extracted during the afterglow yielded polarizations of up 
to 17%. 

These measurements have demonstrated that while collisions between 
metastable atoms are the only source of free electrons in the afterglow, they also 
produce most of the electrons in the active discharge. The process discussed here 
is but one of many (e.g., chemi-ionization [5.74] or atom-surface collisions 
[5.75]) in which electron polarization can be used as a diagnostic tool for the 
analysis of collision processes [5.76-78]. Such processes can also be considered 
with a view to building a source of polarized electrons. We will return to this 
point in Sect. 8.2. 



6. Further Relativistic Processes Involving Polarized 
Electrons 

6.1 Bremsstrahlung and Other Relativistic Electron-Photon 
Processes 

Few of the theoretical results on polarization phenomena in relativistic electron-photon 
interaction have been put to a quantitative experimental test. Among those which have are the 
emission asymmetry of the bremsstrahlung produced by transversely polarized electrons and 
the transverse polarization of photoelectrons produced by unpolarized radiation. Some of the 
numerous polarization correlations between electrons and photons that were previously 
inaccessible to measurement may be checked with modern electron-polarization techniques. 
Compton scattering may be used for polarization analysis of high-energy electrons. 

The reader will have noticed that our presentation does not follow the historical 
development of polarized-electron physics. Historically, the electron spin was 
explained from first principles by the Dirac theory. As a consequence, spin 
polarization was first discussed in connection with solutions of Dirac's 
relativistic equation. Polarization effects in electron scattering, for instance, were 
assumed to be significant only if the electron velocity were comparable to the 
velocity oflight. The early polarization experiments in scattering were therefore 
generally made with fast electrons even though slow electrons could be handled 
much more conveniently and successfully [6.1 ].It was not until the 1960s that the 
large polarization effects in low-energy electron scattering were ascertained. 

Similarly, polarization phenomena in relativistic electron-photon interac
tion were discussed soon after the development of the Dirac equation. It thus 
occurred that the higher-order effects of photoelectron polarization in the 
relativistic region were predicted much earlier than the pronounced polarization 
phenomena in the visible and the uv which follow from the dipole approximation 
(cf. Sect. 5.2) and which were long overlooked. 

The attention of experimentalists was therefore focused on relativistic 
polarization effects at a time when techniques for producing and analyzing 
polarized electrons were at an early stage. This is why the experimental 
verification of the processes treated in the following section often does not come 
up to the standard of present-day experiments or is even missing. Perhaps the 
following brief summary of relativistic processes involving polarized electrons 
will stimulate further experiments with modern techniques: in a few cases they 
will be seen to have even begun. 
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A process that is well known because it has frequently been used for 
measuring the polarization of p particles is the production of circularly polarized 
x-rays (bremsstrahlung) by longitudinally polarized electrons [6.2]. The polari
zation of the photons can be detected by Compton scattering or absorption in 
magnetized iron because the Compton cross section depends on the orientation 
of the photon spins with respect to the spin direction of the scattering electrons. 
The circular polarization has its maximum for photons emitted in the forward 
and backward directions. It increases with the atomic number of the target and 
the energy of the incident electrons. At a fixed electron energy, hard quanta have 
larger polarization than soft quanta. In the high-energy limit the circular
polarization transfer is complete at the tip of the photon spectrum. 

A circular bremsstrahlung component is also produced by transversely 
polarized electrons if their polarization vector lies in the reaction plane (cf. 
Fig. 6.1). If the latter restriction had not been made, one would have a violation 
of parity: reflection at the reaction plane would not change the initial state 
(electron polarization normal to the reaction plane) whereas the helicity of the 
photons would be reversed! 

Fig. 6.1. Circular 
bremsstrahlung produced 
by electrons whose 
transverse polarization 
vector lies in the reaction 
plane spanned by electron 
and photon momentum 

The latest quantitative theoretical results on the polarization of bremsstrah
lung have been computed by Tseng and Pratt [6.3] in a partial-wave expansion 
taking screening of the atomic Coulomb field by the outer electrons into account. 
The authors also give quantitative results for the following polarization 
correlations between electrons and bremsstrahlung. 

In addition to circular photon polarization, electrons with polarization 
components in the reaction plane produce some linear photon polarization with 
respect to an axis forming an angle of 45° with the reaction plane. This 
bremsstrahlung polarization, which is described by the Stokes parameter 171 
defined in Sect. 4.6, is independent of the linear polarization with respect to an 
axis normal to the reaction plane. Bremsstrahlung polarization of the latter kind 
which is described by 173 is quite common since it is produced even by unpolarized 
electrons and has therefore been studied for a long time; theoreti
cal and experimental work by Sommerfeld and Kulenkampff dates back to 
the 1930s. 

The only bremsstrahlung effect that has been analyzed with the help of 
modern polarized-electron sources is one produced by electrons with polari-
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zation normal to the reaction plane. Apart from linear polarization characte
rized by '13, such electrons engender a left-right asymmetry of bremsstrahlung 
emission. Analogous to (3.70), which describes the asymmetry of polarized
electron scattering, the intensity distribution of the bremsstrahlung is given by 
the differential cross section 

(6.1) 

where (J u is the cross section if the incident electrons are unpolarized, P is the 
electron polarization, and ;, is the unit vector normal to the reaction plane 
defined by the momenta of the incident electron and the emitted photon. C20 

depends, like the Sherman function in (3.70), on the scattering angle e, the atomic 
number Z of the target atom, the electron energy E, and - in addition - on the 
photon energy k. The subscript 0 indicates that all photons are considered 
regardless of their polarization; the 2 is to indicate that only the electron
polarization component normal to the reaction plane contributes to the 
asymmetry. 

Two experiments of this kind have been published in this decade, one using 
polarized electrons produced by Mott scattering [6.4], while the other uses a 
Fano-effect source of polarized electrons [6.5]. According to (6.1), the 
asymmetry can be determined either by measuring the intensity of the 
bremsstrahlung at symmetric angles to the right and to the left or by observing 
the intensity at a fixed emission angle for incident ej and et. The latter method 
has been used in [6.5], where the bremsstrahlung produced by 128-keV (=mc2 j4) 
electrons in a gold foil of 200 J.1gjcm2 thickness has been observed at the 
emission angles of 60°, 100°, and 145°. The x-ray intensity was recorded with a 
spectrometer of 750 e V energy resolution (Ge detector) so that the dependence of 
C20 upon the photon energy k was obtained. In order to avoid instrumental 
asymmetries the characteristic KI]. radiation was simultaneously recorded. Since 
KI]. emission is isotropic, independent of the spin direction of the incident 
electrons, the measurements of bremsstrahlung spectra with ej and et were 
normalized to the KI]. intensity. 

The asymmetry function C2o (k), found as the relative difference of the 
numbers of photons of energy k produced by ej and et, is shown in Fig. 6.2 for 
the emission angle e = 60°. The experimental data are compared with theoretical 
values obtained from a partial-wave analysis of bremsstrahlung production in 
the screened Coulomb field (Hartree-Fock-Slater potential) of the target atom. 
The agreement with theory is good in Fig. 6.2 but at e = 145° discrepancies were 
found. 

None of the other above-mentioned correlations between electron polari
zation and bremsstrahlung has yet been checked by quantitative experiments. 
The experimental work on circular bremsstrahlung produced by longitudinally 
polarized electrons was carried out with a different goal, namely, detecting the 
longitudinal polarization of f3 particles predicted in 1956 as a consequence of 
parity violation in weak interactions [6.2]. For an exact analysis of the electron 
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Fig. 6.2. Bremsstrahlung asymmetry function C20 vs. ratio of photon energy k and 
electron energy E = 128 ke V for gold at emission angle 8 = 60°. (Small error bars) data from 
[6.5]; (large error bars) data from [6.4]; ()() theoretical values from partial-wave analysis for 
screened Coulomb potential [6.3] 

polarization one needs, of course, the coefficient describing the transfer of the 
electron helicity to the bremsstrahlung helicity. Like C20, it depends on Z, e, E, 
and k. The experiments on f3 decay had to rely on theoretical data for this 
coefficient, though different approximations (Born approximation, partial
wave analysis for Coulomb field and screened Coulomb field) have been shown 
to yield somewhat different results [6.3] which have not been seriously checked 
by experiment yet. 

Now that polarized-electron currents which are almost ten orders of 
magnitude larger than those obtained in the earlier bremsstrahlung experiments 
with f3 particles are becoming available, the techniques for studying the 
correlations between the polarization of electrons and their bremsstrahlung are 
accessible. (A quite different aspect, namely, the intensity asymmetry of the 
bremsstrahlung emitted by slow polarized electrons in magnetic substances, will 
be discussed in Sect. 7.1.1.). 

Similar polarization correlations occur when, instead of producing photons 
by electrons, one produces free electrons by photons, as in the photoelectric 
effect, the Compton effect, or in pair production. We have discussed photo
ionization in some detail and have found that the polarization phenomena which 
have been theoretically predicted in the visible and the uv have recently been 
studied by many experiments. But experimental verification of the theoretical 
work on photoelectron polarization in the relativistic region is extremely meager. 
The reason for this becomes clear when we look at the first experiment of this 
kind, which has been performed only recently. It is a measurement of the 
transverse polarization normal to the reaction plane of K-shell photoelectrons 
produced in a gold target by unpolarized y-rays [6.6]. 

A strong (87 mCi) source of 137CS was used for producing the photons. Its 
662-keV y-rays generate 581-keV photoelectrons from the K shell of gold. A 
target of high Z was imperative since the effect to be observed is predicted to be 
approximately of order IY.Z (IY. = fine-structure constant) and because the K-shell 
photoelectric cross section is proportional to Z5. The 581-keV photoelectrons 
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produced in a gold foil of23.2 mg/cm2 thickness were separated from the higher
shell photoelectrons, and from the Compton continuum which has a maximum 
energy of 477 keY, by a double focusing 90°-sector magnetic spectrometer. By 
rotation of the 'Y source, photoelectrons of emission angles 0° :os; (}:os; 60° (angular 
uncertainty ± 8°) could be detected. Their polarization normal to the reaction 
plane was analyzed by a Mott detector. Measurements could be made for 
symmetrical positions of the 'Y source with respect to () = 0°. They yield, for 
reasons of axial symmetry, opposite polarizations. Instrumental asymmetries 
could be eliminated by rotation of the detection system about the symmetry axis. 

The mean counting rates per detector varied from 5 to 3 counts/min in the 
signal-plus-background mode with a mean background rate of about 2 
counts/min. The highly unfavorable signal-to-background ratio explains the 
error bars shown in Fig. 6.3 which range from 9 % at ()= 10° to 32 % at ()= 50°, 
even though the total time required for data collection was about 5 months. One 
can clearly see that, compared with the experimental situation in the vuv 
described in Sect. 5.2.3, the intensity problem is severely aggravated at the 
photon energies considered here as long as y -ray sources are employed. 

Within the error limits given, Fig. 6.3 shows agreement with theoretical 
expectations. The same holds for a later experiment using 334- and 439-keV 
photons and a thorium target [6.8]. For a summary of theoretical work on the 
photoeffect in the relativistic region we refer to [6.9]. 

In Compton scattering and pair production knowledge of the electron
polarization phenomena has not improved much. There are calculations on 
some of the polarization correlations between photons and electrons, such as the 
production oflongitudinally and transversely polarized Compton electrons, and 
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Fig. 6.3. Transverse polarization of K-shell 
photoelectrons vs. angle of emission pro
duced in a gold target by unpolarized 662-
keY y-rays. Experimental points [6.6] com
pared with a theoretical prediction (full 
curve) [6.7] 
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of polarized electron-positron pairs by polarized photons [6.10]. But since the 
difficulties of measurement exceed those of the experiment just described, 
experimental and - as a consequence - theoretical interest has been limited. 
Present knowledge is therefore still well described by older reviews [6.2, 11] and 
need not be repeated here. We will, however, mention an aspect which is of 
practical importance. 

As will be discussed in Sect. 8.1, there are only a few methods applicable to 
polarization analysis at high electron energies. One of the techniques which 
turned out to be practical at the highest energies exploits the asymmetry in 
Compton scattering of circularly polarized photons from the electrons whose 
polarization is to be determined [6.12]. The high photon intensities required are 
produced by a laser in conjunction with a Pockels cell for circular polarization. 
Energy and momentum transfer in a collision of a low-energy photon with a 
high-energy electron traveling in the opposite direction shifts the photon to 
shorter wavelengths. This situation is different from conventional Compton 
scattering where high-energy photons collide with slow electrons. To have a 
numerical example, let 15-GeV electrons in a storage ring make head-on 
collisions with photons of 3 e V which corresponds to a photon energy of 180 ke V 
in the rest frame of the electrons. After the collision the photons have an energy 
of about 6 GeV. For polarization analysis the intensity asymmetry which arises 
by scattering ofleft- and right-handed photons from the polarized electrons can 
be measured with a shower detector. Absolute polarization measurements with 
this method still have to rely on the underlying theory. 

We have emphasized that many of the polarization effects treated in this 
section lay unexplored because the experimental techniques of polarized
electron studies were underdeveloped. Now that the situation has changed the 
field may revive. 

6.2 Spin-Flip Synchrotron Radiation 

Electrons (or positrons) which circulate at high energy in a magnetic field become polarized 
through the emission of spin-flip synchrotron radiation. The polarization arises owing to 
unequal transition rates for the two states of spin orientation with respect to the magnetic field. 
An elementary description of the polarization mechanism and a brief discussion of results 
obtained with storage rings is given. 

It is one of the fundamental facts of electrodynamics that an accelerated charged 
particle emits electromagnetic radiation. A conspicuous example is the "syn
chrotron radiation" emitted by the electrons circulating in the magnetic field of 
a storage ring or a synchrotron. 

When discussing synchrotron radiation, one usually does not take account of 
the electron spin because it has practically no influence on the emitted intensity. 
If, however, the attention is not focused solely on the intensity alone one finds an 
interesting contribution of the electron spin: there is a certain probability that 
the magnetic moment of the electron orbiting at high energy in the magnetic field 
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B Fig. 6.4. Magnetic dipole transition 

will change its direction (see Fig. 6.4). The change of magnetic energy which such 
a spin flip implies results in emission of radiation. Even though the intensity of 
this magnetic dipole radiation is negligible compared to the ordinary synchro
tron radiation, the spin-flip synchrotron radiation has a remarkable conse
quence. When one starts with an unpolarized electron beam one obtains a 
gradual buildup of transverse polarization because the spin flips lead to a 
preferred population of the spin states with magnetic moment parallel to the 
magnetic field of the synchrotron or the storage ring (Sokolov-Ternov effect 
[6.13]). Consequently, one need not necessarily inject polarized electrons into an 
accelerator in order to perform polarized--electron experiments at high energies, 
but one may rely on the inherent mechanism of a suitable machine. 

Unfortunately the buildup of the polarization would need hours (or at least 
minutes) under the operating conditions of present synchrotrons. This is due to 
the small probability of magnetic dipole transitions and means that an 
appreciable polarization cannot be attained in a synchrotron; it can, however, be 
attained in a storage ring where the electrons are stored for a long period. The 
polarization limit that can be reached in this way is 92.4 %. 

We will now give an elementary description of the process leading to electron 
polarization through emission of spin-flip synchrotron radiation. For a 
thorough though highly didactic treatment see [6.14]. 

Our main interest is focused on the probability for spin-flip transitions, since 
this is the quantity that determines the buildup time for the polarization. Let us 
assume that the behavior of the spin can be calculated nonrelativistically in an 
inertial frame where the electron is at rest for a moment. In such a frame, moving 
with the constant velocity v, the electron orbiting with velocity v'is at rest when 
the direction of v' coincides with that of the frame velocity. The energy difference 
between the two possible spin orientations in the magnetic field B' which the 
electron experiences in this instantaneous rest frame is 

ehB' 
2f.1B'=--, 

me 

since f.1 = eh/2 me for the electron. Accordingly, one has for the frequency of the 
spin-flip transition 

I eB' eyB 2 
W =-=--=Y We, 

me me 
(6.2) 
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where use has been made of the expression (8.2) for the cyclotron frequency, and 
of the relation B' =yB between B' and the magnetic field B in the laboratory 
frame. 

Let us mention in passing that one must not conclude from (6.2) that there is 
only a single frequency to be observed in the laboratory frame. The radiation is 
emitted in all directions, and transformation from the instantaneously comoving 
frame into the laboratory frame gives different frequency shifts for different 
directions. That alone can cause a broad frequency spectrum. 

The transition probability per unit time for the spin flip, which is a 
spontaneous magnetic dipole transition, is given by the general expression 

(6.3) 

The formula differs from the well-known expression for electric dipole 
transitions as derived in textbooks of quantum mechanics (see, e.g., [6.15]) 
merely by a substitution of the magnetic dipole operator /l for the electric dipole 
operator er. Evaluation of the matrix element (cf. Problem 6.1) yields, after 
substitution of (6.2) into (6.3), 

, 2 e-h 6 3 
w =-3 ---ys Y We' me 

(6.4) 

Assuming that orbital and spin motion are completely decoupled, and that 
we have only transitions from the upper to the lower energy state of the spin in 
the magnetic field, we have the rate equations 

dN~ = -w'N~dt' 

dNt = -dN~=w'N~dt'=w'(No-Nt)dt', (6.5) 

where No is the total number of electrons and Nt is the number of electrons at 
lower energy (recall that spin and magnetic moment have opposite directions !). 
When the beam was unpolarized at t' = 0, Nt = N~ = No/2, the rate equations 
have the solutions 

which yields for the time dependence of the polarization 

P(t') Nt -N~ 
Nt+N~ 

1 -w't' -e . (6.6) 

We see that in the inertial frame considered, the time characteristic for the 
buildup of the polarization is '"C' = 1lw'. The characteristic time '"C in the laboratory 
frame is 
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m2e5 m22(l 
r = r'y ~ t? hy5 w~ ~ t? hy5 ' (6.7) 

since one has for the orbital radius (! of the relativistic particle (! = elwc . It has 
been taken into account here that, owing to our simplified argumentation, (6.4) 
holds only to within a factor of order unity. 

Physically the simplifications are more serious than they may seem at first 
sight, even though the quantitative results are almost correct. A piece of evidence 
for the failure of our elementary description is the aforementioned polarization 
limit of 92.4 %. Nothing in the discussion so far indicates why all the electron 
spins should not eventually be found in the state of lowest magnetic energy, so 
that one could expect a polarization limit of 100 %. 

Some understanding of the failure of the simplified description can be found 
by considering the exchange of energy between spin and orbital degrees of 
freedom. As a result of the recoil caused by the photon emission, the orbital 
energy of the electron is changed. The change of energy depends on the direction 
of emission and is comparable in size to the transition energy of the magnetic 
dipole. Owing to this interplay of orbital and spin motion it is not appropriate to 
take account of the magnetic dipole energy alone when talking about a transition 
from an upper to a lower energy level; instead, one has to consider the total of 
orbital plus magnetic energy. For this reason, emission of spin-flip synchrotron 
radiation can also occur when the magnetic moment flips into the upper energy 
level as long as the orbital energy takes care of the energy balance. It is these 
processes that prevent the polarization from reaching the limit of 100 %. A 
quantitative treatment shows that the transitions to lower magnetic energy 
which have been discussed at the beginning are 25.25 times as probable as the 
transitions into the opposite direction. This leads to a modification of the rate 
equations (6.5) into 

and thus to a modification of (6.6) into 

P(t) = 0.924 (1 -e -tit) (6.8) 

in the laboratory frame. 
From a practical point of view, it is not only the degree of polarization that is 

of interest, but also the time needed for the buildup of the polarization. In (6.7) 
we found an approximate expression for the time r needed to build up 63 % ofthe 
limiting polarization. Let us apply this formula to the storage ring SPEAR at the 
Stanford Linear Accelerator Center. The bending radius (! of the magnets is 
12.7 m. The electron orbit is, however, not strictly circular, the storage ring 
consisting of bending magnets and straight sections combining to an orbit of 
circumference 2nR, with R = 37.3 m. This gives rise to a correction factor RI(! in 
(6.7) [6.14]. For an electron energy of 2 GeV one thus obtains a characteristic 
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buildup time of about 5 h, whereas at 4 Ge V one obtains only 10 min due to the 
strong energy dependence of T. If a storage ring like PETRA at Hamburg is 
operated at an electron energy of 15 GeV, because of the larger dimensions of 
this machine (2nR=2.3 km, (1= 197 m) one obtains T~30 min. 

The buildup of the polarization has been experimentally verified at various 
storage rings. In the first observations the fact that colliding beams of polarized 
electrons and positrons (which are polarized by the same mechanism) produce 
azimuthal asymmetries in the intensity distribution of the reaction products has 
been exploited. From the observed asymmetries for the processes e - e + ---> e - e + 

and e - e + ---> 11- 11 + the buildup time T and the polarization limit could be 
determined, since the reactions can be reliably calculated from quantum 
electrodynamics [6.16]. More recent experiments employ the asymmetry in 
Compton scattering of circularly polarized photons from the polarized electrons 
[6.12] (cf. Sect. 6.1). The observed values agree approximately with the results 
expected from (6.7 and 8) which do not, of course, consider depolarization 
effects in the storage ring. Electron polarization up to 80 % was found in PETRA 
[6.17,18]. 

The polarization of the electrons has been applied for measurement of the 
azimuthal cross-section asymmetries in reactions of the type e - e + ---> hadrons 
showing that hadrons (mostly pions) are preferentially produced perpendicular 
to the polarization direction [6.19]. From these measurements information on 
the dynamics of hadron production in e - e + annihilation could be obtained with 
much greater accuracy than from measurements of the polar angular distribu
tions with unpolarized beams. For a recent review of the topics presented in this 
section see [6.20]. 

Problem 6.1. Evaluate 1<"'rifll,p;>12 in (6.3). 

Solution. 

(6.9) 

Since the discussion leading to (6.3) concerns the simple case where initial and final state differ 
merely by their spin-dependent parts we have, since the space part is normalized, 

(6.10) 

Using (2.6) we obtain for the last expression 

so that we have 
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7.1 Polarized Electrons from Magnetic Materials 

Polarized free electrons can be obtained by photoemission, field emission, and secondary 
emission of spin-oriented electrons from magnetized materials. Such measurements provide 
information on the structure of magnetic solids. The results can be interpreted within the 
framework of current models of magnetism, but necessitate quantitative refinement of the 
theory. Inverse photoelectron spectroscopy with polarized electrons yields information on 
empty magnetic states above the Fermi level. 

In magnetized solids there are electrons whose spins have a preferential 
orientation. An obvious idea is to try to somehow extract these polarized 
electrons and thus to obtain polarized free electrons. This could, for example, be 
done by the photoeffect or by field emission. However, for a long time all 
attempts of this kind failed. This was probably due to inadequate vacuum 
conditions and failure to minimize stray magnetic fields which may cause 
precession of the spins. One must also take into account that even a magnetizing 
field B along the direction of extraction, as frequently used, has substantial 
effects on the shape and the position of the electron beam. This may be a strong 
source of error when scattering asymmetries are measured as a function of B, or 
when instrumental asymmetries are to be eliminated by reversal of B, because 
large spurious asymmetries can be caused by the magnetic field. 

Polarized electrons were not successfully extracted from magnetic materials 
before the end of the 1960s. Since that time experiments have been made on 
ferromagnetic and antiferromagnetic substances, metals as well as semiconduc
tors and insulators [7.1-4]. 

In the classical ferromagnets Fe, Co, and Ni the magnetism is caused by the 
3d electrons. For the description of the magnetism in these materials the band 
model is widely used. In this model, the exchange interaction which is responsible 
for the ferromagnetism causes an energy shift of the ej and et in the 3dband. The 
shift is determined by the strength of the exchange interaction and has different 
directions for ej and eL as shown schematically in Fig. 7.1. Since both subbands 
are filled up to the Fermi energy, the 3df band holds more electrons than the 3d~ 
band. For nickel there are 5 electrons per atom in the 3df band and 4.46 electrons 
per atom in the 3d~ band. Accordingly, there is a resulting magnetic moment of 
about 0.54 J1B per atom. 

Other materials that have been studied are systems with localized magnetic 
moments, such as rare-earth elements and their compounds which are ferro-
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Fig. 7.1. Schematic diagram of the 3d-band 
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Fig. 7.2. Schematic diagram of the energy 
states in europium chalcogenides 

magnetic or antiferromagnetic at low temperatures. In such materials it is mainly 
the 4f electrons of the rare-earth atoms that are responsible for the magnetism, 
as is illustrated by the schematic energy-level diagram of Fig. 7.2. There are 7 
electrons per europium atom in the localized 4fstates. Since 1= 3 forfstates, this 
means that half of the 2 (21 + 1) = 14 states available are occupied. The Pauli 
principle still allows all the electrons to have the same spin direction. In 
accordance with Hund's rule, this state, which has the spin quantum number !, 
occurs in europium. It is evident that extraction of the electrons from the 4f 
states should yield highly polarized electrons. 

7.1.1 Photoemission 

If nickel is irradiated with short-wave light offrequency v::2:Vl (see Fig. 7.1), 3d 
electrons are photoemitted. With the frequency V3 the 3d electrons can be 
knocked out irrespective oftheir energetic position. If one uses the numbers from 
page 196 (and ignores complications which have yet to be mentioned) one 
would therefore expect a polarization P~(5-4.46)/(5+4.46»d to 6% if the 
sample is magnetically saturated. Let us make a remark here on the sign of the 
polarization. Since it is the magnetic moment of the electron that gives rise to the 
magnetization, we follow common usage and define the polarization of the 
electrons obtained from magnetic materials to be P=(Nt -NL)/(Nt +NL), 
where Nt and N L are the numbers of electrons with their magnetic moments (not 
their spins) parallel and antiparallel to the magnetization of the crystal. With this 
definition P is positive for electrons with their magnetic moments parallel and, 
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Fig. 7.3. Magnetic photocathode for the 
emission of polarized electrons [7.6). (a) 
vacuum envelope, (b, c) poles of the electro
magnet, (d) sample, (e) extraction electrode, 
(----) magnetic field 

due to the negative gyromagnetic ratio, their spins antiparallel to the magneti
zation. (One might better call this "magnetic-moment polarization" instead of 
spin polarization.) 

For nickel the Fermi energy is located just above the majority d band so that 
only the t band in Fig. 7.1 is intersected by EF • Consequently, if one irradiates 
with light of a small frequency band around Vi, so that only electrons close to the 
Fermi level can be emitted, one should observe much more et than ej, which 
results in a negative polarization (recall that the arrows in this discussion 
represent the magnetic moment). We will come back to this point later. 

These examples and Fig. 7.1 show that the polarization of the photoelectrons 
is determined by the photon energy, the shape of the density-of-states curve 
D(E), the energy shift of the j and t bands, and the position of the Fermi level. 
Thus we see that measurements of the photoelectron polarization as a function 
of the photon wavelength yield detailed information on the electronic structure 
of magnetic materials. More can be learned if, with the use of electron 
spectrometers, the dependence of the polarization on the photoelectron energy is 
measured. Experiments which analyze simultaneously energy, angle of emission, 
and polarization of the outgoing photoelectrons even yield information on the 
dependence E(k) of the ej and et energies on the electron wave vector [7.5]. 

Let us now pick out a few examples of the extensive experimental studies on 
the polarization of photoelectrons from magnetized materials [7.1-4]. In order 
to allow the study of clean surfaces, the samples must be prepared in ultrahigh 
vacuum. In the arrangement of Fig. 7.3, a strong external field is applied to 
magnetize the samples in order to reach magnetic saturation. The magnetic field, 
like the electric extraction field, is perpendicular to the photoemitting surface of 
the sample so that the extraction of the electrons is not hindered by the Lorentz 
force. The photoelectrons released by uv light of variable wavelength are 
deflected through 90° by a cylindrical condenser so that they leave the region of 
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Fig. 7.4. Dependence on the magnetic field 
strength of the polarization of photoelec
trons from the neighborhood of the Fermi 
level in Ni films and from the 4 f levels 
of EuO and EU1- xLaxO, where x = 1 at. % 
[7.7, 8) 

the light beam and their longitudinal polarization becomes transverse (see Sect. 
8.1.1). The entire arrangement can be placed in a He cryostat. The polarization is 
measured with a Mott detector after the electrons have been accelerated to 
100 keY. 

An example of an experimental result is given in Fig. 7.4 which shows the 
dependence of the photoelectron polarization on the strength of the external 
magnetic field . With nickel, the polarization (which is proportional to the 
magnetization) clearly reflects the well-known saturation behavior of the 
magnetization curve. Whereas in the Ni curve the photoelectrons originated not 
far from the Fermi level, with pure or lanthanum-doped EuO crystals the photon 
energy was chosen so that most of the photoelectrons came from the 4flevels. 
The high polarization which is expected in emission from these levels was 
actually found, as shown in Fig. 7.4. The fact that in this case no saturation 
occurs is explained by the influence of the surface layer: The measured 
photoelectric magnetization curves represent the magnetic behavior of a thin 
sheet of material at the surface. Its thickness, which is determined by the mean 
free path of the photoexcited electrons in the material, amounts to a few lattice 
constants only. The solid curves for EuO and EU1-xLaxO have been calculated 
under the assumption that the bulk material saturates at the kinks of the curves, 
whereas the magnetization of an unsaturated surface layer increases further as 
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the field increases. This layer reduces by exchange scattering the polarization of 
electrons emerging from layers deeper in the bulk. Quantitative information on 
such exchange processes in paramagnetic surface layers has been obtained more 
recently by measuring the depolarizing power of various surface-layer materials 
[7.9,10]. Striking differences have been found with layers made of K, Au, Ni, 
Gd, and Ceo 

Another type of measurement deals with the dependence of the polarization 
on the photon energy. When one studies Eu and Gd compounds one expects, 
according to Fig. 7.2, valence states, 4/ states, and conduction states to emit 
electrons of different polarization. The contribution of the 4/ states should be 
particularly significant since they contain electrons of only one spin direction. 
This was confirmed by measurements of the photoelectron polarization as a 
function of photon energy [7.1]. The sign of the polarization and its dependence 
on the photon energy was as expected or could be easily interpreted within the 
framework of current models. 

Among the magnetic materials where such studies have been made are 
chalcogenides of rare earths and actinides [7.3], ferromagnetic gadolinium 
[7.11], the 3d ferromagnetic transition metals Ni, Co, and Fe (where P> 50 % was 
found [7.12-14]), ferromagnetic alloys [7.15], and materials of great technical 
importance like magnetite and other simple ferrites [7.2,3]. We will not list here 
all substances that have been studied but rather give an example showing the 
power of such investigations and a few of the problems inherent in them: we will 
discuss the wavelength dependence of the polarization obtained with nickel 
[7.16-18]. Results of measurements on the Ni (100) face are shown in Fig. 7.5. 
They were made on a clean single crystal in a magnetic field large enough to 
produce magnetic saturation, at a temperature of273 K, and at a pressure lower 
than 5 .10- 10 mbar. Since in experiments of this type all the photoelectrons are 
extracted regardless of their energy, it is the integrated electron polarization that 
is observed. 

At photon energies near the threshold of about 5.2 eV a large negative 
polarization is found, which is in accordance with the band model as explained 
before: there are many more et than ej near the Fermi level so that near 
threshold one has mainly photoemission of minority-spin electrons. In a similar 
experiment near threshold with incident radiation of smaller bandwidth it was 
exclusively the et that were photoemitted so that a polarization of -100 % from 
Ni (110) was indeed observed [7.18]. As the photon energy is increased, the 
polarization changes sign and reaches values of about + 30 % because more and 
more ej are released. At a certain energy which depends on the details of the band 
structure, the polarization reaches a maximum and then decreases because the 
deeper regions of the dband tend to reduce the polarization to the mean value of 
the whole d band. The maximum energy lim ~ 11 e V used in the experiment 
suffices to release all the d electrons. According to the calculation at the 
beginning of this subsection one would then expect P ~ 5 % provided that all 
electrons are emitted with equal probability. Roughly speaking, this is consistent 
with the experimental result. The wavelength dependence of the polarization curve 
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near threshold and the energy of the crossover point are of particular interest 
since they give information on important details of the band structure such as the 
exchange splitting of the d bands and the energy difference between the top of the 
majority-spin d band and the Fermi level. This explains the interest in such 
studies and the great number of measurements which have already been made 
with various materials. 

External magnetizing fields of the kind shown in Fig. 7.3 interfere with the 
analysis of photoelectron energy and angle of emission in experiments aiming at 
more detailed information [7.19,20]. More recent experiments have therefore 
been made with spontaneously magnetized single crystals without application of 
an external field during the polarization measurements [7.3,14,18]. The stray 
magnetic field of the thin, transversely magnetized sample was so small that it did 
not disturb the measurement. The results of an angle- and energy-resolved 
polarization measurement are shown in Fig. 7.6, which displays the intensities of 
ej and e! following from the measured polarization. The curves can be 
understood from what has been said before about the density of states of 
majority and minority electrons. While such experiments so far have had to be 
made with vuv resonance radiation (see also [7.22]), the most recent measure
ments take advantage of high-intensity synchrotron radiation, which is tunable 
over a wide range of wavelengths [7.23]. 
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There are quite a few problems in the measurement and the interpretation of 
polarized photoemission which we do not want to gloss over. Whereas the 
attempts to detect the polarization of electrons extracted from magnetic solids 
failed altogether in the first decade of such experiments, later more successful 
measurements failed in some cases to obtain the correct sign of the polarization 
near threshold [7.1,2]. This did not imply, however, a failure of the band model 
offerromagnetism, as suggested by the authors, but was mainly due to the rapid 
change in sign of the polarization near threshold of which we have given an 
example. The later results [7.14-18,21] are compatible with band theory 
[7.24,25]. One has also to be careful when drawing from the experiments detailed 
conclusions concerning the electronic structure of the magnetic substances. We 
have assumed that the polarization of the photoelectrons is identical to or at least 
proportional to the polarization in the bulk material. This assumption would 
certainly not be valid if - in analogy to the processes discussed in Sect. 5.2 - the 
initial polarization were changed by the photo absorption process, or if it were 
highly probable that the spins of the electrons would flip en route to, or when 
emerging from, the surface. Indeed, an exact treatment of all these processes is 
difficult; estimates [7.6] and additional measurements [7.26] have been made to 
prove that in the experiments made so far, no appreciable errors have been 
caused by these processes. The fact that a small fraction of the electrons is in the 
4s band (in our numerical example 0.54 of the total 1 0 outer electrons per atom) 
and may have some polarization there likewise is not expected to have an 
appreciable effect. A detailed discussion of controversial problems such as the 
validity of the various assumptions made in the interpretation of the experimen
tal data, the influence of surface layers, and cross checks with other experimental 
results can be found in review articles by experimentalists [7.1. 3,4] and by 
theoreticians [7.27]. In particular the latter article establishes the need for careful 
analyses of such experiments. 

An interesting experimental feature of electron-spin spectroscopy results 
from the fact that the photoelectric probing depth is determined by the small 
mean free path of the photoelectrons. The method is therefore appropriate for 
studying surface magnetism or for measuring magnetization in very thin films 
[7.28]. Assuming a light spot ofl mm2 and a mean free path of the order ofl0 A, 
we see that the volume of material required is ~ 10-9 cm3 . A sample of that size 
would not give a detectable signal in a conventional magnetometer. Apart from 
the cases discussed here, other intriguing applications can be found where 
polarized photoemission has been used as a surface magnetometer to monitor 
surface segregation and chemical reactions at the surface [7.3]. 

The inverse process to photoemission is the transition, by emission of 
bremsstrahlung, of free electrons into an energy band of the sample. If, for 
instance, the sample is a magnetized nickel crystal, the incident electrons cannot 
end up in the occupied 3dt band. They can, however, fill the empty states above 
the Fermi level in the 3d~ band. Accordingly, if the crystal is bombarded by 
polarized electrons one expects an asymmetry of the bremsstrahlung intensity; 
more photons should be emitted, if the polarization is parallel to the 3d~ 
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orientation than if it is anti parallel. An important feature of this technique is that 
it permits investigation of the empty states above the Fermi level, a range 
inaccessible in ordinary photoemission spectroscopy. The method of polarized 
inverse photoelectron spectroscopy has been tested on a nickel crystal and the 
results could be well explained in terms of its band structure [7.29]. First 
applications to studies of exchange splitting of empty energy bands in iron have 
been reported [7.4,30]. The technique is still in its infancy, but is presently being 
further developed for exploring the electronic structure of magnetic surfaces. 

7.1.2 Field Emission 

Another possibility for extracting electrons from solids is field 'emission in a high 
electric field. If the field strength is Enear the surface of the sample, the potential 
energy of an electron outside the surface is roughly given by -eEz. In this 
expression the electrostatic charges induced in the sample by the electron are not 
yet taken into account. They reduce the potential energy so that the potential has 
the shape of the solid curve in Fig. 7.7. By tunneling through this potential 
barrier, the electrons of the sample can reach the free states. The tunneling 
probability decreases sharply with increasing width and height of the potential 
barrier so that virtually only states within a few tens of millielectronvolts below 
the Fermi level contribute to the field emission. 

Figure 7.7 shows schematically the case of a ferromagnetic metal in which the 
valence band is split due to exchange interaction. For the 3d band of nickel, the 
splitting is illustrated in Fig. 7.1 where the superposition of the 4s band 
mentioned in the figure caption must also be taken into account. 

For the polarization of the field-emitted electrons one might expect 
approximately P = (Nt - N~)/(Nt + N~), where Nt and Nt are the numbers of ej 
and e! in the neighborhood of the Fermi level. The extent to which Nt and N~ 
differ from each other depends on the density-of-states curves near the Fermi 
level. 

VIz) 

Fig. 7.7. Model for the field emission 
from a ferromagnetic metal 
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The assumption made here that the polarization of the emitted electrons is 
the same as the polarization within the ferromagnetic metal cannot, however, be 
justified in field emission. The exchange interaction which shifts the position of 
the energy bands for ej and et also causes somewhat differing shapes of the 
potential barrier for each of the two spin directions [7.31]. Thus the ej and et will 
have different tunneling probabilities so that the polarization measured 
externally need not be the same as the internal polarization. Another even more 
important point is that, as a detailed analysis shows, the tunneling probability is 
not only energy dependent but also a sensitive function of the symmetry type of 
the electronic state [7.27,32]. As a consequence, the small fraction of electrons 
near the Fermi level which are in the 4s band and have only slight, if any, 
polarization has a considerably larger tunneling probability than the 3d 
electrons. The polarization of the field-emitted electrons is therefore strongly 
diminished and is by no means the same as the polarization within the solid. The 
situation is here quite different from that in photoemission. The photoelectrons, 
due to their higher energy, have a much greater probability ofleaving the metal 
so that the relative differences in escape probabilities for the different states are 
small and affect the observed polarization only slightly. 

Measurements that have been carried out on ferromagnetic metals have 
mainly concentrated on nickel and gadolinium and yielded polarizations of a few 
percent [7.33-35]. In order to obtain reproducible results in such experiments, 
the change of the polarization vector caused by the magnetic und electric fields in 
front of the field-emitting tip must be small, which requires good centering of the 
tip in the magnetic field [7.36]. Experimental studies with single-crystal Ni tips 
showed that the polarization is strongly direction dependent. This is due to the 
fact that the barrier transmission probability and the local density of tunneling 
states are sensitive to the orientation of the emitting surface. In addition, the 
magnetization is anisotropic in k space since the exchange splitting is k 
dependent. For Ni (100) a polarization of -3 % has been found [7.35]. The sign is 
in agreement with the predictions of the band model and with the results 
obtained from photoemission. The small magnitude of P is due to the 
aforementioned predominance of s-band tunneling. The fact that the polariza
tion observed in both field emission and photo emission near threshold can be 
understood by the same model shows that the spin-dependent density of states 
near the Fermi energy is similar in the bulk and on the (100) surface ofNi. This 
conclusion can be drawn because, owing to the rather large escape depth of the 
slow threshold electrons, photoemission tests primarily bulk properties whereas 
field emission probes the surface properties. Field emission from single-crystal 
iron tips resulted in positive polarization up to 25 % from the (100) face [7.37]. 
This is anticipated qualitatively from the band model in Fig. 7.1 if the Fermi level 
is located below the top of the majority band at an energy where the density of 
states is larger for ej than for et. 

An example of an experimental setup for measuring polarization by field 
emission is shown in Fig. 7.8. The investigations were made on ferromagnetic 
EuS, a thin film of which was evaporated in situ onto a tungsten tip of 50 to 
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Fig. 7.8. Arrangement for measuring the polarization of field-emitted electrons [7.38] 

100 nm radius. The tip was mounted on a cold finger which could be cooled 
below the Curie temperature of 16.6 K. A helium-flow system allowed 
temperature variation between 9 and 300 K. The tip could also be heated to 
produce an ordered structure in the EuS film by annealing. During field-emission 
studies a pressure of better than 10-10 mbar was maintained at the tip in order to 
avoid contamination of the emitting surface. The electric field strength of more 
than 107 V/cm required for emission from the tip was produced by a voltage of 
- 2 ke V with respect to ground. The emission pattern could be moved by 
electrostatic deflection, and for electron-polarization analysis one point of the 
pattern was selected by steering it onto the probe hole of the fluorescent screen. 
In the Mott analyzer two pairs of detectors were positioned at a scattering angle 
of ()= 120° and azimuthal directions of 0°, 180° and 90°,270°, respectively, for 
measuring both transverse components of the polarization simultaneously. The 
longitudinal component was measured by converting it to transverse with a Wien 
filter. 

The measurements showed how the direction of the polarization depends on 
the magnetic field applied to the tip. In a weak longitudinal magnetic field 
(produced by a solenoid surrounding the emitter), or in zero field, the EuS layer 
was spontaneously magnetized in a direction tangential to the surface, which 
leads to largely transversely polarized electrons (the actual direction of 
magnetization was determined by stray fields). With a magnetic field of several 
kilogauss a longitudinal polarization was obtained. Most of the measurements 
were made with a weak field which was applied to the tip in order to produce an 
image of the field-emission pattern at the fluorescent screen. Spots of the emis
sion pattern corresponding in size to a single Weiss domain were spin analyzed. 

Figure 7.9 shows the temperature dependence of the polarization p= IPI and 
the emission current as observed with an emitter annealed under well-defined 
conditions. The longitudinal magnetic field was 20 mT and the total emission 
current at T = 10K was 20 nA. Polarizations up to 90 % were found at the lowest 
temperatures applied. 
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Fig. 7.10. Simplified band model 
for the W-EuS emitter. The emis
sion current is determined by the 
internal barrier which is of different 
height for ej and et due to the 

w '1' E U 5 -----..,·1 ferromagnetic splitting of the EuS 
conduction band 

The experimental results can be roughly explained by the simplified band 
model shown in Fig. 7.10. Below the Curie temperature Tc one has a spontaneous 
magnetization of europium sulfide due to a polarization of the europium 4f 
states as represented by the solid line in Fig. 7.9. The exchange interaction of the 
conduction electrons with the polarized 4fstates causes an energy shift of the ej 
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and eL conduction electrons. The EuS conduction band splits into two sub bands 
differing by their spin directions. Since europium sulfide is a good insulator at 
low temperatures the electric field applied to the tip penetrates into the EuS layer 
and causes a drop -(1/8)eEx of the potential energy (8 = dielectric constant of 
EuS). The larger the field E, the thinner is the barrier which the electrons have to 
overcome in order to tunnel from the tungsten Fermi level into the empty EuS 
conduction band and from there into vacuum. The exchange splitting is known 
to be proportional to the spontaneous magnetization of the 4/ states, which 
increases as the temperature decreases (solid curve in Fig. 7.9). Consequently, the 
width of the tunnel barrier decreases for ei and increases for eL as the 
temperature decreases. One therefore expects an exponential current increase for 
ei and an exponential decrease for eL. Because of the exponential dependence of 
the tunneling currents on barrier height and width the eL current can, however, 
be neglected. 

The model discussed explains the exponential curve for the emission current 
of polarized electrons. But it predicts 100 % polarization below Tc since 
practically only ei can tunnel into the vacuum. Various T-dependent spin-flip 
mechanisms (tunneling through "spin-flip bands" [7.39], magnon excitation 
[7.40]) have been suggested in order to explain the experimental temperature 
dependence peT). 

We may interpret the field-emission experiment by saying that EuS has been 
used as a polarization filter for the electrons emitted by the W tip into the 
vacuum. The physical mechanism of the spin filter is based on the spin
dependent interaction of these electrons with the 4/ states which gives rise to 
internal barriers of different heights for the ei and eL. Although the discussion of 
Sect. 1.2 showed that "conventional" spin filters do not work with electrons, we 
see now that "unconventional" spin filters for electrons do exist. Discussions of 
the kind presented in Sect. 1.2 should not discourage us from searching for 
electron polarization filters which are just as effective as those for light and for 
atoms! 

7.1.3 Secondary Electron Emission 

Secondary electrons emitted from magnetic substances have also been found to 
have significant polarization. This has first been demonstrated with the 
experimental arrangement of Fig. 7.11. The secondary emitter, which is a small 
tantalum tube coated with europium oxide, is hit by the primary electrons 
coming from a tungsten field-emission tip. The sample is magnetized by a field 
between 0.5 and 7 T along the beam axis. The sample temperature is kept 
between 10 and 30 K, the cryovacuum is better than 3.10-10 mbar. 

The free electrons pass through a Wien filter which transforms the 
polarization from longitudinal to transverse for analysis by a Mott detector. The 
energy spread of the electrons leaving the Wien filter is less than 500 e V. Since the 
voltage between the field emitter and the secondary emitter is 1 to 1.5 kV, the 
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Fig. 7.11. Production of polarized secon
dary electrons. (a) Tungsten field emitter 
(primary electron source), (b) secondary 
electron emitter, (c) fluorescent screen, (d) 
europium oxide oven, (e) resistance heater 
loop [7.41] 

more highly energetic primary electrons and the low-energy secondary electrons 
are easily separable, and one or the other can be permitted to pass into the Mott 
detector. The primary electrons were found to be unpolarized (P=0±1.5%), 
whereas the secondary electrons from the EuO layer turned out to have a 
polarization up to 32 % depending on the temperature of the sample and on the 
magnetic field. The polarization was stable over at least one hour. 

More recently, studies of polarized secondary electron emission from the 
classical ferromagnets [7.42,43] and from the ferromagnetic glass FeS1.5 B14.5 S4 
[7.44] have been made with more elaborate techniques. One of the results is 
depicted in Fig. 7.12 showing the polarization P of secondary electrons as a 
function of their kinetic energy. They have been produced by a primary electron 
beam of 400 e V impinging on a magnetized Ni (110) single-crystal surface, the 
angle of incidence being 30° with respect to the surface normal. At the lowest 
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ergy of secondary electrons from 
Ni(110) [7.43] 



7.2 Polarized Electrons from Nonmagnetic Materials 209 

kinetic energy, P reaches a maximum of (17 ± 2) %. That is much higher than the 
mean 3d-band polarization which we have seen to be about 5.5 %. Such a 
behavior of the polarization curve has also been found for the other substances 
where energy-resolved measurements have been made. The maxima which are 
seen in the polarization curve correspond to structures in the energy distribution 
curve. They have been attributed to maxima in the density of states. 

Various models have been proposed in order to explain the results in terms of 
the inelastic scattering processes by which the secondary electrons are produced. 
The spin dependence of scattering resulting in different scattering probabilities 
for ej and e! in the magnetic solid certainly plays an important part, but the 
details of this mechanism have not yet been quantitatively understood [7.45]. 
This is not too surprising since even the corresponding processes in electron 
scattering from free atoms are an object of present research as we have seen in 
Chap. 4. Still, a recent theoretical approach describes approximately the overall 
behavior of the polarization curve [7.46]. 

Systematic and comprehensive investigations of polarized secondary elec
trons and spin-dependent electron energy losses [7.3,4,47-49] would be an 
important contribution to the development of a quantitative theory of spin
dependent electron collisions in solids. This holds true also for polarization 
studies of secondary and backscattered electrons from nonmagnetic materials 
[7.3,50-52]. 

7.2 Polarized Electrons from Nonmagnetic Materials 

Polarized photoelectrons have also been obtained from nonmagnetic solids, such as alkali 
metals, tungsten, platinum, and GaAs. The polarization is a result of spin-orbit interaction 
which splits the energy bands. This is quantitatively confirmed by experiments made with 
GaAs crystals for which the polarization curve obtained can be easily explained by means of 
the well-known band structure. Studies of the polarization in photoemission from non
magnetic solids allow one to determine the spin-orbit splitting of energy bands, a quantity 
which is presently unknown for many materials. 

As we saw in Chap. 5, one does not need materials with oriented spins in order to 
produce polarized photoelectrons. Photo ionization of unpolarized atoms with 
circularly polarized light also yields polarized electrons. Even linearly polarized 
and unpolarized light will do if only photoelectrons with definite directions of 
emission are observed. 

An obvious question is whether this works only with free atoms or whether 
solids could also be used. The first experimental answer to this question was 
affirmative [7.53]. The measurements were carried out with the apparatus shown 
in Fig. 5.5, the only major change being that the target was no longer an atomic 
beam. Instead, the alkali atoms were evaporated on a substrate in normal high 
vacuum at a rate of about 50 atomic layers per second. 

Comparison of the measured curve in Fig. 7.13 with that for free cesium 
atoms (Fig. 5.6) shows some characteristic differences: The polarization 
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maximum is shifted to longer wavelengths and no longer lies in the uv, but rather 
in the easily accessible visible wavelength region. The degree of polarization is 
much smaller, but the photocurrents obtained from solid samples are about 1000 
times larger than those from atomic beams, which are targets of much lower 
density. 

Films of other solid alkalis also yielded polarized electrons when photo
ionized with circularly polarized light, as shown in Fig. 7.13. It can be seen that 
the polarization decreases with decreasing atomic number. This is to be expected 
if, as in Sect. 5.2, spin-orbit coupling is responsible for the polarization. Within 
the error limits indicated in Fig. 7.13, no polarization was found for Na and Li 
with the aforementioned experimental arrangement. 

What has already been said in other sections of this chapter applies to an even 
greater extent to the results now being discussed: The polarization phenomena 
obtained with solids are less well understood, quantitatively, than those obtained 
with free atoms. Until now, the above results have been explained only in 
principle. A model calculation has shown that the spin polarization of the 
photoelectrons can be explained by the energy-band splitting in solids caused by 
spin-orbit interaction [7.54]. 

The energy-band splitting, which is analogous to the spin-orbit splitting of 
the energy levels in free atoms, is schematically illustrated in Fig. 7.14. The left
hand side represents two energy states for a given magnitude and the [100] 
direction of the reduced wave vector k. The lower state,11 belongs to the partly 
filled valence band,1 whereas the upper state ,15 lies above the vacuum level Eoo. 
Electrons with energies E?=. Eoo can escape from the solid into the vacuum. When 
the magnitude of our specific wave vector is changed, the position of each energy 
state is shifted within the band of the allowed energies (,1 band for the specific 

1 The subscripts of the band symbols are related to the crystal symmetry and need not be 
explained for the qualitative description given here. For an introduction to the connection 
between crystal symmetry and band structure see [7.55]. 
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example chosen, where k has the direction [100]. For other directions of k the 
energy bands are labeled differently). The right-hand side of Fig. 7.14 shows, for 
the same k as chosen on the left, the splitting of the energy states due to spin-orbit 
interaction. Variation of the magnitude of k yields the split LI band. We see from 
the figure that, in the example discussed, it is only the upper band that splits. We 
now consider direct interband transitions from states below the Fermi level EF to 
states above the vacuum level Eoo and look into the polarization of the 
photoelectrons thus produced. 

Since neither quantitative calculations of the band splitting in Cs nor 
complete wave functions are available, it is impossible at the moment to calculate 
the curve P(),,) quantitatively. Salient features of the polarization curve can, 
however, be predicted, knowing only the spin and angular parts of the wave 
functions. We have already seen this in Chap. 5. Spin and angular parts of a wave 
function are determined by the symmetry properties of the system considered 
and can therefore be derived with the help of group theory. This is much less 
complicated than the numerical calculation of the radial part. Evaluation of the 
matrix elements with the basic functions which contain the angular and spin 
parts and which are analogous to the coupled wave functions used in Sects. 5.2-4 
yields the selection rules for the various interband transitions. 

An essential difference between the situation in free atoms and solids is the 
following: In free atoms the sublevels of a given angular momentum all have the 
same energy owing to the high symmetry of the atomic field. In solids this 
symmetry is disturbed by the crystal fields which act as perturbations and, in 
general, remove the degeneracy. Consequently, we may have a more favorable 
situation here than in the atomic case discussed earlier, where irradiation with a 
given wavelength usually produced several simultaneous transitions starting 
from degenerate sublevels and ending in states of different polarizations so that 
frequently the overall polarization was not very high. In a solid where the 
degeneracy is removed we may, at a suitable photon energy, have only one 
transition to one final state so that the polarization becomes higher. 

This makes plausible the theoretical result that in transition I of Fig. 7.14 
totally polarized el are produced with (}'+ light, whereas in transition II only ej 
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are produced. Usually the situation is, however, less favorable and a given 
wavelength can produce ei and e!. Then the resulting polarization depends on 
the radial parts of the wave functions associated with the i and! contributions 
which complicates its quantitative evaluation. 

These considerations give, in principle, an explanation of the photoelectron 
polarization, but they are far from yielding the results of the aforementioned 
experiment quantitatively. Owing to the conditions of the experiment, in which a 
polycrystalline Cs target has been used and the photoelectrons were detected 
regardless of their energy, the observed polarization was small since averaging 
over such parameters as the electron energy and the transitions between the 
energy bands associated with the various directions of k results in a lot of 
cancellation. 

We will now apply our considerations to GaAs, a material of great practical 
importance. The energy bands, spin-orbit splitting included, are quite well 
known [7.56]. Relevant E(k) curves along two principal symmetry axes of the 
Brillouin zone are shown in Fig. 7.15. Let us first consider transitions at the 
symmetry point r which is defined by k = 0 (center of the Brillouin zone). At this 
point GaAs has its minimum band separation Eg = 1.52 eV. The wave functions 
at r are known to be of the p type for the valence bands and of the s type for the 
conduction band. Spin-orbit interaction splits the valence band into P3/2 and P i /2 

levels with the Pi /2 level lying 0.34 eV lower than the P3/2 level. For photon 
energies hw,:::, Eg , transitions are possible only near r and one can use the scheme 
on the right of Fig. 7.15 which is similar to the scheme used in Fig. 5.2 for the 
Fano effect turned, however, upside-down. 
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Fig. 7.15. Energy bands in GaAs along the [111] and [100] axes of the Brillouin zone 
(a = lattice vector) showing the energy gap Eg and the spin-orbit splitting of the valence bands 
(0.34 eV at n. The level diagram on the right holds for the r point. 1,2, 3 label the transitions 
in accordance with Fig. 5.2 (ratio of transition probabilities 3:2: 1) 
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If the sample is irradiated with (J + light of energy hw ~ Eg one has, due to the 
selection rule L1mj= + 1, the two transitions from P3/2 (mj= -3/2, -1/2) to Sl/2 

(mj= -1/2, + 1/2) shown in Fig. 7.15. From the transition matrix elements b1 

and b3 given by (5.4 and 6) one finds the ratio of the transition probabilities to 
Sl/2 (mj= -1/2) and Sl/2 (mj=1/2), respectively, to be bVb~=3. [In applying 
(5.4,6), which have beenderivedforthemj = +3/2, + 1/2 sublevels of P3/2 , to the 
mj= -3/2, -1/2 sublevels we have made use of the fact that, for symmetry 
reasons, the transition probabilities are the same.] Hence the expected electron 
polarization2 for transition I at threshold isP=(1 -3)/(1 + 3) = -0.5. As long as 
the photon energy stays below Eg + 0.34 eV the polarization does not change 
very much; the transitions still occur close to the r point so that the wave 
functions are similar. As the photon energy is increased beyond Eg + 0.34 eV, 
transition II from P1/2 becomes possible which yields a polarization + 1. From 
(5.5) and (5.6) one has biWt=2Rf!Ri~2. Neglecting slight differences of the 
radial matrix elements from P3/2 and P1/2 we have the relative intensities 1 : 2: 3 
for the three transitions on the right-hand side of Fig. 7.15, so that the 
polarization of transition I is completely cancelled by transition II. 

It is obvious from Fig. 7.15 that, as the photon energy is further increased, 
more and more transitions away from the r point become possible. For these 
transitions, the foregoing considerations no longer hold. We just mention that 
for transitions III and IV at the symmetry point L (lying on a face of the Brillouin 
zone) a similar calculation yields polarizations of -1 and + 1, respectively, ifthe 
light direction coincides with the direction of the wave vector [111]. 

The theoretical results we have discussed are illustrated by an experiment 
[7.57] using an ultrahigh-vacuum apparatus similar to that described in Sect. 
7.1.1. Needless to say, the magnetizing field was not necessary in the present 
experiment. Normally, electrons with excitation energies in the range shown in 
Fig. 7.15 cannot escape from the GaAs sample. Instead, they stay in the 
conduction band until they recombine. As a matter of fact, the polarization of 
conduction electrons excited by circularly polarized light has been analyzed in 
earlier experiments by measuring the polarization of the luminescence light and 
by resonance techniques. In the present experiment, all the electrons that were 
excited to the conduction band could escape into the vacuum since the vacuum 
level Eoo of the GaAs crystal had been lowered by applying alternating layers of 
cesium and oxygen to the surface ofthe sample. Measurement of the polarization 
with a Mott detector resulted in the curve of Fig. 7.16. 

The measured value P= -40 % near threshold is not far from the predicted 
value of -50 %. As the photon energy is increased above 1.86 eV, a strong ad
mixture of ei due to transition II occurs so that the polarization decreases strong
ly. With a further enhancement of energy one finds increased cancellations of the 
positive and negative polarizations produced by the various possible transitions, 

2 As in Sects. 5.2-4, the spin polarization of photoelectrons is positive if their spins are 
preferentially oriented in the direction oflight propagation ( = direction of photon spins for G + 
light). 
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Fig. 7.16. Polarization of 
photoelectrons obtained from 
GaAs+ CsOCs at T;510 K 
with cr+ light [7.57] 

until transition III gives rise to a sudden increase in the number of e!. As the pho
ton energy goes up by another 0.2 e V, a positive polarization peak occurs due to 
transition IV. The satisfactory agreement of the experimental results with the 
theoretical predictions shows that no severe changes of the electron polarization 
due to spin flips taking place in the transport to and through the surface occur. 
The polarization spectrum P(hw) of Fig. 7.16 has been observed at temperatures 
T'5, 10 K. Since the spin-flip relaxation time decreases with increasing T the 
polarization is somewhat reduced at room temperature [7.58]. The polarization 
has been found to depend on the face of the GaAs crystal from which the 
electrons are emitted. Different results have been obtained by different groups 
with (110) and (100) faces [7.59,60]. 

Photoemission from GaAs is being employed in numerous laboratories as an 
attractive source of polarized electrons. Postponing the description of the source 
to Sect. 8.2, we emphasize here that studies of polarized photoemission from 
nonmagnetic materials less well known than GaAs may help considerably in the 
understanding of problems like the spin-orbit splitting of energy bands and in 
improving our knowledge of wave functions in solids. For such investigations 
experiments with well-defined conditions are necessary: The polarization of 
photoelectrons emitted within a small solid angle from oriented single crystals 
should be measured as a function of the photoelectron energy and the photon 
wavelength A.. As a step in this direction, a cesiated W(100) single crystal has been 
used as the target and the polarization as a function of photon energy has been 
measured without energy analysis of the photoelectrons [7.61]. The maximum 
polarization of8 % is far below a predicted value of 100 % for tungsten [7.62] for 
which relativistic band-structure calculations are available. The large discre
pancy is explained by hybridization: linear combination of p- and d-type 
wavefunctions for k values at which the associated bands have the same energy 
[7.63]. On the other hand, hybridization can also enhance the polarization as has 
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been demonstrated for germanium where the polarization at photothreshold was 
found to be 50 %. From the measured photoelectron polarization the hy
bridization parameters can be directly determined [7.64]. Other studies of 
electronic band structure utilizing polarized photoemission have been made for 
gold [7.65] and platinum [7.66]. 

In the latter experiment the goal of making an angle- and energy-resolved 
measurement of the photoelectron polarization obtained with a well-defined 
crystal orientation has been reached by using the high intensity of circularly 
polarized vuv radiation from a storage ring. The polarization obtained from 
pte 111) has been measured as a function of the photoelectron energy at photon 
energies between 6.5 and 24 eV for normal incidence and normal emission. The 
polarization curves, one of which is shown in Fig. 7.17, have a pronounced 
spectral variation reaching values up to 55 %. Comparison of the results with 
what is anticipated from band-structure calculations leads to an unequivocal 
identification of the symmetry character of the bands and is a sensitive test of 
such calculations. 
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Fig. 7.17. Energy dependence of photoelectron 
polarization obtained from Pt(111) with cir
cularly polarized radiation of energy 14 eV at 
normal incidence and normal photoemission. 
(EF ) Fermi energy [7.66] 

It is not necessary to use circularly polarized light in order to eject polarized 
photoelectrons from unpolarized targets. Linearly polarized or unpolarized 
radiation will also do if one does not integrate over the angle of emission. This 
does not only hold for atomic targets as has been discussed before in some detail, 
but it has also been found with a solid target. The theoretical description is, 
however, different in the two cases because the atomic and the solid target have 
different symmetries and because the photoelectrons in the crystal are diffracted, 
which is essential for the buildup of the polarization (see Sect. 7.3). Polarized 
photoelectrons have been ejected from a W(OOl) single-crystal surface by 
irradiation with unpolarized vuv light of energy hv = 10.2 e V [7.67]. The polariza
tion of the photoelectrons was observed at the polar angle of emission e = 70°. 
Owing to the diffraction of the photoelectrons in the target, their polarization 
varied with the azimuthal angle ¢, reaching values up to 8 %. The experimental 
curve could be quantitatively interpreted by a numerical calculation. 
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7.3 Low-Energy Electron Diffraction (LEED) 

By diffracting slow electrons on crystals, one obtains polarized Bragg reflections if spin-orbit 
coupling or - in the case of magnetic materials - exchange interaction plays a role. The 
polarization or - for polarized primary beams - the asymmetry carries information on the 
surface properties which cannot be obtained from LEED intensities alone. In particular, 
PLEED (=polarized LEED) is one of the most promising probes of surface magnetism. 

In Chaps. 3 and 4 we dealt with electron scattering from single atoms. If there is a 
coherent superposition of the scattered electron waves originating from the 
individual atoms of the target, the distribution of the scattering intensity 
becomes quite different: It is no longer determined by the individual atoms alone 
but is considerably influenced by a factor which depends on the structure of the 
target. This is the basis of the method of electron diffraction for investigating the 
structure of crystal lattices or molecules. 

Let us denote the scattering amplitudesfand g given in (3.51, 52) asfj and gj 
when they originate from the jth atom. For the wave scattered from the total 
target into the direction e, we then obtain by in-phase superposition (i.e., by 
taking the path differences into account) the amplitudes 

F(e) = 'l..JjeiS.rJ and G(e)= L gjeiS . rJ , (7.1) 
j j 

where s=k-k' (if k and k' are the wave vectors of the incident and the scattered 
beam) and fj is the position vector of the jth atom. 

From these relations, which are derived from simple geometrical considera
tions in elementary diffraction theory, it follows that the total scattering intensity 
from the target is proportional to 

I(e)=IFI2+IGI2= L (fjft+gjgt)eis.rJk, (7.2) 
j,k 

where fjk =fj -fk. Here the incident beam was taken to be unpolarized, i.e., the 
cross section corresponding to (3.65) was used. According to (3.56 and 73), the 
polarization of the scattered beam is determined by the expression 

FG*-F*G 
i IFI2+IGI2 

L (fjgt _jk*gj)eis.rJk 
. j,k 

1 L (fj.t: + gjgt) eiS"rJk ' 

j,k 

(7.3) 

which, according to (3.70), also determines the left-right scattering asymmetry, if 
one has a polarized incident beam. 

If the target is composed of identical atoms, (7.2) can be simplified to 

I(e) = (lfl2 + Ig12) L eiS"rJk. (7.4) 
j,k 
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In a crystal lattice one has appreciable scattering intensities only in those 
directions for which the Bragg condition 

s=k-k'=2nh 

is fulfilled (h is the reciprocal lattice vector). In other directions one has 
destructive interference. This is a result of the lattice-dependent factor 
L exp (is· Yik) which appears in (7.4) together with the intensity distribution 
i.k 
1/12 + Igl2 caused by the individual atoms. 

For the polarization, we obtain from (7.3) 

(7.5) 

if we have identical atoms. P depends, in this case, only on the scattering atoms 
and not on their geometrical arrangement - at least in the approximation made 
here. 

According to Sect. 3.6.2, high values of the polarization (7.5) are found at 
certain angles. If one selects a diffraction maximum that occurs at such an angle, 
one has combined the high intensity of the diffraction peak with the high 
polarization of the scattered beam. In doing this the magic rule that high values 
of polarization are always associated with low scattering intensities (see Sect. 
3.4.2) will be broken. It is true that in the scattering of fast electrons, due to the 
rapid decrease of the cross section with increasing angle, most of the intensity 
goes into the diffraction maxima at small angles, where P( 8) is very low; with 
low-energy electron diffraction (LEED), however, high intensity maxima can 
also be obtained at large angles where there are high polarization values. 

So far, our discussion has given only a rough idea of the polarization effects 
arising in LEED. A rigorous theoretical treatment is complicated since one has 
to apply the dynamic theory of electron diffraction instead of the simple 
kinematic model used here [7.4,68]. Such a treatment, which has to solve the 
electron wave equation for the crystal field, shows that there are other effects 
besides the Bragg condition that determine both the intensity and the 
polarization: Multiple scattering, inelastic processes, and the surface potential 
barrier (that is, the detailed shape of the transition from the inner potential level 
to zero potential in the vacuum) playa crucial role [7.68-71]. Polarizations and 
intensities in LEED may therefore serve as sensitive probes of these effects. 

The first experimental result on PLEED (= polarized LEED) was obtained 
with tungsten single crystals [7.72]. Early measurements of Davisson and Germer 
[7.73] with nickel crystals can be reinterpreted as evidence for electron 
polarization in LEED [7.74], but it has been pointed out [7.75] thatthe measured 
asymmetry could also be caused by very small apparatus misalignment. The 
interest in the field is manifest by the fact that recently many results have been 
published by serveral active groups, not only for heavy elements like tungsten, 
gold, and platinum, where polarization effects are produced by spin-orbit 
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interaction, but also for magnetic materials like nickel where exchange 
interaction is important [7.76-81]. For a more complete reference list see the 
reviews [7.4,68-70]. 

We will present an experiment where LEED has been used both as polarizer 
and as analyzer. It is shown in Fig. 7.18. Unpolarized electrons impinge on the 
(001) surface of the first tungsten crystal. The LEED screen used for observing 
the electron diffraction pattern contains a hole through which the specularly 
reflected (0,0) beam can pass. After adjusting the beam to the desired scattering 
energy of 105 eV for polarization analysis, and after energy analysis in a 
cylindrical mirror analyzer (CMA), the polarized electrons are focused onto the 
second tungsten crystal. The left-right asymmetry of the diffraction through 
equal polar angles is utilized for measuring the polarization. Measurements have 
been made with fixed primary energy and fixed angle of incidence () by rotating 
the polarizer crystal azimuthally about its surface normal so that several 
diffracted spots move over the hole of the LEED screen ("rotation diagram"). 
The analyzing power S of the crystal, corresponding to the Sherman function of 
free atoms, has been found by the method discussed in Sect. 3.7.1: A double 
scattering experiment with identical angles, energies, and crystals has been done 
yielding lSi = 0.28 ± 0.05. 
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Fig. 7.18. Double scattering LEED experiment [7.82] 

Because of high counting rates up to 106 counts/s at primary currents of 
10- 7 A, the recording with a x-y plotter of a polarization curve like that shown 
in Fig. 7.19 took only 5 to 10 min. The theoretical curves given in the figure have 
been obtained using a relativistic LEED theory. The crystal has been assumed to 
consist of a finite number of mono atomic layers for which the Dirac equation has 
been solved to yield the four-spinor amplitudes and thence the intensities and the 
polarization vectors of the reflected beams. Making appropriate assumptions on 
the value of the inner potential of the crystal and the shape of the surface 
potential barrier, and assuming the spacing between the top layer of atoms and 
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the adjacent layer to be 5 % smaller than the bulk value, an impressive agreement 
between theory and experiment has been obtained. 

Another approach to PLEED experiments starts with a polarized-electron 
beam produced by photoemission from GaAs (cf. Sects. 7.2 and 8.2) [7.83]. A 
current of 10-6 A of 43 % polarization impinges on the (100) surface of tungsten. 
A Faraday cup which can scan both the polar and azimuthal scattering angle is 
positioned on a LEED spot and measures the intensity difference for opposite 
polarizations P and - P of the incident beam. The spin dependence of the 
scattering is determined by the intensity asymmetry (cf. Chap. 3) 

1 I(P) -I( -P) 

P I(P)+I( -P) 
SeE, e) (7.6) 

for polarization parallel and antiparallel to the normal of the scattering plane. 
The direction of the polarization is modulated at 37 Hz so that a modulated 
diffracted signal is obtained whose size measures directly the intensity asym
metry. The dc signal at the Faraday cup gives the spin-averaged LEED intensity. 
In this experiment a single data run accumulated the asymmetry and the average 
intensity profile over the incident energy range of 50 to 150 e V in l-e V steps with 
an integration time of 1 s per point. 
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Fig. 7.20. Scattering asymmetry for specular 
diffraction from W(100) at an angle of in
cidence of 15° (upper curve). The lower curves 
show the scattered intensities resulting from 

s an incident beam consisting of only ei or 
e! [7.83] 
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Figure 7.20 shows the measured asymmetry for specular scattering from 
W(100) at an angle of incidence of 15°. The intensity curves that would result if 
the incident beam were entirely polarized are shown in the bottom part of 
Fig. 7.20. 

It is useful to compare the similarities and differences between the 
polarization phenomena in 'electron-atom scattering and in the PLEED 
experiments discussed so far. In both cases the underlying physical mechanism is 
the same. The polarization is caused by spin-dependent scattering. The cross 
sections for the scattering of the ej and et in an unpolarized primary beam differ 
slightly from each other, which results in a polarization of the scattered beam. 
Furthermore, one obtains in both cases a scattering asymmetry if one has a 
polarized incident beam. Accordingly, PLEED can be used as a detector of 
electron polarization in the same way the conventional Mott detector is used. It is 
an appropriate spin analyzer for low-energy electron diffraction experiments of 
the type depicted in Fig. 7.18. For many experiments that have to be made in 
normal vacuum (experiments with gaseous beams, for example), the conven
tional Mott detector is, however, preferred since LEED works only with an 
extremely clean surface. Finally, we have the similarity that both in electron
atom scattering and in PLEED there is a rotation of the polarization vector of an 
initially polarized beam [cf. (3.77)]. Neither theoretical nor experimental studies 
of this effect in PLEED have yet been made. 

In spite of the similarities of the two areas compared, there are significant 
quantitative differences due to the additional influence of the aforementioned 
solid-state effects that determine the details of the LEED pattern. A significant 



7.3 Low-Energy Electron Diffraction (LEED) 221 

example is that, in general, the relation P = S = A discussed in Chap. 3 for single 
scattering from atoms is not valid in PLEED nor is the polarization vector 
directed perpendicular to the plane defined by the incident and outgoing beams. 
The situation in solids is more complicated due to the lower symmetry of the 
crystal and multiple scattering. 

A rough idea of how multiple scattering invalidates the aforementioned simple relations 
may be obtained from Fig. 7.21. From the positions of the electron gun G and the detector D, 
the beam appears to have been scattered by the solid target through 90° from the x into the z 
direction. An initially unpolarized beam (Fig. 7.21a) would therefore be expected to become 
polarized in the y direction. It is assumed in the figure that the beam has actually been scattered 
twice. The polarization vector points in the z direction after the first scattering in the x-y plane 
and is rotated by the second scattering, giving x and y components as well. This means that the 
polarization is not perpendicular to the directions of incident and outgoing beams. If, on the 
other hand, the incident beam is (totally) polarized in the z direction (Fig. 7.21b) the first 
scattering in the x-y plane yields intensities proportional to 1 +S and l-S for i and! 
polarization, respectively, i.e., the asymmetry is S according to (7.6). It was shown in Sect. 
3.3.3 that the polarization P in this scattering process remains unchanged. P lies thus in the 
plane of the second scattering process, so that the second scattering does not produce an 
asymmetry. Accordingly, the asymmetry of the overall process depicted in Fig. 7.21 b is S. 
Judging from the directions of the incident and the outgoing beam alone one would expect no 
asymmetry at all because the polarization vector is not perpendicular to both these directions 
(cf. Sect. 3.3.1). It is also obvious that in our example the relation P=S is not fulfilled for the 
overall process since the magnitude of P changes in the second scattering of Fig. 7.21a from 
P=S to P*,S [cf. (3.77)]. 

This simplified example is to warn the reader against transferring to LEED basic facts 
discussed in single scattering from atoms, even though in certain cases this may be allowed. If, 
for instance, the scattering plane is a mirror-symmetry plane of the crystal, the equality 
between P and S does arise [7.83] as can easily be seen from the results of Sect. 3.5 for the 
special case where the experiment does not include any elements which violate mirror 
symmetry. That P equals S in this case can also be seen from our rough picture: If in Fig. 7.21 
the apparent scattering plane (x-z plane) is a mirror plane of the target, then the spin
dependent effects leading to P *' S are compensated by those of the scattering processes which 
result from mirror reflection and which also reach detector D. 

D D 
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1-5 

G G 

0) x b) 

Fig. 7.21a, b. Example of apparent and actual scattering processes in a solid. (a) Unpolarized 
incident beam, (b) polarized incident beam 
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The difference between the polarization effects in experimental arrangements 
which are mirror symmetric and in those which are not has been demonstrated in 
a PLEED study, the results of which are reproduced in Fig. 7.22. It shows the 
longitudinal component of the polarization vector versus azimuthal angle cP in 
specular scattering from the Pt(111) surface which has a threefold rotational 
symmetry. The longitudinal polarization vanishes at the azimuthal angles 60°, 
120°, 180°, etc. where the scattering planes are mirror planes of the crystal 
(cf. Fig. 7.23). This is to be expected from the results of Sect. 3.4.4 where 
longitudinal components have been shown to be incompatible with mirror 
symmetry. At other angles of observation cP the experimental arrangement is not 
mirror symmetric so that significant longitudinal polarization components can 
exist. The numerical results for the longitudinal polarization predicted by 
relativistic PLEED theory as a consequence of spin-orbit interaction and 
multiple scattering are seen in Fig. 7.22 to be in remarkable agreement with the 
experimental data. 

The appeal of polarization studies in LEED derives from the fact that they 
provide detailed information on the parameters which determine the LEED 
pattern. The polarization is sensitive to the shape of the surface potential and the 
spacing between top layer and adjacent layer of the crystal; it also depends on the 
mUltiple and inelastic processes occurring at and near the crystal surface. The 
information obtained from polarization studies is not obtainable from studies of 

Fig. 7.23. Threefold rotational symmetry resulting In an angular 
distance of 60° between the mirror planes 
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the intensity distribution alone; thus these investigations add a new dimension to 
the study of surfaces. We will illustrate this by a few examples. 

Since the polarization is the difference between two quantities (spin-up and 
spin-down intensities), it tends to exhibit sharp, structure-sensitive peaks. This 
facilitates comparison of the predictions of theoretical models with experimental 
results. Figure 7.24 shows, for instance, theoretical predictions [7.84] for both 
the intensity and polarization of the (1,0) beam diffracted from W(001). The 
three curves depict the results for an assumed contraction of the spacing between 
the top layer and the adjacent layer of 0, 5, or 10 percent of the bulk value. One 
sees clearly that the intensity curves are rather similar, while the polarization 
curves change dramatically. Consequently, measurement of the polarization is a 
sensitive method for determining the contraction of the top-layer spacing. In the 
present example the contraction was found by comparison with experimental 
date to be (7 ± 1.5) %. 

Another problem where polarization measurements are helpful is the 
following: PLEED intensities and polarizations depend on the geometrical 
structure of the target as well as on the potential distribution by which the 
electrons are scattered. There are certain energy regions where the calculated 
PLEED data depend strongly upon either the assumed potential or geometry, 
but not both. Such a decoupling of the influence of the model parameters on the 
intensity I and polarization P helps to clearly separate the individual model 
characteristics. Whether P or I allows more accurate conclusions depends on 
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energy, angle, and the particular diffracted beam considered. Intensity and 
polarization data complement each other, one reason being that many 
pronounced polarization features occur at energies and angles where the 
intensity is small and insensitive to the relevant parameters. 

Polarization experiments are particularly useful for determining the shape of 
the surface potential. Analogous to the situation we have discussed in electron
atom scattering (cf. Sect. 3.8), an electron incident on a crystal surface can be 
temporarily trapped by the surface potential [7.71]. Such non stationary surface 
states (surface barrier resonances) are observed as narrow fluctuations of the 
scattering intensity with respect to variation of electron energy or incidence 
direction. Due to spin-orbit interaction, these fluctuations differ slightly for ej 
and e! (spins parallel and anti parallel to the normal of the scattering plane) 
which means that the intensity curves are split. The spin splitting depends very 
sensitively on the surface potential so that observation of the fluctuations of the 
polarization (or of the scattering asymmetry when working with polarized 
primary electrons) is a new method for testing theoretical surface-potential 
models [7.85-87]. 

In addition to the examples considered we mention that the polarization has 
been found to be sensitive to adsorption of chemically foreign atoms on the 
surface and to temperature effects like changes of the top-layer spacing or 
structural phase transitions. For a more detailed presentation of the com
plementary information obtained in these cases from polarization and intensity 
measurements we refer to the review papers [7.4,68-70]. 

In this section we have so far discussed only processes in which the 
polarization is caused by spin-orbit coupling. If the scattering takes place on 
magnetized materials, the polarization can also arise from exchange scattering, 
analogously to the processes discussed in Chap. 4. We shall explain this with an 
example calculated by Feder [7.68,88]. 

Slow electrons are diffracted from a ferromagnetic iron surface. The 
exchange interaction between an incident electron and the oriented target 
electrons depends on the spin direction of the incident electron relative to the 
magnetization axis. Accordingly, one obtains different cross sections for 
scattering of ej and e! (magnetic moments parallel and antiparallel to 
magnetization; definition of polarization resulting from magnetic materials as in 
Sect. 7.1) which causes the diffracted beam to be polarized. 

Although the polarizing interaction is, in principle, the same as that discussed 
in Chap. 4, one is now confronted with a many-particle problem, and it is 
certainly not practical to use anti symmetrized wave functions for the infinite 
system of the incident and surface electrons. Instead, one may treat the problem 
by using an approximate spin-dependent potential. The results of Fig. 7.25 are 
based on a statistical description of the target electrons which yields, besides the 
electrostatic potential, an exchange potential proportional to (//3, where (! is the 
electron density [7.89]. It has been assumed here that not only elastic, but also 
inelastic scattering is spin dependent, and that spin-orbit interaction can be 
neglected. Spin-flip processes by exchange between electrons with opposing spin 
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ENERGY leV) 

Fig. 7.25. Polarization of 
specularly reflected beam 
from ferromagnetic Fe(110) 
for incidence in a (110) plane 
at 45° against the surface 
normal. Topmost layer 
ferromagnetic (--), 
paramagnetic (----) [7.88] 

directions have also been excluded because every change of the spin state of the 
target caused by such processes would mean an excitation of magnons; above 
10 eV magnon excitation is, however, an order of magnitude smaller than the 
other pertinent inelastic processes. Accordingly, polarization of the scattered 
beam due to spin flip by exchange with target electrons of different spin direction 
(which was discussed in Chap. 4) does not playa role in the model calculation 
made here. The polarization of Fig. 7.25 arises because the exchange potential 
depends on the orientation of the incident spin relative to the excess spin density 
et -e t so that the ei and el of the unpolarized primary beam are scattered from 
the polarized target with different probabilities. 

Since the calculation is based on a model with necessarily simplifying 
assumptions, one should not take the depicted results too quantitatively. Their 
value derives from the fact that they clearly show the sensitivity of PLEED to 
magnetic properties of the target. The polarization curves for two magnetic 
models differ strongly from each other in height and shape. In contrast, the 
scattered intensity (not shown here) does not depend on the target magnetization 
if the primary beam is unpolarized. This is as in electron-atom scattering, where 
it is seen from (4.36) that the target polarization does not affect the scattered 
intensity if the incident beam has zero polarization. The information on the 
magnetic properties is thus coded only in the polarization P if the primary beam 
is unpolarized, or in the scattering asymmetry A if the primary beam is polarized. 
Comparison of the calculated polarization and intensity curves [7.88] shows 
another point of interest: as in many other examples of LEED it is not at all 
exceptional that maxima of polarization and intensity occur at the same angle 
and energy. 

The example shows how the spin dependence of electron-exchange scattering 
can be used for studying the structure of magnetic materials. This is analogous to 
spin-dependent neutron scattering, which led to important discoveries on the 
structure of magnetic materials. There is, however, an essential difference 
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between the two methods: In neutron scattering the cross sections are very small; 
they are determined by the short-range nuclear forces and the relatively small 
interaction of the neutron dipoles with the electron dipoles of the magnetic 
material. The neutrons can therefore cover great distances in dense material. In 
electron scattering the cross sections are determined by Coulomb and exchange 
interactions. Since exchange interaction, which makes the magnetic investi
gations possible, is significant only at low energies, one must work with slow 
electrons. The cross sections are then so large that the electrons do not penetrate 
deep into the material. Electrons are therefore suitable for investigations of the 
magnetic surface structure, for which neutrons are not appropriate due to their 
large penetration depths. Accordingly, electron and neutron experiments 
complement each other in this respect. 

Fig. 7.26. Arrangement of the spins of 
Ni++ ions in NiO. The 0-- ions are not 
shown 

This application of spin-dependent electron scattering was first recognized 
and utilized in the late 1960s [7.90,91]. Positive results were reported for LEED 
experiments on NiO. The structure of this anti ferromagnet is shown in Fig. 7.26. 
It can be seen that the lattice constant of the magnetic unit cell is twice as large as 
that of the chemical unit cell. The Coulomb contribution to the scattering is not 
influenced by the magnetic properties and thus reflects the structure of the 
chemical unit cell. The spin-dependent exchange scattering is determined by the 
magnetic unit cell and should therefore yield additional diffraction maxima half
way between those stemming from the chemical unit cell. Observation of these 
half-order maxima provides a direct means of studying the role of exchange in 
electron scattering. 

Such half-order maxima were indeed observed [7.90,91] if the temperature of 
the crystal was kept below the Neel temperature, below which the anti
ferromagnetism occurs. These investigations on antiferromagnets lie outside the 
scope of our general topic: They do not have to be carried out with polarized 
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SURFACE NORMAL Fig. 7.27. Scattering geometry for PLEED ex
periment on surface magnetism 

e 

/ 

primary beams and the diffraction maxima are not polarized - contrary to what 
has occasionally been claimed in the literature (see Problem 7.1). 

In a later PLEED experiment [7.92] exchange scattering of electrons was 
directly applied to observing the magnetic field dependence and the temperature 
dependence of the magnetization at a Ni(110) surface. Figure 7.27 indicates the 
scattering geometry. The polarization P of the transversely polarized electrons 
was placed in the scattering plane. Scattering asymmetries caused by spin-orbit 
interaction can therefore be neglected. As in the experiment described in 
connection with (7.6), the polarization of the electrons coming from a GaAs 
source was modulated between P and - P. The scattering asymmetry thus 
produced by exchange interaction is determined by the component of P along the 
direction of the target polarization, cf. (4.36). This component was made large by 
operating near normal incidence (8= 12°). The intensity asymmetry of the 
specularly reflected beam for the two directions of P is shown in Fig. 7.28 as a 
function of the magnetic field. The hysteresis curve measured proves clearly that 
the small asymmetries observed are in fact caused by magnetic scattering. In such 
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H 

Fig. 7.28. Hysteresis curve of intensity asym
metry in PLEED from magnetic Ni(110) sur
face; E = 125 e V, angle of incidence 12°, specu
lar reflection [7.92] 
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an experiment it is crucial to minimize stray magnetic fields which can deflect the 
electrons and cause precession of the electron spins and depolarization. This has 
been achieved by magnetizing the sample parallel to the surface and providing a 
closed path for the magnetic flux. The apparatus has also been used for studying 
elastic and inelastic scattering of electrons from amorphous ferromagnetic 
glasses where effects of crystal diffraction are negligible [7.93]. 

The import of such experiments derives from the fact that there are few 
reliable methods for measuring surface magnetization even though it can be 
expected to be different from that of the bulk due to the reduced number of 
neighboring atoms or the possibility of surface reconstruction (i.e., the surface 
structure differs from that of the truncated bulk lattice). PLEED is therefore 
applied in several laboratories as an appealing new tool for that purpose. In 
recent PLEED studies with ferromagnetic Fe(110) films and Ni crystals 
[7.94-97], the scattering asymmetries of incident polarized electrons caused by 
spin-orbit interaction and exchange scattering have been determined separately. 
In contrast to the geometry of Fig. 7.27, both the incident electron spins and the 
magnetization of the sample were oriented perpendicular to the scattering plane. 
Reversal of the magnetization at fixed incident polarization causes asymmetries 
owing to exchange interaction only. Simultaneous reversal of incident polari
zation and magnetization does not affect exchange scattering but causes an 
asymmetry owing to spin-orbit interaction which is sensitive to the relative 
orientation between the polarization and the normal to the scattering plane. In 
this way the two spin-dependent mechanisms can be experimentally decoupled. 

In heavier elements, where both spin-orbit and exchange interaction give rise 
to significant effects, interference terms between these two interactions may play 
a role, a situation which was described for electron-atom scattering in Sect. 4.5.2. 
It has recently been shown that even for the case of unpolarized electrons the 
interplay between spin-orbit and exchange interaction can cause a sizeable 
scattering asymmetry if a ferromagnetic gadolinium surface is used as the target 
[7.97,98]. This implies that one does not even need polarized electrons in order to 
study magnetic surface structure by LEED. 

Though exchange scattering of polarized electrons from magnetic materials 
is still in its infancy, its power is obvious. It carries information on both exchange 
interaction and magnetic surface properties. It has, for instance, been found that 
for Fe(110) the surface magnetic moment is enhanced by about 30 % with respect 
to the bulk [7.99], and that the effect of chemisorption on the exchange-induced 
scattering asymmetry is a sensitive probe for adsorbate layers [7.100]. One may 
even consider studies of magnon excitation by observing the change of the 
polarization of the incident beam on scattering. 

We must, however, point out that it is not an easy task to extract the surface 
magnetization from the measured asymmetry since, in general, the asymmetry is 
not proportional to the magnetization [7.69]. The analysis of surface properties 
like the temperature dependence of the magnetization is complicated by 
nonlinear and thermal effects [7.101] and therefore requires comparison of the 
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experimental results with theoretical calculations in which these effects have 
been taken into account. 

Let us mention in passing that the spin orientation of the electrons in 
magnetic surfaces can also be determined by studying the polarization of heavy 
particles (e.g., deuterons) which have captured electrons by interaction with the 
surface [7.102] or by the asymmetry in triplet positronium formation when the 
electrons are captured by polarized positrons [7.103]. Since the subject of our 
discussion is polarized free electrons we shall not go into the details of these 
possibilities. 

Problem 7.1. An unpolarized beam of slow electrons impinges on an antiferromagnetic 
crystal (Fig. 7.26). Is the resulting diffraction pattern determined by the magnetic unit cell (i. e., 
can one expect to find half-order maxima) or by the chemical unit cell? 

Solution. It can immediately be seen that with a polarized beam one would get half-order 
maxima. This is because the scattering amplitude coming from a particular atom is - as 
indicated schematically in Fig. 7.29 - generally different according to whether the spins ofthe 
electron and atom are parallel or antiparallel to each other (if we had free alkali atoms, then 
according to Sect. 4.1 the intensities would be 1/12 + Igl2 in the cases characterized by the solid 
lines and II _g12 for the dashed lines). Accordingly, there can never be complete destructive 
interference ofthe bundles coming from two neighboring atoms since their amplitudes are not 
equal. The lattice constant determining the interference pattern is therefore twice the 
interatomic distance. If the incident beam consists of e! the scattered waves indicated by the 
solid and dashed lines in Fig. 7.29 must be interchanged. Everything else remains the same; 
one obtains the same diffraction maxima as before. 

Fig. 7.29. Schematic diagram of the scattering 
of a polarized electron beam by an antifer
romagnet 

For an unpolarized incident beam, which consists of ej and e!, one obtains the same 
scattering intensity from every atom (dashed plus solid lines). Nevertheless, there will be no 
complete destructive interference between the bundles coming from two neighboring atoms. 
This would be possible only if the two bundles were coherently superimposed. This does not, 
however, occur because the part of the scattered wave originating from the ej half of the 
incident wave is not coherent with that originating from the e! half, since the incident beam 
already is an incoherent superposition of ej and e!. The diffraction pattern is therefore the 
same whether one works with polarized or with unpolarized electrons. Half-order maxima 
occur in both cases. 
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8.1 Polarization Analysis 

The motion of polarized electrons in electric and magnetic fields that are used as polarization 
transformers is described. Methods employing spin-dependent scattering for polarization 
analysis are discussed with a view toward elimination of systematic errors in asymmetry 
measurements. 

In our treatment of the physics of polarized free electrons we have met many 
processes which, in principle, are suitable for measurement of electron 
polarization, but only a few of them have turned out to be really practical. M0ller 
scattering and Compton scattering have been found to be advantageous in the 
high-energy regime, where other methods fail (cf. Sects. 4.8, 6.1, and 8.4). 
Production of circularly polarized bremsstrahlung by longitudinally polarized 
electrons was used in early polarization measurements on p particles (cf. 
Sect. 6.1). Methods based on spin-dependent electron-atom scattering are 
widely used in many areas of physics. 

In the majority of polarization measurements, techniques are employed 
which are sensitive to transverse components only, so that transformation of 
longitudinal to transverse polarization is required. This can be done with the aid 
of electric and magnetic fields. Let us therefore start with a survey of the motion 
of polarized electrons in static fields. . 

8.1.1 Polarization Transformers 

Figure 8.1 shows the motion of a polarized electron beam in an electrostatic field 
that rotates the velocity vectors of the electrons through 90° but does not affect 
their magnetic moments, so that in the end the longitudinal polarization becomes 
transverse. 

It is, however, only in the nonrelativistic approximation that the electrostatic 
field does not affect the magnetic moments. To illustrate this we recall the picture 
used when discussing spin-orbit coupling. An electron experiences in its rest 
frame a magnetic field equal to E x vic. In the example of Fig. 8.1 this field is 
perpendicular to the plane of the diagram. Hence the spins precess in this field so 
that the polarization becomes slightly rotated when passing through the electric 
field. Exact relativistic treatments can be found in [8.1,2]. Neglecting the 
anomalous magnetic moment of the electron we find from these calculations that 
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Fig. 8.1. Motion of a polarized electron beam in an 
electrostatic field 

the sector angle IX of the electric field in Fig. 8.1 must be ynj2 if the emerging 
polarization is to be transverse (y = 1 jV 1 _(vjC)2). 

Needless to say, magnetic fields also can be used for spin rotation. Since a 
rigorous relativistic calculation of the spin rotation in arbitrary fields is 
complicated, we only discuss the most important special cases (a survey was 
given by Farago [8.3]). If the electrons move along the direction of the magnetic 
field and the polarization is perpendicular to it (see Fig. 8.2a), their direction of 
motion remains unchanged and P precesses about the field direction with a 
frequency which in the first approximation is w = eBjmyc. The exact expression 
for the precession frequency in this particular case is 

9 eB 
W=_·--

2 myc' 
(8.1) 

which is identical to the previous expression if 9 = 2. A more exact value of gis, 
however, g=2(1+a) where a=1.16·10- 3 (see Sect. 8.3). 

We now consider the case of Fig. 8.2b where B, v, and P are mutually 
perpendicular to each other. Then the electrons move in a circular orbit with the 
cyclotron frequency 

eB 
wc =--· (8.2) 

myc 

p 

v -1P B 

(a) (b) 

Fig. 8.2a, b. Motion of a transversely polarized electron beam (a) parallel and (b) per
pendicular to a homogeneous magnetic field 
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Fig. 8.3. Wien filter as a spin rotator 

If the g factor were exactly 2, then precession frequency and cyclotron frequency 
would be equal so that the angle between P and v would remain unchanged. Since 
g is slightly larger than 2, the magnetic moment of the electrons is somewhat 
larger than the Bohr magnet on so that P precesses slightly faster. The precession 
frequency differs by a· eBjme from the value for g = 2: 

OJ = eB + a . eB = eB (~+ a). 
P mye me me y 

(8.3) 

We note only briefly that the difference from the frequency in (8.1) for motion 
along the magnetic field is due to the fact that with a circular motion, a Lorentz 
transformation does not lead directly to the rest frame but to a precessing frame 
(Thomas precession). 

Due to the gradual advance of the polarization caused by g > 2, there is a 
gradual change in the angle between P and v, so that after nearly 103 revolutions 
of the electrons the polarization vector has made one extra revolution (when 
y ~ 1). This means that after approximately 200 revolutions, the polarization has 
been transformed from longitudinal to transverse (or vice versa). 

Transformation oflongitudinal into transverse polarization, or vice versa, is 
also possible without affecting the orbit. This happens in the Wien filter shown in 
Fig. 8.3. In the crossed electro- and magneto static fields, the electrons experience 
no resultant force if eE -eBvje=O, i.e., v = EejB. Their spins, however, precess 
through the angle eLB2 jmy22 E (L = length of the Wi en filter), as can im
mediately be seen for the nonrelativistic limiting case. 

Instead of macroscopic fields one may also use atomic fields to transform the 
polarization. After scattering through 90° a longitudinally polarized beam has 
transverse polarization, provided that the spins are not affected by the scattering 
process. It is true that scattering does change the polarization, but the 
quantitative results of Sect. 3.6 show that, at many energies and scattering 
angles, the change of the polarization vector P is small even for target atoms of 
high atomic number. By scattering from atoms oflow atomic number, P remains 
practically unaffected. Scattering from carbon has therefore been used as a 
simple though reliable polarization transformer [8.4]. Even scattering from a 
gold foil is a satisfactory method for transformation of polarization [8.5]. 
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8.1.2 Polarization Analysis Based on Scattering Asymmetry 

The overwhelming majority of electron polarization studies have exploited the 
left-right asymmetry of scattering. Most of them use Mott scattering in the 100-
keY region, but low-energy scattering [8.6-9] and the PLEED analyzer 
presented in the preceding chapter [8.10,11] have turned out to be very suitable 
as well. Because of its practical importance, we will now describe in more detail 
experimental aspects of polarization analysis by measurement of the left-right 
scattering asymmetry. 

Though the method is quite simple, there are quite a few problems to 
overcome if the results are to be reliable. An experimental setup as shown in 
Figs. 3.7 or 3.28 usually possesses a purely instrumental asymmetry which may 
be caused by different efficiencies of the detectors on the right and left, by not 
strictly axial alignment of the incident polarized beam, by inhomogeneity of the 
target or of the beam, etc. Either the instrumental asymmetry must be 
eliminated, or the measurements have to be corrected for this spurious 
asymmetry. In what follows, we will discuss three basic cases in order of 
increasing complication. 

a) Perfect Alignment of Incident Beam. Let us first assume a case of limited 
instrumental asymmetry, where there is no misalignment of the incident beam 
and the scattering angle 8 in the analyzer is well adjusted, but where the solid 
angles Q1,2 subtended by the two detectors and the detector efficiencies E1,2 are 
different. For an incident ej beam the numbers of counts in the detectors on the 
left and right are, according to (3.70), 

L j =nNE1Q1I(8) [1 +PS(8)] (8.4) 

R j =nNE2Q2I(8) [1-PS(8)], 

where n is the number of incident particles, N is the number of target atoms per 
unit area, and P is the polarization of the incident beam. 

If El Q1 '* E2 Q2 one has a spurious asymmetry which must be eliminated. This 
can be done by reversing the polarization direction of the incident beam. In 
Fig. 3.7 this means, for example, rotating the primary beam through an 
azimuthal angle 4> of 180°. This leads to reversal of the vector nl = k x k'/Ik x k'i 
normal to the scattering plane and thus to reversal of the polarization S(81)nl' 
Such a flip of the polarization results in an inversion of the scattering asymmetry 
and one obtains 

L~ =n'N'E1Q1I(8) [1-PS(8)] 

R~ =n'N'E2Q2I(8) [1 +PS(8)], 
(8.5) 

where the primes indicate that, in this run, the number of incident particles and 
the effective target thickness can be different (the effective target thickness may 
change due to inhomogeneities of the target and the beam without a change of 
the overall alignment of the beam). 
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From 

VLjR~ =N+ = Vnn'NN'E1E2Q1Q2/(1 +PS), 

VRjL~ =N- = Vnn'NN'E1E2Q1Q2/(1-PS), 

one obtains the asymmetry 

(8.6a) 

(8.6b) 

(8.7) 

independent of detector efficiencies and solid angles and of the variation of 
target thickness and number of incident particles. The measurements just 
discussed enable us to determine the instrumental asymmetry: The ratio of the 
quantities 

VLjL~ =Vnn'NN'[1-(PS)2]IE1Q1 

VRjR~ =Vnn'NN'[1-(PS)2]IE2Q2 is 

~ E1Q1 

VRjR~ E2Q2 =e· 

(8.8) 

If this ratio differs from 1 we have, according to (8.4) or (8.5), an instrumental 
asymmetry. 

In discussing the procedure for determining PS independent of such an 
instrumental asymmetry, we have tacitly assumed that e does not vary in time. 
This is, however, not necessarily warranted. Different e for the two runs can, for 
instance, occur at high counting rates when the difference in the dead time 
corrections between the high- and low-intensitity directions is not accounted for. 

Monitoring VLjL~/VRjR~ provides a check on the performance of the 
apparatus. If this quantity is not constant in time the measured asymmetry 
cannot be claimed to be accurate. 

b) Misalignment of Incident Beam; Cancellation of Instrumental Asymmetry. 
Let us now assume that we have a misalignment of the incident beam. Let the 
beam be displaced an amount Ax and rotated by an angle () with respect to the 
symmetry axis of the detector system (see Fig. 8.4). Instead of (8.4) we then 
obtain 

L j =nNE1Q1(Ar1, .1(1)/(0+.101) [1 +PS(0+A01)] 

R j =nNE2Q2(Ar2, .1(2)/(0+.102) [1-PS(0+A02)], 
(8.9) 

where Ar and .10 are illustrated in Fig. 8.4 and, to first order, are given by 
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Fig. 8.4. Misalignment of incident beam 

L1rl =L1x sin 8= -L1r2=L1r 

L1x 
,181 =- cos 8+J= -,182=,18. 

r 

Using the first-order expansion 

( laS ) 
S(8±L18)~S(8) 1 ±s a8 L18 , 

one obtains 

Lt = nNE1Q1(L1r, ,18)1(8+,18) (1 +PS+P ~~ ,18) 

R t =nNE2Q2( -L1r, -,18)1(8-,18) (l-PS+P ~~ L18} 

A flip of the polarization yields instead of (8.5) 

L. =n'N'E1Ql(L1r, ,18)1(8+,18) (l-PS-P ~~ ,18) 

R. =n'N'E2Q2( -L1r, -,18)1(8-,18) (1 +PS-P ~~ L18} 

(8.10) 

(8.11 ) 

(8.12) 

(8.13) 

In forming V L t R. and V R t L. the first-order terms of the Sherman function 
cancel. Neglecting second-order errors one obtains the asymmetry (8.7), 

N+-N-
A=N++N- =PS. 
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The essential assumption underlying this result is that the beam position is not 
changed when the polarization is reversed. The misalignment must stay the same 
during the whole measurement. This can be checked by monitoring the beam 
position when the polarization is flipped. 

c) Misalignment of Incident Beam; Correction for Instrumental Asymmetry. It 
is important to point out that the conclusions made above do not hold if, in order 
to eliminate the instrumental asymmetry, the detectors are interchanged while 
the beam remains fixed in space (cf. Fig. 8.5). This can be done by rotating the 
part of the scattering chamber which contains the detectors through 1800

• We use 
the first-order expansions 

and 

where Q without an argument denotes again the solid angle for perfect alignment 
of the beam. Hence one has for the first run 

INITIAL 
CONFIGURATION 

CONFIGURATION 
OF CASE b) 

CANCELLATION 
OF INSTRUMENTAL 

ASYMMETRY 

D, 

CONFIGURATION 
OF CASE c) 
CORRECTION 

FOR INSTRUMENTAL 
ASYMMETRY 

Fig. 8.5. Elimination of instrumental asymmetries 

(8.14a) 

CONFIGURATION 
EQUIVALENT 
TO CASE b) 
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and for the second run 

(8.14b) 

where Land R still denote the counting rates on the left and the right, whereas E 
and Q are correlated with the physical detectors and not with their position in 
space (detectors 1 and 2 have been interchanged now). 

From 

and (8.14) we now obtain the measured asymmetry 

where 

PS+Af 

(1 +PS+PLiS)(l +Ar) -(l-PS+PLiS)(l-Ar) 

(1 +PS+PLiS)(l +Ar)+(l-PS+PLiS)(l-Af) 

1 +PLiS+AfPS' 

and 

while second-order terms have been omitted. Since analyzers are usually 
operated at angles where LiS~l, one has 

A = PS+Af 
m l+AfPS' 

(8.15) 

For an unpolarized beam, P=O, one has Am =Af , i.e., the measured asymmetry 
equals the false asymmetry. This enables one to determine the false asymmetry Af 
if it is certain that beam positions and directions are the same for the polarized 
and the unpolarized beam. The polarization P can then be determined from 
(8.15). 

An arrangement such as described in Case b) is certainly preferable, since PS 
can be evaluated without determination of spurious asymmetries. It is also 
possible, however, to achieve this in the case where the detectors are inter
changed, if the apparatus is rotated in such a way that beam position and 
direction remain invariant with respect to each of the detectors. This is illustrated 
in the last configuration of Fig. 8.5. It is obtained by turning the configuration of 
Case b) upside down and is thus equivalent to that arrangement. In order to 
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accomplish such a rotation it is necessary that the slits which define the beam in 
the analyzer rotate together with the detectors. In addition, the polarization and 
the beam current readings on these slits must remain the same in the initial and 
the second run. 

The above considerations show that, since the ideal Case a) of a perfectly 
aligned beam cannot be accomplished in practice, one should attempt to realize 
Case b) in a polarization measurement, either by flipping the polarization or, as 
shown in the last configuration of Fig. 8.5, by rotating the complete analyzing 
system. If the arrangement is not close to the Case b) of exact cancellation of the 
instrumental asymmetries, then part of these asymmetries has to be corrected 
for. In a situation like this, one should adjust the apparatus so that the 
instrumental asymmetries are small; errors in their evaluation are then of little 
influence on the final result for the polarization. Even if one works fully in the 
less favorable Case c), the effect of the false asymmetry Af on the measured 
asymmetry is shown by (8.15) to be small if Af is small compared to PS. 

Sometimes instrumental asymmetries are checked simply by reducing the 
electron polarization to zero. Let us assume that this can be done in good 
approximation without affecting the beam characteristics, for instance by 
switching from circular to linear light polarization in studies with photoemission 
sources of polarized electrons (cf. Sect. 8.2). If the numbers of counts which 
follow from (8.12) for p=o are denoted by Lo and Ro, the instrumental 
asymmetry Ai is given by 

Lo-Ro 
A· = ---=----

1 Lo+Ro' 

Since, as mentioned above, ,dS= (aSja8),d8 ~ 1 is usually fulfilled, one obtains 
from (8.12) for the asymmetry measured in one run with the polarized beam 

Lo(l + PS) - Ro(1- PS) 

Lo(1 +PS)+Ro(1-PS) 
(8.16) 

A~ has the form of (8.15) though, due to the different measurement procedure, Ai 
is now the full instrumental asymmetry which is generally larger than Af • 

Accordingly, this method does not reach the accuracy of the others unless Ai can 
be determined with high precision. However, evaluation of PS from (8.16) may 
serve as an additional check of the measurement by the spin-flip method 
discussed above. 

In order to check whether the changes of the beam polarization made to 
eliminate instrumental asymmetries affect position and angle of the beam, it is 
useful to monitor spurious asymmetries by two additional detectors set up 
symmetrically at small angles (see Fig. 5.10). If the angles are chosen such that 
S(8) ~ 0, any asymmetries observed are purely instrumental. In cases where the 
reversal of the polarization must be carried out by reversal of a magnetic field, 
such as in experiments with magnetic materials, the influence of the field on the 
beam trajectory is otherwise hard to control. 
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The above discussion of a few basic examples of asymmetry elimination is 
meant to illustrate how the practical situation in a realistic experiment may be 
reduced to a simple idealized case. Idealizations such as disregarding the fact that 
the beam has a finite diameter induce additional errors. The experimentalist has 
to make sure that in each specific situation these errors are only of second order. 
In the example of finite beam diameter, the beam can be considered to be made 
up of individual trajectories which are displaced with respect to the axis and can 
be treated according to Case b). If the beam does not deviate too much from axial 
symmetry the corrections are of second order. F or polarization measurements of 
high precision it does not suffice to rely on a general discussion such as the 
foregoing; instead the specific experimental arrangement has to be reanalyzed. 

One error source we have not yet discussed is random variation of the beam, 
which is a common problem. The best way of coping with it is the rapid reversal 
of the polarization in regular short intervals so that, on average, the random 
fluctuations cancel out. 

One can certainly imagine further sources of spurious asymmetry which have 
not been discussed here, for instance, uncertainties of the angular position of the 
two detectors or errors of second order. Since a mechanical apparatus can be 
constructed nowadays with great accuracy and since the detectors are usually 
positioned in directions where one has only a slight angular dependence of the 
analyzing power S, such errors remain, in general, below the limits reached in 
polarization experiments. 

In order to determine P from the asymmetry PS(fJ) observed in a Mott 
analyzer, one needs an accurate value of S. One cannot simply use the theoretical 
value which was calculated for single scattering by one atom. Every real target 
contains so many atoms that plural or multiple scattering processes also occur; 
this becomes more likely, the thicker the target foil is (see end of Sect. 3.7.1). 
Electrons which arrive at the counters after several consecutive scattering 
processes usually reduce the intensity asymmetry. 

Consequently, instead of using the ideal Sherman function one must use an 
effective Sherman function which depends on the target thickness. It also 
depends on other conditions of the experiment, for example, on the range of the 
scattering angle fJ which is recorded by the electron detectors. Since there are 
rather large uncertainties in the theoretical treatment of plural scattering, it is 
advisable to experimentally ascertain the effective Sherman function for the 
Mott detector chosen. This can be done by calibrating the Mott detector with an 
electron beam of known polarization. It can also be done with a polarized beam 
of unknown polarization by measuring the increase of the scattering asymmetry 
with decreasing foil thickness d. If the amount of plural scattering is very small 
with the thinnest of the foils used, one can extrapolate from such a measured 
curve to the asymmetry for the foil thickness d=O. This can be related to the 
Sherman function for d=O which is well established theoretically as well as 
experimentally for a suitable choice of scattering angle, electron energy, and 
target material (e. g., at fJ = 120°, E= 120 keY, Z = 79 the value S = -0.37 has 
been established to within ± 3 % [8.12]). The measured curve then yields the 
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Fig. 8.6. Distortion of the measurement by backscattered 
electrons 

effective Sherman function also for the other foils used in the series of 
measurements. 

Spurious electrons can arrive at the counters not only due to plural scattering 
in the foil but also due to reflection at the walls of the scattering chamber. Figure 
8.6 shows a few typical cases: 

1) Un scattered electrons from the incident beam are reflected on the chamber 
wall and after hitting the foil are scattered into a detector. 

2) Scattered electrons hit the wall and are reflected into the direction of a 
detector. 

3) Electrons from the incident beam reach a detector after double reflection at 
the wall. 

In order to suppress these background electrons several of the following 
preventative measures are usually required: coating the inside of the chamber 
with a material having a small backscattering coefficient (small atomic number, 
e.g., carbon), suitable arrangement of diaphragms which capture the back
scattered electrons, and good energy resolution of the counters since the 
electrons lose part of their energy due to the reflection. 

To obtain significant left-right asymmetries, large values of the effective 
Sherman function Serr are desirable. We have seen, however, in Sect. 3.4.2 that at 
angles where the Sherman function is large, the cross sections, and thus the 
scattering intensities, are small. Therefore one must find a compromise between 
high scattering intensity 1 and high asymmetry. It can easily be seen (see Problem 
8.1) that one should choose S;rrIto be as large as possible, in order to make the 
statistical error as small as possible. As 1 also depends on the incident intensity 10 , 

it is reasonable to use the quantity S;rr/j1o as a figure of merit when comparing 
different Mott detectors. 
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Fig. 8.7. Ideal Mott detector 

The decrease of the effective Sherman function with increasing foil thickness 
is rather slow. Even for an infinitely thick scatterer, Sen = -0.027 has been found 
at261 keVand 105° [8.12]. This is still about 9 % of the value for an infinitely thin 
foil. More detailed measurements at bulk targets have been made [8.13]. Due to 
the slow decrease of Sen and a stronger increase of the scattering intensity, 
S;ffljlo increases with increasing foil thickness within wide limits. Nevertheless 
one should not use a really thick scattering foil for polarization analysis as one 
could be inclined to do when paying attention to the statistical error only: owing 
to the small left-right asymmetry of the thick foil with its small Seff, the 
instrumental asymmetry predominates and may give rise to comparatively large 
systematic errors of the polarization measurement. An example of a favorable 
choice of foil thickness is the following. For electron energies of 120 keY and 
scattering angles of about 120°, gold foils with area densities between 0.1 and 0.5 
mg/cm2 (i.e., thicknesses of approximately 50-250 nm) are suitable. 

Even if one chooses a foil thickness in the upper range of the example just 
given, the values of 1/10 still do not exceed 10- 3 to 10-2 . This means that from a 
thousand polarized electrons, less than ten can be detected. In comparison with 
this an analyzer for polarized light functions practically without loss. This is one 
of the reasons why experiments with polarized electrons are so much more 
difficult. For a Mott detector the efficiency S;ffl/lo is of order 10-4 [8.14]. The 
corresponding value for an analyzer of polarized light, which, according to its 
position, almost totally absorbs or transmits polarized light is near 1. AMott 
detector of this efficiency would have to scatter all the electrons of a totally 
polarized incident beam off to one side (see Fig. 8.7)! 

Mott detectors can also be operated at low energies, for instance in the range 
5-1000 eV. Then scattering foils are no longer employed because due to the 
much larger scattering cross sections at these energies multiple scattering would 
affect the Sherman function considerably. One therefore uses Hg-vapor beams 
of moderate density. The advantage of low-energy operation is that, when 
experimenting with slow polarized electrons, it is not necessary to accelerate 
them afterwards to higher energies in order to measure their polarization so that 
the apparatus becomes more compact. The efficiency is comparable to that of 
Mott detectors working at higher energies, a values of 4· 10 - 5 having been 
reported at a detection energy of 15 eV [8.7]. 

In another version which is occasionally employed, scattering from the gold 
foil occurs at high energy whereas the scattered electrons are detected at low 
energy [8.15, 16]. The compactness of the device and the improved rejection of 
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inelastically scattered electrons is offset by a somewhat lower efficiency: 
According to Liouville's theorem, the cone of scattered electrons is inflated in the 
course of deceleration from scattering energy to detection energy so that the 
number of electrons reaching the counters decreases with increasing discrimi
nation against inelastically scattered electrons. 

Since the PLEED detector (cf. page 220) exploits the same concept of 
asymmetry measurement, our considerations on elimination of instrumental 
asymmetries may also be applied to this analyzer, although specific features 
require attention. Because of the angular sensitivity of the analyzing power S, the 
diffraction conditions must be carefully chosen so as to stay within the first-order 
corrections discussed above; the energy dependence of S requires that the 
polarized electrons have a small energy width. A calibration of S is mandatory. 
Efficiencies of 10-4 can be reached without difficulty [8.10]. The necessity of a 
vacuum in the low 10 -10 mbar range makes the PLEED detector an appropriate 
device for experiments which already require ultrahigh vacuum for other 
reasons. 

Problem 8.1. Calculate the statistical error of the polarization measurement with a Mott 
detector and establish the assertion that S;ff I should be as large as possible (if systematic errors 
are ignored). 

Solution. Since A = (Nl - Nr)/(Nl + N r) = PSeff , the error of the polarization measurement 
for a given Seff is 

1 
.dP=-·.dA. 

SeH 

From the law of propagation of errors, the error .dA ofthe measured asymmetry is expressed in 
terms of the errors of the individual measurements .dNI and .dNr by 

(for the errors .dNi of the individual measurements, the statistical errors yN; have been 
substituted). Setting Nl + Nr = N one obtains 

.dA= J 4 NrNI 
N 3 . 

.dA= 1 2 2 N (1-P SeH) and 

.dP= 1 ( 1 2) N S;rr -P . 
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With the Mott detectors used in practice, the effective Sherman functions are not very large so 
that l/S;ff> 10 p 2 ; thus 

(8.17) 

Since N, the number of particles observed, is (under otherwise identical conditions) 
proportional to the scattering intensity J, dP becomes smaller as S;ffJ becomes larger. 

8.1.3 Spin-Dependent Absorption 

Another idea that utilizes spin-dependent scattering for polarization analysis has 
been put forward more recently [8.17-19]. It exploits the fact that, due to spin
dependent interaction, the absorption of an electron beam in matter depends on 
its polarization. Figure 8.8 illustrates the basic idea. The current registered by the 
ammeter (which will be called absorbed current fa for simplicity) differs from the 
current fo hitting the sample; this is because part of the incident electron beam is 
scattered backward by the sample and because secondary electrons leave the 
sample. At certain energies the number of electrons leaving the sample happens 
to equal the number of incident electrons, so that the absorbed current is zero. 
Let us assume that, at some energy Eot , this situation occurs for ej (polarization 
parallel to normal of plane of incidence) and that the sample has a high atomic 
number Z causing a significant left-right asymmetry of the scattered electrons. If 
the same experiment is then made with e! one cannot expect the absorbed current 
to be zero again. This is because the numbers of electrons scattered to the right 
and to the left which, owing to the oblique incidence of the primary beam, have 
different chances of escaping from the sample are then interchanged. The left
right asymmetry of scattering thus results in different numbers of escaping 
electrons for incidence of ej or e! so that the absorbed current cannot be zero for 
both spin directions at the same electron energy. 

The spin-dependent absorption is illustrated in Fig. 8.9 for the situation 
where the electrons hit a polycrystalline gold foil at an angle of 35°. At an energy 
Eo of130.3 eV, where one finds fa =0 for unpolarized electrons, totally polarized 
electrons produce an absorbed current of about 0.2 % of the incident current. 
Reversal of the polarization reverses the direction of the absorbed current. The 
difference between the absorbed currents at Eo is proportional to the degree of 
polarization and may, after calibration, be used for polarization measurement. 
The difference Eot - Eo. limits the tolerable energy spread of the beam to be spin 
analyzed. 

Spin-dependent absorption has been found not only in materials like gold 
and tungsten where spin-orbit interaction is responsible for the effect, but also in 
ferromagnetic material like the amorphous glass N40Fe40B20 where it is caused 
by spin-dependent exchange interaction [8.17]. Absorption in magnetic solids 
can therefore be used as a polarization analyzer as well. 
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Fig. 8.8. Absorption of polarized electron 
beam by high-Z sample. Spin-dependent 
interaction causes left-right asymmetry of the 
scattered electrons. Due to oblique incidence 
of the primary beam electrons scattered to 
the left have a different chance of escaping 
than electrons scattered to the right 

-
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130 131 
ELECTRON ENERGY leV) 

Fig. 8.9. Fraction 1./10 of absorbed current 
vs. electron energy for totally polarized and 
unpolarized (---) electron beams impinging 
on a clean polycrystalline gold foil. Angle of 
incidence 35°. Polarization parallel i and 
antiparallel t to normal of plane of incidence 
[8.19] 

The values of la/IO and L1E given in Fig. S.9 are typical ones. By suitable 
choice of the parameters of the experiment (such as angle of incidence, structure, 
and contamination ofthe surface) more favorable values can be found as can be 
seen from the references given, so that efficiencies comparable to the best Mott 
and PLEED analyzers can be attained. In order to obtain stable and 
reproducible analyzer parameters annealed gold films evaporated in ultrahigh 
vacuum had to be used [S.20]. The absorption detector can be employed when 
the current of polarized electrons is in the measurement range of sensitive 
ammeters ( > 10 -17 A), since the method does not permit the counting of single 
electrons. For a detailed discussion of polarization analysis by spin-dependent 
absorption we refer to [S.20]. 

Though Mott scattering is presently the standard technique for polarization 
analysis, various polarization studies have been made with each of the other 
methods explained. Since different experiments put different demands on the 
analyzer, it is worth considering which is the most suitable device for a specific 
project. Generally speaking, though, electron polarimeters, with their low 
efficiency, are less advanced than polarized-electron sources, which will be 
discussed in the next section. Consequently, in those cases where an asymmetry 
measurement with a polarized beam and a polarization measurement with an 
unpolarized (incident) beam give equivalent results, the asymmetry measure
ment is certainly preferable. 
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8.2 Sources of Polarized Electrons 

Some of the processes discussed in this monograph have been used to build polarized-electron 
sources. Characteristics of the sources are given and a comparison of their utility is made. 

The discussions throughout this book have shown that an efficient source of 
polarized electrons is an attractive device to have for novel investigations in 
various fields of physics. Indeed, there have been many attempts to utilize as 
polarized-electron sources many of the processes we have described. Sometimes 
workers in the field gave an overoptimistic prognosis for the efficiency, as a 
source, of the particular process they were studying or proposing. From all the 
processes we have met, only a few have turned out to be an adequate basis for 
sources of high efficiency. 

We shall now give a brief account of the state of the art of polarized-electron 
sources. In order to be able to compare the various sources with each other, one 
needs common criteria of performance. To establish such criteria may at first 
sight appear trivial since a source is better, the higher its polarization and current 
are and the better its beam is collimated. One does not, however, get much 
further with such general ideas when one has, for example, to make the following 
simple decision: Would one rather have a source that yields a totally polarized 
beam with a moderate current or one with ten times as much current and a 
polarization of, say, 20 %. 

To answer this question, we start with the fact that in experiments with 
polarized-electron beams the information is mostly drawn from the relative 
difference or "asymmetry" A of the counting rates obtained with opposing 
polarizations1 P and - P. The asymmetry A = PSis determined by the 
polarization P and the quantity S which describes the spin dependence of the 
process to be studied. If the polarization of the electrons emitted by the source is 
known, the error of the desired quantity S is determined by the error of the 
asymmetry measurement: 

LJS=LJA/P. 

By referring to Problem 8.1, one can immediately see that the statistical error is 

1 
LJS~dD2iT· 

V P2N 
(8.18) 

(In Problem 8.1, S was the known quantity and P had to be measured. The 
situation is reversed here so that P and S are also interchanged in the final result.) 
Since the observed number of particles N, under otherwise identical conditions, 

1 This includes measurements ofleft-right asymmetry, if the direction of P is referred to the 
direction of n. 
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is proportional to the incident current I, it follows from (8.18) that the error will 
decrease as p 21 increases. This quantity is therefore often taken to be a measure 
of the quality of a source of polarized electrons. In the example above, if the 
polarization is five times smaller, one needs twenty-five times as much current in 
order to obtain the same error limits in the same time. 

There is, however, no point in using p 21 in every case as a figure of merit, 
expecially when counting statistics is not the main source of error. The 
polarization must be large enough so that the spin-dependent asymmetries one 
wants to study do not become completely masked by asymmetries of in
strumental origin which would lead to a situation where the systematic errors 
outweigh the statistical errors. Polarizations below a few percent are of no 
interest for most purposes. Another case in which it would be inappropriate to 
use p 21 as a figure of merit is high-energy electron scattering on polarized targets 
(see Sect. 8.4) where the electron bombardment reduces the polarization of the 
target. In such an experiment it would be pointless to compensate for small 
polarizations by using high intensities. When using p 21 as a somewhat rough 
figure of merit in the following, we should bear such restrictions in mind. If two 
sources have the same value of p2 I, the source with the higher polarization is 
usually to be preferred. 

One also needs to know whether a source yields a well-collimated beam which 
can easily be handled by electron optical devices, that is, can be sent through 
lenses, filters, or spectrometers without much loss of intensity. This can be 
suitably described by the brightness b which is conventionally used to describe 
normal electron sources. It is defined as the current density per unit solid angle. A 
source that concentrates a high current density into a small solid angle has high 
brightness. If,o is the radius of a beam-cross-section minimum (for example, at 
the exit of the source) and OCo the corresponding semi-aperture of the beam, one 
has the brightness (see Problem 8.2) 

(8.19) 

if OCo is not too large (1= beam current). 
One should also take into account that the angular divergence of an electron 

beam is reduced if the beam is accelerated. This is obvious because of the increase 
of the longitudinal momentum components during acceleration and is quanti
tatively described by Lagrange's law 

'OOCo VEo = 'rOCr VEr (8.20) 

(the indices refer to the states before and after acceleration). Consequently, if two 
sources have the same brightness bo but different energies, the source with the 
lower energy is superior: After acceleration of the electrons to the energy Er at 
which the experiment is to be carried out, this source will yield the larger 
brightness, since 
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Thus for a given brightness bo of the source and a given energy Er at which the 
experiment is to be carried out, the brightness br is inversely proportional to the 
energy of the electrons leaving the source. 

When one considers that for polarized electrons it is not J but rather p2 J that 
is an adequate figure of merit for the source, and that Er is not a property of the 
source but rather a parameter of the experiment, it seems, from the previous 
discussion, sensible to use the quantity 

p2J 

q= roalJEo (8.21) 

for comparison of the beam quality of various polarized-electron sources. The 
quantity q takes into account the polarization, intensity, and collimation of the 
beam.2 

In sources that utilize strong magnetic fields, the off-axis trajectories become 
skewed as the electrons pass through the inhomogeneous field region on their 
way to the field-free region where the polarized beam is to be used. This 
deteriorates the emittance rex of the beam [8.21]. Comparison of different sources 
should therefore be made under comparable conditions, for instance, in regions 
free of magnetic fields. 

Trying to define a universal figure of merit which comprises all characteris
tics of a source would not make much sense, since there are quite a few properties 
of polarized-electron sources that are relevant only in certain experiments. 
Investigations with slow electrons, for example, often require the energy spread 
of the incident beam to be small, whereas in high-energy experiments even an 
energy spread of more than 1 ke V is irrelevant. Whether a source with a 
continuous or pulsed, transversely or longitudinally polarized beam is more 
suitable also depends on the particular experiment. On the other hand it is 
desirable for most experiments to have no change of the beam properties when 
the electron polarization is reversed, and to have good stability of the current and 
polarization. 

We shall now consider the different methods for producing polarized 
electrons with respect to their performance as sources of polarized electrons. We 
shall proceed in the order in which the methods were discussed in this book and 
only select those cases where development of the method as a usable source of 
polarized electrons has actually been achieved. 

According to Chap. 3, electron scattering from unpolarized targets with 
high atomic numbers yields considerable polarization at energies from a few 
electron volts up to the MeV region. Numerous combinations of energy and 
scattering angle yield nearly total polarization. However, the intensities that can 

2 The subscript in (8.21) will be dropped in the following. 
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Fig. 8.10. P(O) and P2(O)U(O) for 300-eV electrons elastically scattered by Hg (ao=Bohr 
radius) 

be obtained are moderate because the polarization maxima lie near cross-section 
minima and are moreover very narrow when they approach 1, as has been 
explained in Sects. 3.4 and 3.6. 

Polarization (or Sherman function) diagrams such as those given in Sect. 3.6 
do not provide the best survey of the regions in which scattering yields the most 
favorable values. Since the scattered current I is proportional to the differential 
cross section u(O), diagrams of the quantity P 2u(0) or of the quantity 
P2(0, E)u(O, E)VE are more suitable. The latter expression takes into account 
that, as the electron energy decreases, it becomes increasingly difficult to produce 
a high-intensity primary beam because the current of a space-charge-limited 
electron gun is proportional to E3/2. Since the scattered current I is directly 
proportional to the primary current and the quality of the source is, according to 
(8.21), inversely proportional to the energy E ofthe electrons leaving the source, 
it follows that the quality of the source based on scattering is governed by the 
quantity 

Figure 8.10 or the comparison of Fig. 8.11 with Fig. 3.21 shows that the 
criteria used here give a picture that is quite different from that obtained when 
only the polarization values are considered. 

Table 8.1 gives a comparison of various sources of polarized electrons. The 
value of. p 2 I given therein for scattering from unpolarized targets has been 
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obtained with mercury-vapor beams to within the same order of magnitude in 
three different laboratories (Mainz, Stanford, Munster). This indicates that a 
considerable improvement in this value is hardly possible, which makes this 
method inferior to the other sources listed. Another disadvantage is that for a 
reversal of the polarization, which is necessary in almost all applications of 
polarized electrons, one has to change either the scattering angle or the electron 
energy. We shall see that polarization reversal in other sources is easier to 
perform. Instead of the beam scattered from a mercury target one may use a 
LEED spot diffracted from a single crystal as polarized-electron source [8.22]. 
This does not, however, increase p 2 I dramatically and has no advantage with 
respect to polarization reversal. 

Exchange scattering of slow electrons by polarized atoms, as discussed in 
Chap. 4, may also be used to build a source of polarized electrons. Equation 
(4.24) shows that the polarization P: of the scattered electrons approaches the 
value P A of the atoms if 1/(8)12 /0'(8) approaches zero, that is, if virtually only 
exchange scattering takes place. Since the exchange processes have appreciable 
cross sections only at low electron energies, this technique - contrary to 
scattering by spinless targets - is restricted to slow primary electrons. The values 
of P: / P A which can (in theory) be 0 btained have been calculated as a function of 
scattering angle and electron energy for rubidium between 0 and 7 eV [8.23]. For 
certain ranges of these parameters (e.g., E~0.03 eV, 8>90°, and E~2 eV, 
8~ 100°) one obtains P:/ P A> 0.8, that is, the attainable electron polarization 
amounts to more than 80 % of the polarization of the rubidium beam. Similar 
results have been obtained for the other alkali atoms [8.24]. 

While nobody has attempted to build a continuous source of polarized 
electrons by scattering a beam of slow electrons from a polarized atomic beam, it 
seems that the best results with exchange scattering can be obtained if the 
electrons are trapped for a while in the region containing the polarized atoms so 
that they have plenty of opportunity for exchange collisions. In this way their 
polarization gradually builds up. A typical experimental setup [8.25] works as 
follows. 

A hot cathode emits a pulse of slow electrons of a few eV. The electrons are 
stored in a trap which is a combination of an electric potential well and a 
magnetic field. The trapped electrons collide with polarized potassium atoms 
which are produced using a six-pole magnet and which flow continuously 
through the electron trap. At the end of the trapping period of approximately 
20 ms the electrons are extracted along the direction of the magnetic field. Thus 
l-/-1s pulses of 104 longitudinally polarized electrons with polarizations of up to 
50 % were obtained (up to 105 electrons per pulse for smaller P). 

In a later attempt [8.26] to optimize the method, where polarized hydrogen 
atoms were used as the target, 107 electrons per pulse with 20 % polarization were 
reported. Comparing the results of the exchange method, which is described in 
detail in [8.27], with those of the other techniques presented in Table 8.1 one 
finds that even the optimized version has failed to live up to intensity and 
polarization expectations as a useful laboratory instrument. 
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Fig. 8_12. Polarized electrons from photoionization of polarized lithium atomic beam [8.5] 

Much work has gone into the development of polarized-electron sources 
from the photoionization of polarized atoms (see [8.5,21,28]). This was the first 
method used to tackle the problem of building a source. Figure 8.12 shows the 
scheme of an apparatus with which good results have been obtained. Uv light is 
reflected into a longitudinally polarized atomic beam that is produced by a six
pole magnet. The photoionization takes place in a magnetic field of 20 mT 
which is strong enough to decouple electron and nuclear spins from each other 
(cf. Sect. 5.1). The magnitude of the photoionization cross section and that of the 
hyperfine interaction between electrons and nuclei both play an important role 
in the choice of the atoms to be used. In the latest version of the experiment 
lithium was used because of all the alkali atoms it has the largest photoionization 
cross section. The experiment was carried out with 6Li because this isotope has a 
smaller hyperfine interaction than 7Li. Lithium also has the advantage that the 
spin-orbit coupling which, according to Sect. 5.2, can drastically change the 
initial polarization during the photoionization process is negligibly small. In 
addition, one need not be afraid of an appreciable reduction of the polarization 
due to Li2 molecules because their photoionization cross section is - contrary to 
what was said in Sect. 5.2.2 for Cs - merely of the same order of magnitude as 
that of the Li atoms. 

The highest intensities were obtained by using a pulsed light source, since 
pulsed light sources such as sparks have a peak radiance in the uv which is many 
orders of magnitude larger than that of continuous lamps. The source is thus 
suitable for operation with a pulsed high-energy accelerator for which it was in 
fact constructed (see Sect. 8.4). The injector of the accelerator is designed to 
accept ~ 70-keV electrons with an energy spread of S 1.5 keY and an emittance 
ra ~ 7 mrad cm. The ionization region is therefore maintained at a potential of 
- 70 ke V, and the photoelectrons are extracted to ground potential. The chopper 
wheel shown in the figure is to limit the lithium accumulation in the six-pole 
magnet. The purpose of the repeller electrode is to prevent photoelectrons from 
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leaving the ionization region in the backward direction. The direction of the 
electron polarization could be reversed in :::; 1 s by reversing the current through 
the cylindrical magnetic field coil. In high-energy scattering experiments the 
polarization was reversed every three minutes. 

In addition to the characteristics of the source given in Table 8.1 we mention 
that the number of atoms in the photoionization region was 1011 (atom density 
on axis 3 . 1011 atoms/cm3) and that 2 % of the atoms were photoionized. The 
oven temperature was 875°C because of the high boiling point of lithium. At 
this temperature the oven load of 750 g lithium lasted ~ 175 hours. 

A glance at the original papers cited above shows that the method is 
considerably more complicated in practice than would appear from the 
schematic diagram in Fig. 8.12. The discovery of the Fano effect (see Sect. 5.2) 
about 40 years after the proposal of this well-known method opened up the 
possibility of obtaining polarized electrons with somewhat less effort by 
photoionizing un polarized atoms. Such sources have been developed in various 
laboratories. Their setup is, in principle, not complicated. All that is required is a 
strong source of (near-) uv radiation and a strong alkali atomic beam. One needs 
neither a six-pole magnet like that shown in Fig. 8.12 for the selection of atomic 
spin states nor a magnetic field for the decoupling of electron and nuclear spins. 

Let us compare the Fano-effect source built by the Yale group [8.29] with the 
source of Fig. 8.12 built by the same group. It is a dc source which uses a cesium 
atomic beam. With 60 g of Cs in the oven, operation at a density of 1012 

atoms/cm3 can be maintained for 75 h. The light of a 1000-W high-pressure 
Hg-Xe arc lamp is circularly polarized in the usual way, shown in Fig. 5.5. The 
helicity of the light is reversed upon rotation of either the linear polarizer or 
quarter-wave plate by 90°, which results in a reversal of the electron polarization. 
The longitudinally polarized beam has the characteristics given in Table 8.1. The 
second data set applies to a similar source at Miinster [8.4, 30]. 

The third set of data refers to a pulsed source [8.31] employing twenty 
rubidium atomic beams in a recirculating oven arranged along the path of the 
ionizing radiation. The uv light of266 nm is provided by a quadrupled Nd-Y AG 
laser which gives typically 5-8 m] per 12-ns pulse. The source has been built for 
use at the Bonn synchrotron. 

An advantage of the Fano-effect source is that, unlike in the case of 
photoionization of polarized atoms, a magnetic field which determines the 
direction of the electron polarization can be dispensed with. The presence of a 
strong magnetic field in the source region cannot only increase the emittance of 
the beam, as mentioned before, but also produce significant changes in beam 
intensity and position if the field is reversed for reversal of the electron 
polarization. From the discussion of the preceding section we know that such 
changes of the beam characteristics will limit the precision of an asymmetry 
measurement. For crossed-beam electron-atom scattering experiments, for 
example, small changes in the position of the electron beam can result in 
significant changes in beam overlap and hence cause appreciable systematic 
errors in the measured asymmetry. The optical method of polarization reversal, 
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which is used in the Fano effect as well as in the other sources utilizing circularly 
polarized light, is less likely to result in variation of the beam properties. 
Moreover, the polarization may be easily modulated: if the quarter-wave plate 
rotates at a frequency w, the polarization is modulated sinusoidally at 2 w. This is 
a great advantage for all experiments where small asymmetries are to be 
measured and where drifts may easily cause systematic errors. 

Optical polarization reversal also is possible in a source based on collisional 
ionization in an optically pumped helium discharge. We have seen in Sect. 5.5.2 
that with this method the largest polarization is obtained in the afterglow of the 
discharge. This has been utilized to develop an efficient polarized-electron source 
[8.32-34]. 

The discharge was maintained in flowing helium. The metastable helium 
atoms, polarized by optical pumping with circularly polarized radiation 
(1.08 11m, 40 mW) from a cw color-center laser, were chemi-ionized3 by col
lisions with a reactant gas injected downstream, beyond the region of active dis
charge (cf. Fig. 8.13). The resultant electrons, which were polarized as a result of 
spin conservation during the chemi-ionization reactions [8.35], were extracted 

Fig. 8.13. Source of polarized electrons from chemi-ionization of optically pumped 
meta stables in a flowing helium afterglow [8.34] 

3 Ionization processes, like He(2 3S1)+AB-+ He(1 1So)+A+B + +e-, in which the chemical 
composition of the reactants is changed. 
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from the afterglow through a differentially pumped aperture and formed into a 
collimated beam by a series of electron lenses. In order to obtain high metastable 
densities, the operating pressure in the helium flow tube was typically 0.065-
0.2 mbar, necessitating a 5001/s Roots pump for exhaustion. 

All changes in comparison to the arrangement of Fig. 5.26 were made in 
order to optimize the electron polarization. A microwave discharge was used 
because this form of excitation provides a low singlet (21So) to triplet (2 3S1) 

metastable ratio in the afterglow. The number of un polarized electrons produced 
in chemi-ionization of singlets was thus minimized. The distance between the 
microwave cavity and the extraction aperture was made sufficiently large so that 
electrons produced in the microwave discharge did not contribute significantly 
to the extracted current. Molecular gases like N2 and CO2 were particularly 
suitable as reactant gases because they have large cross sections both for chemi
ionization and for rotational and vibrational excitation by low-energy electrons. 
The chemi-ionization reactions raised the electron-production rate by about a 
factor of 100, compared to He-He metastable collisions, and the rapid 
thermalization of the electrons due to rotational and vibrational excitation of the 
molecules reduced the energy spread of the extracted beam to values::;; 0.15 eV. 

Table 8.1 shows that this source can provide a sizeable current with high 
polarization. Since, in the apparatus shown, the polarization decreases strongly 
for currents above lilA, another arrangement with a modified flow tube was 
developed in order to optimize the polarization at the highest currents. The 
second data set refers to the latter version. All data hold for CO2 as reactant gas. 
In the arrangement of Fig. 8.13, transversely polarized electrons are produced. 
An earlier version [8.32] in which the direction of the pumping light had been 
rotated through 90° about the flow tube axis yielded longitudinal polarization. 
Comparison with the other techniques listed in Table 8.1 shows that the 
performance of the source is very good indeed. 

A source with high polarization, small energy width, and very small 
emittance has been obtained by field emission from ferromagnetic EuS [8.36]. 
The apparatus is depicted in Fig. 7.8. The performance characteristics given in 
Table 8.1, in particular the energy width ofless than 0.1 eV, depend crucially on 
the annealing conditions of the field-emitting tip. The narrow energy distri
bution was found only for an annealing temperature of 840 K and an annealing 
time of less than one second. Accordingly, this source, which requires low 
temperatures and ultrahigh vacuum, needs quite a lot of know-how in producing 
EuS-coated tungsten tips of optimum structure. In order to impose a well
defined direction on the spontaneous magnetization in the EuS tip and thus on 
the polarization of the emitted electrons, a magnetic field of about 5 mT is 
needed. The polarization can be reversed by raising the temperature above the 
Curie point and cooling in a field of appropriate direction. The source does not, 
however, suffer f-rom the aforementioned (see page 247) deterioration of the 
emittance caused by magnetic fields: since the electrons emerging from the sharp 
field-emission tip are produced very close to the axis, skewing of the off-axis 
trajectories by the magnetic field is negligible. 
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This influence does, however, affect the beam quality in photoemission from 
ferromagnetic materials like EuO in a magnetic field (cf. Sect. 7.1.1). In that 
method one has either to cut down the current of the source by using only a small 
area near the center of the photocathode or be content with a rather large 
emittance rrx. [8.37]. 

This problem does not occur in photoemission from nonmagnetic materials 
induced by circularly polarized light (see Sect. 7.2), which does not require a 
magnetic field for producing the polarization. Of this type is the most popular 
source of polarized electrons, which is based on photoemission from GaAs and 
which is utilized in a great number of laboratories [8.38]. As an example, 
Fig. 8.14 shows a source which is not of the elaborate type used in high-energy 
experiments [8.39,40] but is simple enough to be constructed with moderate 
effort in any laboratory. 

The GaAs crystal is mounted on a molybdenum holder in ultrahigh vacuum. 
It can be heated to 650 DC, which is close to the melting point of GaAs, in order to 
clean the crystal. By coating with Cs and O2 , the p-doped (:::::: 1019 Zn atoms per 
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cm3) GaAs cathode acquires a negative electron affinity so that the conduction 
band lies above the vacuum level and the photoexcited polarized electrons can 
escape into the vacuum. This activation process, which is monitored by 
observing the photocurrent from the cathode, is crucial for the current and the 
polarization finally available from the source. 

Because polarized photoemission from a GaAs crystal is exploited by many 
groups, there are several versions of such sources. Both GaAs and GaAsP (as in 
the example of Fig. 8.14) are used, since by variation of the cathode material the 
polarization curve maybe shifted on the energy scale (cf. Fig. 7.16), allowing the 
maximum polarization to be chosen near a wavelength delivered by a familiar 
laser type. GaAsO.62 P 0.38, for instance, has an energy gap of 1.82 e V, so that the 
633-nm line of a He-Ne laser is close to the maximum of the polarization curve 
[8.42,43]. There are also several versions of cleaning (e. g., by cleaving in vacuo 
[8.44]), activating, and operating the source. Instead of holding the cathode at 
room temperature it may be cooled to liquid-nitrogen temperature which results 
in a slight increase of the polarization [8.38,45]. A vacuum in the low 10 -10_ 

mbar range is, however, indispensable for all sources. In order to reverse the 
electron polarization, one has to reverse the helicity of the circularly polarized 
light by means of the quarter-wave retarder (Aj4 plate or Pockels cell), whereas 
rotation from longitudinal to transverse polarization is achieved with a 90° 
electrostatic deflector. 

The sources built by different groups vary somewhat in maximum polari
zation, quantum yield, photothreshold, and wavelength dependence of the 
polarization. The results have also been found to depend on the face of the GaAs 
crystal. The data given in the table for the pulsed source are taken from [8.46], 
though this type of source is being constantly improved [8.39,40], while those for 
the dc source are conservative values as obtained by several groups. More 
favorable values of one quantity or another have been reported. Typically, the 
emitted current decays from its initial value at activation with time constants 
between 10 and 100 hours depending on the kind of cathode and the residual gas 
by which it is surrounded. The yield can, however, be returned to its original 
value by renewed cesiation. The lifetime of the cathode decreases as the current is 
increased. A notable point is the narrow energy distribution of the GaAs source 
which is definitely better than that of the conventional thermoionic source of 
unpolarized electrons. By choosing a small negative electron affinity and a 
photon energy only slightly greater than the band gap, an energy width of 
31 me Vat a current of 1 J.lA has been obtained with the GaAs cathode at liquid
nitrogen temperature [8.47]. 

Despite the limited polarization of about 40 %, the GaAs gun seems at 
present to be the most acceptable source for most purposes since it has good 
characteristics and may be set up with moderate effort in a reasonable time. 
Attempts to increase the polarization and/or the current are certainly worth
while, but there is also hope of finding materials yielding higher polarization 
than GaAs [8.39,48-50]. 

Summarizing, one can say that several successful approaches to the problem 
of building an intense source of polarized electrons have been made. After a long 
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history of cumbersome polarized-electron sources, a breakthrough has been 
made in the past few years. Still, research will continue toward improving the 
source characteristics. 

Problem 8.2. Show that the brightness (=current density/solid angle) is given by the 
expression (1:U9), if the aperture of the electron beam is not too large. 

Solution. 

b=i.. 
Q 

I I 

'0 ~ro~' 1tro . 21t J sin exdex 

if sin ex:::::: ex. 

o 

Problem 8.3. Verify the entries on beam quality in Table 8.1 by finding the numerical values 
of q defined by (8.21). 

Solution. In the order given in the table, one obtains the following rounded-off values: 

q= 10-4 ; 10-4 ; 3.10-4 ,4.10-4 ,6.10-4 ; 0.2, 50; 2.107 ; 

3.102 , 3.10- 3 Am -2 sterad -1 eV- 1 . 

These numbers must not be considered as an absolute measure for the comparison of the 
sources because in certain experiments properties which have not been taken into account in 
q may be important (for example, stability, reliability, ease and speed of polarization 
reversal, and beam variation with such reversal). If one took the numbers too seriously one 
would come to the conclusion that even with a polarization of 0.01 the field-emission source 
would be superior (q:::::: 10- 1 Am -2 sterad -1 eV- 1) to all the other sources, which shows that 
a figure of merit can only serve as a general guide. 

8.3 Experiments for Measuring the Anomalous Magnetic Moment 
of the Electron. Electron Maser 

Spin-precession experiments with polarized electrons have yielded very precise results for the 
anomalous magnetic moment offree electrons. The g-factor anomaly has been measured most 
accurately using resonance transitions between Landau levels with different spin orientations. 
The selection of Landau levels with a specific spin orientation by means of inhomogeneous 
magnetic fields yields polarized electrons and can be utilized to build a tunable maser in the 
millimeter wavelength range. 

One of the most impressive experiments that has been made so far with polarized 
electrons is the precision measurement of the magnetic moment offree electrons 
[8.51 ]. 

According to the Dirac theory (Sect. 3.1), the magnetic moment p of the 
electron is -PB, where PB =ehl2 me. Hence the g factor, which is defined as 

-plpB 
g=-

s 
(8.22) 

(s = spin quantum number =t), has the value 2. By observation of the shift of the 
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fine-structure levels 2 2S1/2 and 2 2P1/2 of hydrogen and deuterium (Lamb shift), 
evidence was found in 1947 that the g factor differed slightly from 2 and that the 
Dirac theory was not completely satisfactory. This was one of the reasons for the 
development of quantum electrodynamics which predicts for the g factor the 
value 

g=2(1 +a) 

with the anomaly [8.52] 

a=O.5(a/n) -O.328479(a/n)2 + (1.1765 ± 13)(a/n)3 - ... 

= 1159652.4 .10- 9 

(8.23) 

(8.24) 

where only the final digit contains an uncertainty (a = fine-structure constant). A 
precision measurement of the g factor enables quantum electrodynamics to be 
tested. Of particular interest are the (very small) higher terms in the expansion of 
a in terms of a/n, since slight deficiencies of the theory should first become 
noticeable there. These terms would be the first to indicate when further 
refinement of the theory were necessary. It is therefore desirable to make as 
precise a measurement as possible of the g factor. 

A method yielding extremely accurate results is based on a fact that was 
discussed in Sect. 8.1.1 : Ifa polarized electron beam circulates in a homogeneous 
magnetic field as shown in Fig. 8.2b, the polarization alternates periodically 
between being longitudinal and transverse. As we have seen, the reason for this is 
that, since l.ul > .uB, the precession frequency of the spins 

W = eB (~+a) 
P me y 

(8.3) 

is slightly greater than the cyclotron frequency 

eB 
W c=--' (8.2) 

mye 

Accordingly, the change between longitudinal and transverse polarization is 
determined by the difference frequency 

eB 
Wo=wp-wc=a -. 

me 
(8.25) 

By measuring the frequency Wo, one can therefore determine the g-factor 
anomaly a if the magnetic field B is known. A great advantage for the accuracy of 
the measurement is that it is not the total g factor that is directly measured but 
rather the small anomaly a. 

The principle of the experiment is shown in Fig. 8.15. A short pulse (~1O- 7 s) 
of polarized electrons is injected into the magnetic field. Simultaneously a timer 
is switched on. The electrons circulate for a certain time T in the magnetic field, 
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their polarization alternating periodically between longitudinal and transverse. 
After the storage time Twhich is measured by the timer, the electrons are injected 
into a Mott detector to analyze their polarization. The pulse height in the Mott 
detector depends on the state of the polarization. For transverse polarization, 
that is p. v = 0, there is a maximum or minimum of the scattering intensity 
according to whether P is parallel or antiparallel to the normal of the scattering 
plane. This scattering asymmetry was discussed in Sect. 3.3.1 [see (3.70)]. For 
longitudinal polarization one finds the mean value of the scattering intensity. If 
the procedure just described is repeated with many different storage times Tone 
obtains a sinusoidal curve (Fig. 8.15) for N, the number of scattered electrons 
observed in the Mott polarimeter: 

N ocI«() [1 + S«()P sin CPo], 

where CPo is the angle between P and the velocity v. Since CPo=woT+cpo [the 
angle CPo(T= 0) = CPo depends on the kind of polarized-electron source used], the 
observation of a complete period of this sine curve yields the desired difference 
frequency 

B 

---:------INJECTION CYLIN DER B 

DETECTOR 
+ 

(8.26) 

Fig. 8.16. Precession 
experiment with polarized 
electrons for the 
measurement of g - 2 
[8.53] 
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where To (see Fig. 8.15) is the time in which the polarization vector makes one 
complete rotation more than the velocity vector. By determining the time To, one 
obtains, with (8.25), the anomaly a. 

Figure 8.16 gives a general idea of the actual experimental setup. The 
polarized electrons were produced by scattering from a gold foil. The electron 
energy was in the 1 OO-ke V region and the polarization was approximately 20 %. 
Instead of selecting the electrons scattered exactly at 90°, those which still had a 
small forward component of the momentum were sent through an aperture; they 
spiralled towards the detector with a pitch of approximately 1 0. As the number of 
rotations of the polarization vector increases, the error in the measurement of To 
decreases because one has an increasing number of periods to use in determining 
To. It is therefore important to keep the electrons in the magnetic field as long as 
possible. This was achieved with the help of the cylindrical electrodes shown in 
Fig. 8.16. As the electrons drift across the gap between the cylinders, a 
momentary retarding voltage applied to the cylinders causes the electrons to lose 
sufficient axial velocity so that they can no longer spiral out of the magnetic field. 
The electrons are trapped because the magnetic field is slightly inhomogeneous 
and thus has field components that prevent the electrons from leaving the field 
("magnetic bottle"). In this manner, stable helical paths are formed in the area 
denoted as the trapping region. 

After a few milliseconds (which corresponds to several million rotations and 
several thousand periods To), a momentary acceleration voltage between the 
cylinders gives the electrons sufficient axial velocity to leave the magnetic field 
and to reach the analyzing foil of the Mott detector. 

For a precision measurement of the anomaly a it does not suffice to 
determine To as accurately as possible. Equation (8.25) shows that the 
magnitude and local variation of the magnetic field must also be known 
accurately. Furthermore, the observed frequency is affected by stray electric 
fields which may arise from contact potentials, static charges, or the space charge 
ofthe beam. Although these stray fields are small, they determine the uncertainty 
in the final digits of the experimental value 

a=(1159656.7±3.5)·1O-9 • 

The accuracy in the anomaly a of 3 ppm corresponds to an accuracy in the 9 
factor, which is almost a thousand times larger, of approximately 4 .10- 9 • This 
accuracy is only possible because one does not measure the total 9 factor as in 
conventional spin-resonance methods but instead measures the small deviation 
9 -2 directly. Comparison with (8.24) shows very good agreement with the 
prediction of quantum electrodynamics. 

The successful technique discussed here has also been applied to other 
elementary particles. At CERN, for example, polarized muons of a few GeV 
have been injected into a storage ring in order to measure the 9 factor of free 
muons with the same method [8.54]. 



262 8. Further Applications and Prospects 

2 
E_12 

2m 

[1+a(2)f1uo 
[1 -a(2)f1wo 

-[1,+1(2) 
-[2,-112) 

Uo (1, -1(2) 
afl w(O,+1I2) 

Il
~1+a)f1UO 

o _____________ --- -------
-[a(2)huo [0,-1(2) 

Fig.8.17. The lowest Landau levels for an 
electron (not drawn to scale) 

Precision measurements of the anomalous electron moment are also made 
with microwave techniques. We shall outline the basic idea which was put 
forward by Bloch [8.55]. 

The energy of a free electron moving in a homogeneous magnetic field B = Bez 

is given in the nonrelativistic limit by 

(8.27) 

where Wo is the cyclotron frequency (8.2) fory = 1. The first term in this equation 
corresponds to the free electron motion in the z direction, the second term 
corresponds to the cyclotron motion in the magnetic field (this can be considered 
to be composed of harmonic oscillations of frequency Wo in two mutually 
perpendicular directions); the last term is the energy for the two possible 
orientations of the magnetic moment p in the magnetic field. A rigorous 
derivation of relation (8.27) can be found in Landau and Lifshitz [8.56]. 

With the use of (8.2, 22, 23), one obtains from (8.27) the energy terms 

which are shown in Fig. 8.17 for the lowest values ofn. With suitable microwave 
frequencies, transitions of the electrons can be induced between the energy levels 
shown. With the frequency Wo one obtains transitions LIn = ± 1 between different 
cyclotron levels; the frequency (1 +a)wo causes a spin flip in the same cyclotron 
orbit (LIn =0), and the frequency awo causes both a spin flip and a change of the 
cyclotron orbit. The anomaly a can be determined by measuring these 
frequencies, e. g., by evaluating the ratio (1 + a)wo/awo. 
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Fig. 8.18. Polarized-electron resonance experiment for measurement of g - 2 [8 .57] 

Transitions between the various levels can be observed only if the levels have 
different populations. Even in high magnetic fields the distances between the 
levels are very small in comparison with the spread of the energy distribution that 
free electrons usually have (JlBB~6 · 10-5eV at 1 T). Accordingly, the popu
lation differences of the various levels are generally very small. Large population 
differences can, however, be obtained if polarized electrons are used, since then 
the spin-up and spin-down states (+t and -t in Fig. 8.17) are differently 
populated. 

We shall now explain with an example how the idea outlined here can be 
realized in practice. In the experiment shown in Fig. 8.18 an electric quadrupole 
field is superimposed on the magnetic field so that the electrons can be confined 
both radially and axially [8.57]. A hot cathode outside this trap generates a 
pulsed electron beam which passes through the trap and ionizes the residual gas 
molecules therein, so that slow electrons are obtained in the storage region. 

By exchange collisions with polarized sodium atoms, which also pass 
through the trap, the trapped free electrons become polarized in the direction of 
the magnetic field. This means that the spin-up and spin-down Landau levels 
attain different populations so that one can induce transitions between them by 
irradiating with the spin-flip frequencies. These transitions diminish the 
population differences, thus causing a drop in the electron polarization. This 
decrease of the polarization is utilized to indicate when spin-flip processes occur, 
i.e., when a suitable frequency is being used. 

To monitor the decrease in the polarization, the authors exploited the fact 
that the cross section for inelastic scattering of polarized electrons by polarized 
Na atoms depends on the mutual spin orientation of the collision partners. This 
was discussed in detail in Chap. 4. From the relations derived there, one obtains 
the cross section Q' for excitation of a 2 P state: 

(8.28) 

(see Problem 8.4). QS and Qt are the excitation cross sections, integrated over the 
solid angle, for the anti symmetric (singlet) and symmetric (triplet) spin states of 
the two colliding electrons ; Pe and P A are the respective polarizations of the 
electrons and the atoms. 
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In the experiment discussed, excitation of the 3 2 P state is the main cause of 
the energy loss of the electrons. The magnitude of the corresponding cross 
section thus determines how fast the electrons lose their energy due to collisions 
with the Na atoms. Therefore, according to (8.28), the energy-loss rate of the 
electrons depends on their polarization. Consequently, monitoring the electron 
energy distribution provides a means of detecting the decrease in Pe induced by 
spin-flip transitions. The specific method used is to lower the trap voltage by a 
certain amount. Then the electrons that can overcome the potential barrier will 
escape. Measurement of the number of electrons remaining in the trap yields the 
desired information on the polarization. Finally the trap is cleared by a negative 
voltage pulse before another pulse from the electron gun starts the next 
measuring: cycle. 

Determination of the anomaly a from the ratio of the frequencies (1 +a)wo 
and awo would be possible only ifthere were no electric field superimposed on the 
magnetic field. In actual fact, one must take into account the influence of the 
electric quadrupole field used to trap the electrons, which is ignored in our 
formulae. This correction can easily be made, since the frequency shift caused by 
this field can be calculated theoretically and tested experimentally. 

The accuracy of the value obtained for a is determined in this experiment by 
the precision with which the resonance frequencies can be measured, that is, by 
the width of the resonance lines. Furthermore, uncertainties from corrections for 
electric fields caused by the space charge in the trap playa role. The uncertainty 
of the result was 260 ppm, not reaching the accuracy of the precession 
experiment. 

A dramatic improvement in precision has been obtained by Dehmelt and 
coworkers who pioneered work with the resonance technique [8.58] and who 
have carried out several versions of such experiments. They succeeded in storing 
a single electron in a trap and measuring the cyclotron frequency and the 
difference between spin-flip frequency and cyclotron frequency [8.59]. Working 
with a single electron has the advantage that there is no space charge of other 
electrons causing an electric field which would affect the electron motion and 
shift its frequency. Needless to say, when working with one electron one need not 
generate spin polarization, i. e., a population difference between spin levels, since 
a single electron is necessarily "totally polarized" (although it is not very 
appropriate to transfer the concept of spin polarization, defined for an ensemble 
of electrons, to one electron). Our treatise on polarized electrons will therefore 
not discuss the single-electron experiments in detail. We will, however, mention 
the outstanding accuracy of the result: a = (1 159 652 200 ± 40) . 10- 12. 

Comparison of this numerical result which has been obtained with very slow 
electrons with the value obtained by the precession method in the GeV regime 
[8.60] makes possible a precision experimental test of special relativity because 
both measurements should give the same result. 

Suitable conditions for resonance experiments can also be obtained by 
selecting electrons in some of the Landau states and thereby producing 
population differences. This can be done with the aid of inhomogeneous 
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magnetic fields. The lowest state (0, -t) in Fig. 8.17 is seen to be paramagnetic: 
its energy decreases in the magnetic field. Accordingly, electrons in this state are 
drawn toward regions of high field strength in an inhomogeneous magnetic field. 
The electrons in all the other states are drawn into regions of low field strength 
since they behave diamagnetically (increase of energy in the field). 

Consequently, a magnetic bottle such as that indicated (in a different 
connection) in Fig. 8.16 can be used for selecting diamagnetic Landau states. 
Electrons in these states are reflected from both ends into the middle and thus 
remain in the bottle. Electrons in the paramagnetic ground state are drawn 
toward the ends and are lost at the chamber walls. We must, however, keep in 
mind that a change in the magnetic field of 2 kG corresponds to a change in the 
energy of the lowest diamagnetic state of about 10 - 5 e V (for the paramagnetic 
ground state the energy change is only ::::;10- 8 eV). Consequently, a magnetic 
field with a gradient of 0.2 T can only prevent an electron in this state from 
escaping if the electron's maximum kinetic energy in the axial direction lies below 
10- 5 eV. For higher excited states this limit is correspondingly higher. 

Apart from making possible the measurement of the electron magnetic 
moment by resonance transitions to the depopulated paramagnetic level, the 
technique discussed also opens up other possibilities: By depopulating the 
ground state in the magnetic bottle as just described, one might generate a 
population inversion which would make maser operation possible. Stimulated rf 
transitions could then produce a gain in rf energy. One thus would have a maser 
in the 50 GHz range which could easily be tuned by changing the level distances 
through variation of the magnetic field. 

A group at Stanford [8.61] has succeeded in selecting the paramagnetic 
ground state as follows: An electron source is located in an inhomogeneous 
magnetic field that decreases in the direction in which the electrons emerge. 
From a maximum value of 0.6 T near the electron source, the field changes to a 
homogeneous 0.4-T region, approximately 1 m long, which is used for time-of
flight measurements. Electrons in the paramagnetic ground state are decelerated 
as they pass through the inhomogeneous region of the magnetic field, while 
electrons in the diamagnetic higher states are accelerated. The energy loss of the 
ground-state electrons due to the deceleration is only 10- 8 eV since the magnetic 
field decreases by approximately 0.2 T. The electrons in the higher states gain at 
least 10- 5 eV due to the acceleration. Electrons of 10- 5 eV need approximately 
0.5 ms to pass through the 1-m drift region. All those electrons which take 
considerably longer time must therefore be in the ground state. Consequently, 
ground-state electrons can be identified by their time of flight. To select polarized 
electrons for further experiments one must use only those electrons which are still 
in the drift region more than 1 ms after the electron pulse has started from the 
cathode. 

In this experiment one can, of course, separate only those ground-state 
electrons whose thermal energy is not large enough to make them cross the drift 
region in less than 1 ms. Since the mean thermal energy of the electrons used was 
approximately 0.5 eV, only very few electrons (::::; 1 electron/pulse) at the extreme 
lower end of the thermal energy distribution fulfilled this condition. 
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Without going further into the numerous difficulties of such an experiment, it 
should be mentioned that the suppression of stray electric fields also represents a 
considerable problem. Contact-potential differences were suppressed so much 
that they had no appreciable effect on the axial motion of the 1O-8-eV electrons. 
The authors actually succeeded in detecting electrons in the ground state. 

These examples show that one can make very interesting, though difficult, 
experiments with polarized electrons in Landau levels. 

Problem 8.4. In [8.57], the total cross section for excitation of the 32 P state by collisions of 
polarized electrons with polarized Na atoms is given in the form (8.28). Deduce this expression 
from the results in Chap. 4. 

Solution. We start from the differential cross section (4.36) which has been derived for elastic 
scattering. With the abbreviations 

the cross section (4.36) can be written 

a(e)=~a'+iat -Ha' _at) PePA 

where use has been made of (4.14) and of 

(8.29) 

(8.30) 

Pe is the polarization component of the electrons in the direction of the atomic polarization. 
For an inelastic process leading to the sublevel m/=i (i=0, ±1) one has 

t k' If. 12 a;=k ,-g; 

(see Sect. 4.5.2). 
The differential cross section for excitation of a P state is therefore given by (8.30) with 

so that (8.28) follows from integration of (8.30) when the notation of (4.59b) is used. 

8.4 High-Energy Physics 

High-energy experiments with polarized electrons put theoretical parton models to a strong 
quantitative test and gave evidence of parity violating interactions in electron scattering. 

The use of polarized electrons also opens up new possibilities in high-energy 
physics. When describing electron scattering in the Ge V region in which the large 
electron accelerators operate, the atomic nucleus can no longer be conceived of 
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as a point charge. Its finite size becomes significant, and the distribution of the 
electric charge density within the nucleus can be determined from electron
scattering experiments. At these energies, the interaction between the magnetic 
electron moment and the nuclear moment also plays an important role in the 
scattering process. One of the consequences is that the cross section depends on 
the mutual orientation of the electron and nuclear spins. If one scatters polarized 
electrons by polarized nuclei, one obtains different scattering intensities 
according to whether the spins of the collision partners are parallel or 
anti parallel to each other. In analogy to what was said for atoms in Chaps. 3 and 
4, this difference reveals details of the structure of the nucleus which cannot be 
found from cross-section measurements alone. Another reason for the interest in 
polarization is the relative growth of weak interaction effects at high energy. The 
fundamental couplings of the ZO and W± bosons can be investigated by 
measurement of parity-violating amplitudes in polarization studies with 
electron-positron colliders. 

Quite a few suggestions for high-energy experiments with polarized electrons 
have already been made. We will not, however, give a survey here of the 
numerous possibilities and suggestions that have not yet been realized in practice 
(for a recent review article see [8.62]), but rather we will pick out two experiments 
that have been carried out at the Stanford linear accelerator (SLAC). 

One experiment is designed to study electron scattering by protons at short 
distances, i.e., with large momentum transfer. This deep inelastic scattering 
provides particularly interesting information about the structure of the proton 
and its electromagnetic interaction at high energies. From the various proton 
models that exist, the results obtained from scattering of un polarized electrons 
favor the parton models: the electrons appear to be scattered by point-like 
constituents within the proton. 

The purpose of the experiment under consideration is to investigate the spin 
dependence of deep inelastic scattering of longitudinally polarized electrons by 
polarized protons. The main reason for using longitudinally polarized electrons 
is that, at high energies, transverse polarization components no longer 
contribute very much to the spin-dependent effects. The goal of the experiment is 
to measure the relative difference between the differential inelastic cross sections 
for parallel and antiparallel mutual orientations of the electron and proton spins. 
Such an asymmetry in deep inelastic scattering was first predicted by Bjorken 
[8.63]. 

Theoretical results for the asymmetry which were obtained on the basis of 
various models differ significantly. Parton models based on different assump
tions about the point charges within the proton (their number, spin, mass, etc.; 
one of the most widely known is the quark model) predict that the cross section 
for anti parallel spins of electron and proton should be larger than for parallel 
spins. The exact values of the asymmetry, however, depend on the particular 
model used. The experiment yields information on the spin distribution of quark 
constituents inside the proton and is thus important for tests of models of nuclear 
structure [8.64]. 
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The measurements were made at primary energies up to 22.7 Ge V for several 
discrete values of the four-momentum transfer [8.65,66]. The polarized-electron 
source used is based upon photoionization of a state-selected 6Li atomic beam as 
described in detail in Sect. 8.2. The raw asymmetries observed were of the order 
of a few tenths of a percent, necessitating careful studies of false asymmetries. 
The experimental results are consistent with the predictions of certain quark
parton models, but disagree strongly with other theories. The experiments were 
remarkably successful even though, because of their difficulty, only a modest 
amount of data on polarized e-p scattering was obtained. Major advances are to 
be anticipated. 

From the numerous experimental problems that arise with high energies we 
want to mention only the polarization analysis, since it is of interest in 
connection with our general theme. One cannot simply assume that the 
polarization of the electrons is the same after acceleration as it was at the time of 
injection into the accelerator, since it is generally affected by the electromagnetic 
acceleration fields. In order to make sure that there is negligible depolarization 
during acceleration, a measurement of the polarization of the high-energy 
electrons is indispensable. Mott scattering is unsuitable for this purpose because, 
at these energies, it no longer produces enough asymmetry. One might use the 
relative differences between the cross sections for elastic scattering of polarized 
electrons by polarized protons with parallel and anti parallel spins [8.67]. If, by 
suitable choice of energy and scattering angle, one works in the region where the 
asymmetry is largely independent of the still existing uncertainties of the proton 
form factors, then exact enough measurements of the electron polarization can 
be carried out. In the experiments made so far, M0ller scattering from a 
magnetized iron foil as discussed in Sect. 4.8 has been used for polarization 
analysis [8.68]. 

High-energy experiments with polarized electrons do not necessarily have to 
be made with polarized targets. Possible contributions to high-energy electron 
scattering from weak, parity-violating interactions have, for example, been 
studied by using polarized electrons and unpolarized protons or deuterons 
[8.46]. This experiment has been made to find evidence for or against the 
Weinberg-Salam model which unifies two of the fundamental interactions in 
physics. One of the consequences of the unified theory of electromagnetic and 
weak interactions is that the scattering cross section for electrons is determined 
by both these interactions. The cross section for inelastic electron scattering from 
an unpolarized target contains an interference term between the weak and 
electromagnetic amplitudes which depends on the helicity of the incident 
electron beam, resulting in different scattering intensities for beams with 
polarization parallel and anti parallel to the direction of propagation. From 
previous chapters of this book we are quite familiar with such situations where 
asymmetry or polarization effects are caused by interference of amplitudes 
describing different processes. 

The fact that the cross section for scattering from an unpolarized target 
depends on the electron helicity means violation of parity conservation as is 
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Fig. 8.19. Parity nonconservation in inelastic electron scattering. Mirror inversion inter
changes the electron helicities which yield the two different intensities 

typical of weak interactions. This is illustrated by Fig. 8.19 which gives the basic 
idea of the experiment. If a reversal of the incident polarization results in 
different scattering intensities (indicated by a full and a broken line) then the 
mirror image of the experiment differs from what is found in the laboratory, 
because reflection at the plane of drawing changes only the helicity of the 
incident beam, but not the scattered intensity. Hence, one has different results in 
the laboratory and in the mirror image, implying that parity conservation does 
not hold. 

In the experiment under discussion a polarized-electron beam of energy 
between 16.2 and 22.2 GeV was scattered from an unpolarized deuterium (and 
later a hydrogen) target. Of crucial importance to this experiment was the 
development of an intense source of longitudinally polarized electrons. It was 
based on photoemission from GaAs by circularly polarized light as discussed in 
Sect. 8.2. The light source was a dye laser operated at 710 nm and pulsed to 
match the linear accelerator (1.5 ~s pulses at 120 pulses per second). The average 
beam polarization as determined by Meller scattering was 37 % and the beam 
intensity at the target varied between 1 and 4· 1011 electrons per pulse. The 
helicity of the electrons was reversed by reversing the circular light polarization. 

The target was a 30-cm cell of liquid deuterium. The electrons scattered 
through 4° passed through a spectrometer whose setting was about 20 % below 
the primary energy. Approximately 1000 scattered electrons per pulse entered 
the counters. The high rates were handled by integration rather than by counting 
individual particles. 

The main difficulty of such an experiment which is looking for an 
interference between weak and electromagnetic forces is the small size of the 
asymmetry as given in Fig. 8.20. The energy dependence shown there is caused by 
the fact that the direction of the electron polarization at the target depends on 
energy because of the spin precession in the magnetic field that deflects the beam 
before reaching the target. Owing to the anomalous magnetic moment of the 
electron, the electron spin direction precesses relative to the momentum 
direction with a frequency 

(8.25) 

as has been discussed in the preceding section. Accordingly, the electron spin 
precesses relative to the momentum by the angle 
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Fig. 8.20. Observed scattering asymmetry in 
inelastic electron scattering from unpolarized 
target. The curve shows the expected cosine 
variation as the beam polarization changes as a 
function of beam energy owing to the 9 - 2 
precession in the beam-transport system. The 
experimental asymmetries are expected to be 
proportional to Q2 (=four-momentum trans
fer) and have therefore been divided by Q2 
which varied between 1.05 and 1.91 (GeV/cf. 
p. is the electron polarization [8.46] 

where (8.2) has been used and ee denotes the change of the momentum direction 
by the deflecting magnet. Since ee = 24.5° in the present experiment, one has 

= 1.16 .10- 3 E 24.5 nrad= E(GeV) nrad. 
eD 0.511 MeV 180 3.237 

At 19.4 GeV = 6·3.237 GeV, for instance, the precession is equivalent to three 
full revolutions of the electron spins, so that the polarization is not changed by 
the deflection magnet. If the energy is decreased (or increased) by 3.237 GeV, the 
spins will make 2.5 (3.5) revolutions so that the beam polarization is reversed. 
Taking into account that only the longitudinal polarization component gives rise 
to the scattering asymmetry, one therefore expects from the last formula a cosine 
variation of the observed asymmetry versus E as shown in Fig. 8.20. That the 
experimental results follow the expected behavior is taken as very strong 
evidence that the observed effects are due to electron spin. In an experiment like 
this, which requires an accuracy of 1 in 105 in order to determine quantitatively 
the asymmetry of ~ 10 -4, the danger of spurious asymmetries is extremely great. 
Several consistency checks and null measurements as well as stabilization of 
beam position, angle, and energy by a microcomputer-driven feedback system 
were necessary to reduce the experimental uncertainties to the point that the 
minute asymmetries given in the figure could be reliably measured. 

The observed asymmetry not only shows that the electron-scattering cross 
section contains a contribution caused by weak interaction, but it also gives its 
strength and allows determination of the only free parameter of the Weinberg
Salam theory. 

Now that high-energy accelerators of polarized electrons are operational, 
there will be an increasing interest in this area of polarized-electron physics. 
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8.5 Electron Microscopy 

While in conventional transmission electron microscopy spin polarization has no significance 
at present, it may be utilized in scanning electron microscopy. 

The previous discussions of the applications of spin polarization in electron 
diffraction and electron scattering suggest the idea that polarization effects 
might also be utilized in electron microscopy. In fact, electron microscopists 
were among the physicists who made the first quantitative studies of electron 
polarization. While it is hard to see any practical applications of the polarization 
effects in conjunction with the conventional methods of electron microscopy, 
they may be utilized in scanning electron microscopy. 

It is true that the image contrast in conventional transmission electron 
microscopy comes from electron scattering in the object. This scattering is in 
principle spin dependent, but the spin dependence is of no significance here: in 
order to keep the effects oflens aberrations small, one must work with aperture 
angles of 0.1 °_1 0. Electrons that are scattered in the object at larger angles do not 
pass through the apertures and thus do not contribute to the image intensity. 
Because of the small scattering angles of the imaging electrons, the Sherman 
function S(O) is virtually zero in the angular range relevant to conventional 
transmission electron microscopy (see Sect. 3.6). Thus the electrons which 
contribute to the image in the conventional electron microscope are almost 
entirely unpolarized. For the same reason, the left-right asymmetry would be 
negligible if polarized electrons were used in such an electron microscope. Any 
polarization effects which could be expected are substantially below 10-6 . 

The spin dependence of the exchange scattering in magnetized materials 
which was discussed in Chap. 7 likewise cannot be used in conventional 
transmission electron microscopy. Since one works with fast electrons and small 
scattering angles, no observable effects can be expected. 

On the other hand, a practical application of spin-dependent interactions is 
possible in scanning electron microscopy by exploiting the polarization of 
backscattered and secondary electrons. In a scanning microscope with an 
unpolarized primary beam, such polarization is characteristic of high-Z 
elements in a nonmagnetic sample if caused by the spin-orbit interaction 
[8.69-71]. Even more interesting seems to be the application to imaging magnetic 
materials by making use of the fact that the local magnetization of the target 
results in an polarization of the secondary electrons [8.72]. By scanning an iron 
(001) surface with a 10-keV electron beam and analyzing the polarization ofthe 
secondary electrons, a picture of the magnetic domain structure has been 
obtained [8.73]. Figure 8.21 shows this impressive result which represents a first 
step in the direction of polarized-electron microscopy. Unlike the normal image 
obtained in electron microscopy, such an image is independent of the 
topography of the surface since it is based on asymmetry (i.e., difference) 
measurements. A scanning electron polarization microscope with high spatial 
resolution is currently being developed [8.74]. 
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(0) 

(b) 

Fig. 8.21. (a) Scanning electron microscope 
image of the magnetic domain structure of an 
iron (001) surface obtained with polarized 
electrons; (b) direction of the magnetization 
vector in the domains [8.73] 

If the scanning electron microscope is operated with a polarized primary 
beam, one can dispense with a polarization analysis of the emitted electrons. 
Instead, spin-dependent contrast may be obtained by monitoring the change of 
the back scattered intensity when the polarization of the primary beam is 
reversed. In this case, however, the incident energies must be clearly below the 
1-keV limit, because exchange scattering must playa dominant role if one relies 
on the asymmetry of the backscattered intensity alone. This restriction does not 
playa role in the above method which takes advantage of the polarization of the 
secondary electrons. 

The recent development justifies the hope that the electron polarization 
microscope, up to now only a vision of imaginative physicists, will soon be a 
practical instrument allowing the study of magnetic structure below the 
wavelength limit of optical studies. 
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8.6 Electron-Molecule Scattering. 
Why Isn't Nature Ambidextrous? 

Electrons scattered from high-Z atoms of a molecule are labeled by their polarization which 
can facilitate the analysis of electron-molecule scattering. Irradiation of certain organic 
molecules with polarized electrons hopefully may give a clue as to the origin of the one
handedness of nature. The lack of reflection symmetry of optically active molecules should 
give rise to minute polarization effects which are below the present detection limit. 

From what has been said about the polarization of electrons that have been 
scattered from atoms and solids one will expect that spin polarization occurs also 
in electron-molecule scattering. This has in fact been observed as can be seen 
from the results presented in Fig. 8.22. They illustrate the following general 
situation: Appreciable polarization occurs if there are atoms like iodine offairly 
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high atomic number (causing considerable spin-orbit coupling) within the 
molecule. If the molecule also contains light atoms, as in organometallic 
compounds or halogenated hydrocarbons like C2HsI, the contribution to the 
scattering intensity from these atoms is practically unpolarized. Then the total 
observed polarization P does not reach the value PI which is caused by the heavy 
atoms of the molecule alone. It is instead determined by the ratio of the scattering 
intensities II and 12 which come from the heavy and light parts of the molecule, 
respectively. According to (2.16), one has 

(8.31) 

The interference terms which were taken into account in (7.3) have been omitted 
here since they are negligible in molecular scattering at large angles where the 
polarization effects arise [8.78]. If P2~0 we obtain from (8.31) 

P (8.32) 

glVlng the reduction of the polarization in Fig. 8.22b in comparison to 
Fig.8.22a. 

The ratio 12//1 can be determined by comparing the measured value P with 
the polarization PI caused by the heavy atoms alone. To do this, one can refer to 
the theoretical values which are available for most atoms. These calculations are 
reliable when the energies are not too low, as we saw in Sect. 3.6. 

Let us apply our consideration to scattering from Bi(C6HSh, where only the 
electrons scattered from the heavy bismuth atoms (Z = 83) are labeled by spin 
polarization, and can thus be distinguished from the virtually unpolarized 
electrons scattered from the phenyl groups. It can be seen from Fig. 8.23 that the 
polarization measured at low electron energies is small. It is much smaller than 
for scattering by free Bi atoms, as can be easily seen by comparison with 
tabulated values for Bi. With increasing energy, the polarization tends toward 
the values that one obtains in scattering by free Bi atoms. Thus Fig. 8.23 shows 
that at low energies the fraction of the electrons scattered from the Bi atom is very 
small; with increasing energy this fraction continually increases, as is apparent 
from the increasing polarization (for a more accurate analysis, see [8.78]). 

This is another example of the method of "labeling" electrons by their 
polarization. The fact that some of the scattered electrons are labeled by their 
spin orientation simplifies the analysis of electron-molecule scattering by giving 
information about the proportion of the scattering intensities which come from 
the various parts of the molecule. 

In the examples given, calculation of the polarization curves is not difficult 
because, at the relatively large angles of more than 30° where the polarization is 
appreciable and at the energies considered, the influence of chemical bonding 
(modification of the atomic scattering potentials !), interference terms, and 
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Fig. 8.23. Polarization P( 8) for scattering of slow electrons by Bi(C6Hsh at different energies 
[8.78] 

intramolecular plural scattering on the polarization is small. Discrepancies 
between the theoretical values and experimental results occur merely at 
pronounced peaks of some polarization curves, e.g., with 12 and Sb4 [8.79]. 

Less well understood are the electron polarization effects related to the 
optical activity of molecules. Compounds containing carbon atoms bonded to 
four atoms or groups no two of which are alike are capable of existing in two 
optically active forms. They are distinguished by being respectively left- and 
right-handed (L- and o-enantiomers). Such molecular species are found in the 
terrestrial biosphere in only one of the two possible forms. One finds, for 
example, only L-amino acids in natural proteins and only o-sugars in carbo
hydrates and nucleic acids. The question of the origin of this dissymmetry has 
intrigued scientists since the time of Pasteur. 

Among the possible causes which have been suggested are: Active seeds of 
organic compounds that reached the Earth from the universe, enantiomorphous 
minerals (e.g., left- or right-handed quartz crystals) that catalyzed or adsorbed 
organic compounds in a stereoselective way, or the Earth's magnetic and electric 
fields that influenced chemical reactions. Another explanation would be possible 
if an excess of either left- or right-circularly polarized vuv radiation could be 
detected on Earth or had existed for some time during chemical evolution, since 
it has been shown that optical activity can be induced through stereoselective 
decomposition of racemic substances by circularly polarized radiation. 
(Racemic substances are mixtures of equal amounts of L- and o-enantiomers.) 
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There was not much progress in the development of these and other 
hypotheses until the discovery of parity violation in weak interactions provided a 
stimulus for further discussion, and molecular dissymmetry was hypo
thesized to be a result of the dissymmetry of interactions within the nucleus. 
The transfer of the dissymmetry from the nuclei to the molecules might be 
achieved by the longitudinally polarized electrons emitted in f3 decay or by 
circularly polarized bremsstrahlung produced by these electrons. This idea can 
be examined by irradiating racemic mixtures or optically inactive substances 
with f3 particles and analyzing any stereoselective degradation or synthesis that 
might occur. The experimental results hitherto obtained are controversial. 
Positive results that had been claimed by a few authors could not be confirmed by 
other groups [8.80,81]. 

More recently, there was some hope that the situation could be clarified by 
utilizing in such studies modern sources of polarized electrons having higher 
intensities and well-defined beam characteristics. In the first of these experiments 
a racemic mixture of 0- and L-Ieucine has been partially degraded by irradiation 
with a beam of longitudinally polarized 130-keV electrons [8.82]. The electron 
polarization has been produced by scattering of slow electrons on a mercury 
target, as described in Chap. 3. The polarized electrons with energies in the 
100-eV region were then accelerated to 130 keY and either sent into a Mott 
detector for polarization analysis or fired on the leucine target, after conversion 
of their transverse polarization into longitudinal polarization. 

The polarized-electron source which provided a varying polarization 
between 10 and 23 % did not come up to the present state of the art. Nevertheless, 
the results were reported to be clearly beyond the statistical error limits. After 
irradiation times that produced 50-75 % degradation of the leucine sample, the 
enantiomorphous composition of the undecomposed leucine was analyzed. It 
turned out that electrons of negative helicity (spin antiparallel to momentum), as 
they are emitted in f3 decay, bring about more extensive degradation of o-leucine 
than ofL-leucine. Reversal of the direction of polarization showed that electrons 
with positive helicity engender the asymmetric decomposition of o,L-leucine in 
strictly the opposite sense. The extent of the asymmetry in degradation was 
claimed to be in the 1 % range. 

In an attempt to reproduce the results, the experiment has been repeated by a 
different group [8.83] using an electron beam of considerably higher polari
zation. The increased polarization of typically 43 % was expected to result in a 
more pronounced asymmetric degradation. In spite of a wide variation of 
experimental parameters and attempts to duplicate as closely as possible the 
conditions of the first experiment, no single case of preferential decomposition of 
one of the enantiomers was observed within the experimental detection limit of 
::::; 10-3 . This agrees with first attempts to estimate the expected asymmetry 
which yielded values of the order of 10-6 or even less [8.84,85]. 

Other polarization effects derive directly from the lack of reflection 
symmetry of the enantiomers. As shown in Sect. 3.5, scattering of unpolarized 
electrons from such targets may yield polarization components parallel to the 
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scattering plane [8.86]. An experiment has been performed to search for such in
plane components after scattering of25-e V electrons at angles of 400 -700 from L

and D-camphor C10 H16 O. No polarization could be detected. The upper limit of 
the polarization, as given by the error limits of the measurement, was found to be 
5.10- 3 [8.87]. A rough estimate suggests the polarization to be ;$10- 5 [8.85]. 

The same order of magnitude is to be expected for the following polarization 
phenomena which also are related to the lack of reflection symmetry of optically 
active molecules. The attenuation of a longitudinally polarized electron beam 
traversing an optically active substance depends on the beam polarization. As a 
consequence of differing attenuation of electrons with positive and negative 
helicity, an initially unpolarized beam emerges from such a substance with 
longitudinal polarization. If the incident beam is transversely polarized, its 
polarization undergoes a rotation about the beam axis, the angle of rotation 
having opposite signs for L- and D-enantiomers [8.88]. Furthermore, electrons 
resulting from ionization of optically active molecules by photons or charged 
particles may have some small polarization components of the kind excluded in 
our earlier discussion of targets possessing reflection symmetry (cf. Table 5.1) 
[8.89,90]. 

The majority of papers that treat the minute polarization phenomena 
ensuing from the lack of reflection symmetry of enantiomorphous targets or 
from the even smaller influence of parity-violating interactions in electron-atom 
scattering [8.91] are theoretical investigations. This is not surprising since 
measurements in this field make sense only if electron polarization of order 
;$10 - 5 can be detected. From the discussion of polarization analysis throughout 
this book it is clear that here we encounter the limits of present experimental 
possibilities. This is a good reason for finishing our considerations. 

8.7 Prospects 

A survey of our present knowledge about the physics of polarized electrons is given along with 
an assessment of the next steps that should be taken. 

We conclude our treatment of the physics of polarized electrons with a few 
remarks on the state of the art and an evaluation of the present knowledge in this 
relatively new field. It has been rewarding to see how many of the unsolved 
problems mentioned in the first edition of this book have since been successfully 
studied. We hope that the present edition will also stimulate research leading to 
improved understanding of the interactions of the electron spin. 

The spin polarization arising from elastic electron scattering by unpolarized 
targets is quite well understood in the whole energy range between about 100 eV 
and a few MeV. The theoretical knowledge is well developed, and despite severe 
discrepancies between theory and experiment in the early stages of these studies, 
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the increasing knowledge of how to avoid experimental pitfalls has finally led to 
complete confirmation of the theoretical results. "Triple" scattering experiments 
which are necessary if all the parameters governing the scattering process are to 
be found have been successfully started so that complete information on the 
conceptually simple process of elastic scattering can now be obtained. At small 
energies the agreement between theory and experiment breaks down as discussed 
in Sect. 3.6.2. That is why the elastic scattering entry in the survey given in Table 
8.2 extends from "good" through "moderate". Further work is necessary for a 
better understanding of the scattering process at these energies. 

Inelastic scattering is more involved than elastic scattering and therefore 
needs more transition amplitudes for its description. On the other hand, there are 
more observables: In addition to the polarization behavior of the projectile, as in 
elastic scattering, one may study the various types of light polarization emitted 

Table 8.2. Present knowledge of electron polarization in various fields of physics 

Field Knowledge 

Good Moderate Poor 

Electron Scattering 
Elastic 
Inelastic 
Exchange 
Impact excitation, light emission 
From optically active molecules -Bremsstrahlung 

Ionization 
Polarized atoms 
Photoionization 
Collisional ionization 

Unpolarized atoms 
Fano effect 
Unpolarized radiation 
Excited atomic states 
Multiphoton ionization 

Solids and Surfaces 
Emission from magnetic materials 
Photoemission from nonmagnetic materials 
LEED 

Nuclei, elementary particles 
fJ decay 
9 - 2 experiments -High-energy scattering 
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by the excited atoms. The correlations between the properties of the emitted 
radiation and the polarization of the projectile can be studied in great detail by 
coincidence experiments. If one has polarized targets and projectiles, measure
ment of the difference between the cross sections for spins parallel or antiparallel 
yields further information. Certain observables allow one to disentangle effects 
of exchange and spin-orbit interaction, both of which usually contribute to the 
inelastic process. The larger number of independent observables requires more 
experimental effort so that it is quite natural that knowledge of inelastic 
scattering lags behind that of elastic scattering. Owing to the advent of efficient 
polarized-electron sources there has been considerable progress in the decade 
between the two editions of this book. The numerous open problems in this area 
may now be successfully attacked, promising better insight into atomic 
interactions. It is, however, questionable whether measuring all the independent 
observables that completely describe inelastic processes is worth the great effort 
required. Instead, it seems advisable to not strive for the perfect inelastic ex
periment but to pick out those observables that are essential for determining the 
dynamics of the process and that can be measured with the greatest accuracy. 

The numerous resonance features found not only in cross sections but also in 
polarization and asymmetry curves certainly imply an additional complication 
of electron-impact work. On the other hand, their systematic investigation opens 
the possibility of classifying and understanding the compound states causing the 
resonances. This has so far been done only in a few cases. 

The generation of polarized electrons by photoionization of polarized atoms 
is one of the areas in which present knowledge can be rated as good. It is, 
however, worth noting that the discovery of the Fano effect has cast new light 
also on this process. The polarization of the photoelectrons may be quite 
different from that of the atoms owing to a significant number of spin-flip 
processes during photoionization at certain wavelengths. The commonly used 
argument [8.92] that photo ionization causes no spin flip since it is brought about 
by the electric vector of the light wave is too simple. With this argument one 
would not find polarization effects in electron-atom scattering either, since it IS 
caused by the "electric" field of the atom! 

The polarized electrons originating from polarized atoms can also be used as 
a diagnostic tool for the analysis of collision processes. Researchers are only 
beginning to make use of this appealing technique. Numerous such processes are 
conceivable; their exploitation will yield detailed knowledge on particle 
collisions - knowledge which so far has been obscured in the averaged results 
obtained with unpolarized collision partners. 

A detailed analysis of photoionization processes has been obtained by 
investigating the polarization of photoelectrons from unpolarized targets. 
Measurements of the Fano effect and its extension to molecules and solid targets 
are now facilitated by the advent of circularly polarized synchrotron radiation of 
high intensity. In the first edition of this book we emphasized that not a single 
experiment had studied the polarization of photoelectrons released from 
unpolarized atoms by unpolarized light. This situation has completely changed 
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and rapid progress in experimental and theoretical work has much promoted our 
knowledge of spin dependence of photoionization. Polarization effects in 
multiphoton ionization seem, however, to have had more appeal to theoreticians 
than to experimentalists though a number of interesting problems for laser
equipped laboratories can be found here. 

The effectiveness of polarization studies in revealing the structure of solids 
and surfaces has led to a great expansion of the field and to development of 
elaborate experimental methods. Much of the attention has been focused on 
magnetic materials, but also with nonmagnetic substances more insight has been 
obtained from polarization measurements. A further stimulus for such research 
is certainly the hope of discovering a material yielding totally polarized electrons 
of high intensity. This goal has been reached only half-way with the GaAs 
cathode, though the impact of this source on polarized-electron physics cannot 
be overestimated. The main problem in polarized-electron studies is now no 
longer the source intensity, but rather the low efficiency of electron polarimeters. 

As to LEED experiments with polarized electrons, we stated "the first 
encouraging results" in the preceding edition. In the meantime we have seen a 
most inspiring development of this field. Experimental and theoretical in
vestigations with remarkable accuracy and agreement have been published 
complementing the conventional LEED technique and showing the possibility 
of studying even subtle effects of surface structure. Spin-dependent effects based 
on spin-orbit and on exchange interaction have been demonstrated to be easily 
separable by suitable arrangements. The chances of PLEED will certainly be 
exploited in the future both for nonmagnetic and magnetic surfaces. 

The utility of polarized-electron studies in nuclear and elementary-particle 
physics is well known to a broad community because of the famous experiments 
on parity violation in weak interactions. Much experimental and theoretical 
work on electron polarization in f3 decay has been done in the past decades and 
has been treated in comprehensive monographs; thus, we have not felt it 
necessary to deal with this topic. The more recent parity-violation experiments in 
the GeV regime clearly confirmed the theory of electro weak interaction. No 
doubt polarized electrons will play a crucial part in future high-energy 
experiments. When talking about elementary particles one has certainly to 
recognize the fantastic accuracy of the measurements determining the g factor of 
the electron (and of other elementary particles) which is likely to be further 
improved in the future. 

The host of impressive results brought about in the past decade should not 
make us forget that there are subjects that have been scarcely cultivated, such as 
experiments on polarization correlations in bremsstrahlung or on electron 
scattering from optically active molecules. What is generally true for the entire 
field of polarized-electron physics is especially true for the latter area: Progress 
depends crucially on major advances in the methods for producing and - above 
all - for analyzing electron polarization. 
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231, 232, 259-261, 269, 270 

Precession of polarization during scatter-
ing 49 

Probability of spin eigenvalues 8, 16, 146 
Probing depth 202, 226 
Pure spin states 9-13, 93, 114 

Quadrupole transitions 178 
Quality of source of polarized electrons 

246, 247, 250, 258 
Quantum electrodynamics 259, 261 
Quark model 267,268 
Quench field 181 

Subject Index 297 

Racemic mixtures 275,276 
Radial matrix elements, role in photoelec
tron polarization 147-149, 151-155, 157, 
162-164,174,175 

Reactant gas 255 
Reactions between metastables 184 
Recoil atoms 88, 89, 101-104 
Reduction of polarization component by 
scattering 43, 66, 68, 70 

Relative motion, transformation of fields 
in 29, 32, 49, 181, 230 

Relativistic covariance of Dirac theory 22 
Relativistic energy law 20, 23 
Relativistic generalization of Schrodinger 
equation 20 

Relativistic LEED theory 218 
Reliability of knowledge about polarization 
effects in scattering 63, 66, 68, 73, 106, 
108,278 

Resonance experiments 261-265 
Resonance scattering, polarization effects 
in 76-79,82,224,279 

Resonances, classification, see also Com
pound state 169 

Resonances in light polarization 133, 134 
Resonances in photoelectron polarization 
165-170 

Right-handedness, see Enantiomers 
Rotation of polarization (spin) in electro
magnetic fields, see Precession 

Rotation of polarization by scattering 44, 
65, 67, 70, 99-101, 220, 277 

illustration of 49 
Rotational excitation 255 

Saturation of intermediate states 176 
Saturation of magnetization 199 
Scanning electron microscope 271, 272 
Scattering amplitudes, see also Spin-flip am-
plitude 34, 64, 71, 85, 86 

for Coulomb field 62 
for direct scattering 85, 86, 110, 111, 

137 
for electron-electron scattering 137 
for exchange scattering 85, 86, 110, 111, 

136, 137 
in LEED 216 

Scattering as polarization transformer 232 
Scattering asymmetry, see also Left-right 
asymmetry, Instrumental scattering asym
metry 36, 42, 53, 57, 59, 80-83, 91, 98, 
105,106,108,109,140,219,220,227,228, 
270 

connection with polarization, see Polari
zation by scattering 
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Scattering asymmetry (cont.) 
dependence on polarization components 

41, 55, 56, 59 
reduction by plural scattering 239 
resonances of, see Resonance scattering 

Scattering cross section, see also Total cross 
section 31,35,36,41,48,60,61,86,87,98, 
110-112,130 

connection of extrema with polarization 
maxima, see Maxima of polarization 

for Coulomb field 63 
difference for ej and el 51, 52 
for direct scattering, see Direct cross 

section 
for electron-electron scattering 

137-139 
for exchange scattering, see Exchange 
cross section 

for longitudinally polarized beam 39, 
139 

for screened Coulomb field 50, 64 
for unpolarized beam 40,50,87,111 

Scattering matrix S 38, 95, 96, 114 
invariance under symmetry operations 
58,59 

Scattering of basic spin states 32 
Scattering phase 34 
Scattering plane 35 

as mirror plane 58, 222 
Schrodinger equation 20 
Screening of Coulomb field 63 
Secondary electrons, polarized 207-209, 

271 
Selection of spin states 264, 265 
Selection rules 144,145,162,174,183,211 
Shape resonance 77 
Sherman function S(O) 35,218,271 

for Coulomb field 63, 64 
effective 239-243 
measurement of 46,48, 71-73 
role in scattering 35, 41, 42, 56, 57 
for screened Coulomb field 64-66, 69 

Singlet state 87, 263 
excitation of 79-83, 131 

Six-pole magnet 142, 143, 251 
Skewing of trajectories 247, 255 
Sokolov-Ternov effect 192 
Sources of polarized electrons 141, 144, 

155, 185,245-258 
comparison of 250 
criteria of performance, see Figure of 

merit 
Spin 1, 7 

eigenvalues, see also Probability of spin 
eigenvalues 7, 10 

formal description of 7-9, 24-26 
orientation of 7-10, 27, 93, 197, 213 

Spin components, measurement of, see Mea
surement of spin components 

Spin-dependent absorption, see Absorp
tion 

Spin-dependent forces, see also Spin-orbit 
coupling, Dipole-dipole interaction 84, 
128 

Spin filter 2, 5, 6, 103, 207 
Spin flip 32, 33, 129, 147, 152, 202, 207, 
214, 262-264, 279 

during electron transport in solids 202 
Spin-flip amplitude 32, 44, 71 
Spin-flip synchrotron radiation 191-195 
Spin functions 7 

anti symmetric 87 
four-component 22-24, 92 
of free electrons 24, 26 
in rest frame 27 
symmetric 87 
two-component 7-11 

Spin operator 7, 24-26, 29, 92 
noncommutativity with H 25, 30 

Spin-orbit coupling 29, 32, 224, 230 
role of, in Auger effect 172, 173 
role of, in electron scattering 32,33,49, 

50, 64, 65, 106, 129, 135, 224, 274 
role of, in photoemission from solids 
210-212, 214 

role of in photoionization 147, 
151-154, 161, 175, 252 

Spin-orbit energy 30 
Spin-orbit potential as cause of polarization 
in scattering 50 

Spin-orbit relaxation time 111, 117 
Spin transformer, see Polarization trans
former 

Statistical error of polarization experi-
ment 240-242, 245 

Stern-Gerlach experiment 2-5 
Stokes parameters 121, 122, 124, 133 
Storage time 260 
Stray electric fields 261, 266 
Stray magnetic field 201, 228 
Superelastic scattering 83, 116 
Superposition, see Coherent, Incoherent 

superposition 
Surface magnetism 202,226-229 
Surface potential barrier 217, 218, 222, 
224 

Surface reconstruction 228 
Synchrotron radiation 164, 168-170, 201, 
215, 279 

with spin flip 191-195 



Target density, see Thickness of analyzer foil 
Thermal energy 265 
Thickness of analyzer foil 74, 239, 241 
Thomas precession 30, 232 
Threshold, excitation at 119 
Threshold law 109 
Time-of-flight measurements 265 
Top-layer spacing 218, 222,.223 
Torque on magnetic moment 49 
Total cross section, see also Photoionization 
cross section 117-120,263,266 

Total polarization 1, 16, 93, 94, 155,200 
Transverse polarization 27, 35, 39, 

139-141, 230, 232, 267 
as consequence of parity conservation 

53 
Triple scattering experiment 74, 75, 

129-131,278 
Triplet positronium formation, asymmetry 
229 

Triplet state 87, 106, 263 
excitation of 81-83, 127-136 

Tunneling 203, 204, 207 
Two-photon transitions 174-179 
Two-step process 80, 81, 172 

Subject Index 299 

Uncertainty principle 4, 5 
Uncertainty of theoretical polarization data 
at low energies 67, 69 

Unit cells, magnetic and chemical 226 
Unpolarized electrons, see also Mixtures of 
totally polarized beams 8, 16 

illustration of polarization after scatter
ing of 50-52 

scattering by polarized atoms 86, 90, 
114 

Vacuum level 210,211,213 
Vector model 145-147 
Vibrational excitation 255 

Wavelength dependence of polarization 
153-155, 167-169, 175, 200, 201, 210, 
213-215 

Weighting factors 14, 15 
Weinberg-Salam model 268, 270 
Wien filter 75, 232 

X-rays, see Bremsstrahlung 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFA1B:2005
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (sRGB IEC61966-2.1)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<


    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>



    /HUN <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 6.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200036002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 6.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>


    /SKY <>

    /SUO <>
    /SVE <>
    /TUR <>

    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice




