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Radiation Damping,
Seli-Fields of a Particle,

Scattering and Absorpti,on
of Radiation by a
Bound System '

|
|
i

17.1 Introductory Considerations

In the preceding chapters the problems of electradynamics have been divided
into two classes; one in which the sources of charge and current are specified and
the resulting electromagnetic fields are calculated, and the other in which the
external electromagnetic fields are specified and the motions of charged particles
or currents are calculated. Wave guides, cavities, and radiation from prescribed
multipole sources are examples of the first type of problem, while motion of
charges in electric and magnetic fi¢lds and energy-loss phenomena are examples
of the second type. Occasionally, as in the discussion of bremsstrahlung, the two
problems are combined. But the treatment is a stepwise one—first the motion of
the charged particle in an external field is determined, neglecting the emission of

=4 radiation; then the radiation is calculated from the trajectory as a given source
distribution. -

It is evident that this manner of handling problems in electrodynamics can be
of only approximate validity. The motion of charged particles in external force
fields necessarily involves the emission of radiation whenever the charges are
accelerated. The emitted radiation carries off energy, momentum, and angular
momentum and so ‘must influence the subsequent motion of the charged
particles. Consequently the motion of the sources of radiation is determined, in
part, by the manner of emission of the radiation. A correct treatment must
include the reaction of the radiation on the motion of the sources.

Why is it that we have taken so long in our discussion of electrodynamics to
face this fact? Why is it that many answers calculated in an apparently erroneous
way agree so well with experiment? A partial answer to the first question lies in
the second. There are very many problems in electrodynamics which can be put

780
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~ with negligible error into one of the two categories described in the fist

paragraph. Hence it is worth while discussing them without the ‘and
unnecessary complication of including reaction effects. The remaining answer to
the first question is that a completely satisfactory treatment of the reactive
effects of radiation does not exist. The difficulties presented by this problem
touch one of the most fundamental aspects of physics, the nature of an
elementary particle. Although partial solutions, workable within limited areas,
can be given, the basic problem remains unsolved. One might hope that the
transition from classical to quantum-mechanical treatments would remove the
difficulties. While there is still hope that this may eventually occur, the present
quantum-mechanical discussions are beset with even more elaborate troubles
than the classical ones. It is one of the triumphs of comparatively recent years
(~1948-1950) that the concepts of Lorentz covariance and gauge invariance
were exploited sufficiently cleverly to circumvent these difficulties in quantum
electrodynamics and so allow the calculation of very small radiative effects to
extremely high precision, in full agreement with experiment. From a fundamen-
tal point of view, however, the difficulties still remain. In this chapter we will
consider only the classical aspects, but will indicate some of the quantum-
mechanical analogs along the way.

The question as to why many problems can apparently be handled neglecting
reactive effects of the radiation has the obvious answer that such effects must be
of negligible importance. To see qualitatively when this is so, and to obtain
semiquantitative estimates of the ranges of parameters where radiative effects
are or are not important, we need a simple criterion. One such criterion can be
obtained from energy considerations. If an external force field causes a particle
of charge e to have an acceleration of typical magnitude a for a period of time T.
the energy radiated is of the order of |

-
2¢2aT He €1C) —

3c* cTe (17.1)

Ena~

from the Larmor formula (14.22). If this energy lost in radiation is negligible
compared to the relevant energy E, of the problem, we can expect that radiative
effects will be unimportant. But if E.«=>Es, the effects of radiation reaction will
be appreciable. The criterion for the regime where radiative effects are unim-
portant can thus be expressed by

E..« <Eo (17.2)

The specification of the relevant energy Eo demands a little care. We will

~ distinguish two apparently different situations, one in which the particle jis

initially at rest and is acted on by the applied force only for the finite interval T,
and one where the particle undergoes continual acceleration, e.g., in
quasiperiodic motion at some characteristic frequency wo. For the particle at rest
initially a typical energy is evidently its kinetic energy after the period of
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acceleration. Thus

Eo~m(aT)’

The criterion (17.2) for the unimportance of radiative.effects then becomes

2 eé’a’
3= «ma’T®
or ,
2 e
Ty»=——7
3 mc’

It is useful to define the characteristic time in this relation as

2 é o &F
™ 3Ime 6xme (17.3)

Then the conclusion is that for time T long compared to 7 radiative effects are
unimportant. Only when the force is applied so suddenly and for such a short
time that T~ 7 will radiative effects modify the motion appreciably. It is useful to
note that the longest characteristic time 7 for charged particles is for electrons
and that its value is 7=6.26 X 10~ sec. This is of the order of the time taken for
light to travel 10”"” cm. Only for phenomena involving such distances or times
will we expect radiative effects to play a crucial role.

If the motion of the charged particle is quasi-periodic with a typical amplitude
d and characteristic frequency wo, the mechanical energy of motion can be
identified with E, and is of the order of

Eo = "'l'(t.h:)z(:!2

The accelerations are typically a~wo’d, and the time interval T~ (1/wo).
Consequently criterion (17.2) is

262w04d2
3c’wo

W, 7«1 (17.4)

<« mwnzdz

or

where 7 is given by (17.3). Since o ' is a time appropriate to the mechanical
motion, again we see that, if the relevant mechanical time interval is long
compared to the characteristic time 7 (17.3), radiative reaction effects on the
motion will be unimportant.

The examples of the last two paragraphs show that the reactive effects of
radiation on the motion of a charged particle can be expected to be important if
the external forces are such that the motion changes appreciably in times of the
order of 7 or over distances of the order of cr. This is a general criterion within
the framework of classical electrodynamics. For motions less violent, the

reactive effects are sufficiently small that they have a negligible effect on the
short-term motion. /Their long-term, cumulative effects can be taken into
account in an approximate way, as we will see immediately.
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