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Preface

This book is based on a review article about the elementary process of
bremsstrahlung [W. Nakel, Phys. Rep. 243 (1994) 317]. When the author
was encouraged by the editors of World Scientific to expand the review
article to a lecture notes volume, he asked a colleague (E.H.) who has been
working on the theory of bremsstrahlung, to be the co-author.

The aim of the book is to represent the theoretical and experimen-
tal developments in the elementary bremsstrahlung process, i.e., the triply
differential cross section, and the status of the comparison and extent of
agreement between them. It will be shown how far theory proceeded in
the effort to describe the coupling of the radiation field to the electron-
atom system. Although the main importance is attached to electron-atom
bremsstrahlung, we also discuss electron-electron bremsstrahlung, electron-
positron bremsstrahlung, and further bremsstrahlung processes.

The book is mainly addressed to graduate students and is therefore
endowed with classical and semiclassical considerations on the bremsstrah-
lung process and with problems to be solved. But it will also be of interest
to physicists who are actively engaged in research since it summarizes and
discusses the extensive theoretical work in the original literature. Last but
not least, the book is addressed to those readers who may want to get a
more general view on this subject since bremsstrahlung is related to the
fundamentals of theory and appears in many branches of physics and in
technical applications.

The authors are indebted to Prof. H. Ruder, Prof. G.J. Wagner, and
Dr. H. Lindel for their support of the work, and to Prof. P. Grabmayr for
his valuable help in the preparation of this book. We are very grateful to



vi Preface

Prof. L.C. Maximon for helpful discussions. We wish to thank Dipl.-Phys.
E. Gaertig, F. Engeser and U. Vogl for their extensive technical help in
getting the manuscript into its final form.

We acknowledge the permission by Elsevier Science to reproduce the
following figures from the article which appeared in Physics Reports [86]:
Figs. 4.1, 4.2, 4.4, 4.5, 4.7 to 4.14, 4.16, 5.6, and 6.1 to 6.6.

Eberhard Haug
Werner Nakel

Universitdt Tibingen, September 2003

Note from the authors

The authors would be grateful if the readers would inform them about
any errors which they may find. Corrections for this book which come to
the authors’ attention will be posted on the World Wide Web at
http://www.pit.physik.uni-tuebingen.de/nakel /nakel_ee.html
but can also be obtained by writing to the authors. The contact e-mail
address is nakel@pit.physik.uni-tuebingen.de.
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Chapter 1

Introduction

1.1 General introduction

The emission of a photon in the scattering of an electron from an atom is
called bremsstrahlung (braking radiation). Apart from the interest in the
nature of the process itself, there are a variety of reasons why the brems-
strahlung process occupies such an important place in physics. Firstly,
the process is related to the fundamentals of the theory since it is a conse-
quence of the general coupling of the electromagnetic field and matter fields.
Therefore bremsstrahlung appears in nearly all branches of physics: atomic
and nuclear, solid-state and elementary-particle physics. Moreover, brems-
strahlung is an important tool in many areas of experimental research, in
the field of astrophysics, and it has a wide range of technical applications.

The bremsstrahlung process is generally considered to be well under-
stood. However, the comparisons between experiment and theory have for
the most part been made for cases where only the emitted photons are
considered, disregarding the decelerated outgoing electrons. Thus the re-
sults are necessarily integrated over all electron scattering angles, whereby
important features are lost and the check of the theory is not as strong
as it could be. When, on the other hand, the bremsstrahlung photons
are detected in coincidence with the decelerated electrons scattered into a
fixed direction, information on the elementary process of bremsstrahlung
can be obtained and a more stringent check of the theoretical work becomes
possible.

The quantity measured in the coincidence experiments and calculated
by the pertinent theory is the triply differential cross section, differential
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in photon energy and angle, and in the scattering angle of the outgoing
electron. However, the most detailed independently observable quantity is
the triply differential cross section including all polarization correlations,
corresponding to an electron-photon coincidence experiment with a spin-
polarized primary beam and detectors sensitive to polarization of the pho-
tons and of the outgoing electrons. Such a complete scattering experiment
has not yet been done, but several experiments including single polariza-
tion variables were performed, providing benchmarks for comparison with
theoretical predictions.

The main force acting by the atom on the incident electron, leading
to bremsstrahlung emission, is due to the Coulomb field of the nuclear
charge. The effect of the atomic electrons is two-fold: on the one hand, the
atomic electrons screen the Coulomb field of the nucleus as a static charge
distribution and reduce the cross section for bremsstrahlung emission. The
recoil momentum is taken up by the atom as a whole. On the other hand,
the atomic electrons act as individual particles and the bremsstrahlung
process may also take place in the collision with an atomic electron which
then absorbs the recoil momentum and is ejected. This process is called
electron-electron bremsstrahlung. With the aid of coincidence experiments
it is possible to differentiate exactly between these two components.

The book is organized as follows: Chapter 2 is devoted to classical and
semiclassical considerations on the bremsstrahlung process. In four main
sections (Chapters 3 to 6) we will deal with the elementary processes of
(screened) electron-nucleus bremsstrahlung and of electron-electron brems-
strahlung. We start in Chapter 3 with the discussion of theoretical pre-
dictions for relativistic electron-nucleus bremsstrahlung. Electron-photon
coincidence experiments on electron-nucleus bremsstrahlung are discussed
in Chapter 4. In all the experiments it turned out that there is a strong
angular correlation with the photons emitted on the same side relative to
the primary beam as the decelerated outgoing electrons (Section 4.2.1).
A measured angular distribution of decelerated electrons for fixed photon
direction shows a sharp forward peaking (Section 4.2.2).

Only two coincidence experiments were done for electron-nucleus brems-
strahlung including measurements of the polarizational variables. We first
discuss measurements of linear polarization of bremsstrahlung emitted by
unpolarized electrons (Section 4.3.1). Here the radiation was found to be
almost completely polarized with the electric vector in the emission plane.
Decreases of the degree of polarization were attributed to spin-flip radia-
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tion processes. In Section 4.3.2 we discuss the measurements of the photon
emission asymmetry of bremsstrahlung from transversely polarized elec-
trons, where spin-orbit effects are observed which are usually masked in
non-coincidence experiments. Even in the case of zero deflection of the
decelerated outgoing electrons a non-zero photon emission asymmetry was
observed.

Further polarization correlations for which the elementary process has
not yet been measured, are discussed in Section 4.3.3. In all experiments
no spin analysis of the outgoing electrons is performed to date.

Section 4.4 deals with the application of the coincidence technique in
producing quasimonochromatic photon beams, so-called tagged photons.

In Chapters 5 and 6 we investigate the process of electron-electron
bremsstrahlung. In contrast to the electron-nucleus system the electron-
electron system has no electric dipole moment and the electron-electron
bremsstrahlung shows features of quadrupole radiation. The theoretical
part starts with the kinematics of the process (Section 5.2). The calcula-
tion of the elementary radiation process in free electron-electron collisions
is a straightforward application of quantum electrodynamics. However, the
cross section becomes extremely complicated due to recoil and exchange
effects even in lowest-order perturbation theory (Section 5.3). The radia-
tive collision of a free electron with an initially bound atomic electron is
calculated using the impulse approximation (Section 5.4). The electron-
photon coincidence technique enables one to differentiate completely be-
tween electron-electron and electron-nucleus bremsstrahlung. Experiments
without regard to polarization variables (Section 6.1) yield the angular dis-
tribution of photons for fixed direction of outgoing electrons (Section 6.1.1)
and the energy distribution (Section 6.1.2). A measurement of the pho-
ton linear polarization of the elementary process of bremsstrahlung (Sec-
tion 6.2) is the only polarization measurement on electron-electron brems-
strahlung so far.

We do not discuss in detail the integrated cross sections (doubly dif-
ferential angular distribution, singly differential energy spectrum, and to-
tal energy loss). Onmly a summary of this subject is given in Chapter
7. In addition, further bremsstrahlung processes are mentioned, such as
positron-nucleus bremsstrahlung, electron-positron bremsstrahlung, two-
photon bremsstrahlung, polarization bremsstrahlung, coherent bremsstrah-
lung from crystalline targets, bremsstrahlung from heavier particles, brems-
strahlung in nuclear decays, and bremsstrahlung in magnetic fields.



