Experiments in special relativity using Compton scattering of gamma rays
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Some simple undergraduate laboratory experiments are described, which verify the
energy-momentum relationship of special relativity. These experiments have been
designed either to be used as classroom demonstrations or to be carried out by second-

year students.

INTRODUCTION

An experiment is described which demonstrates large,
controllable, and unambiguous relativistic effects using
readily available, inexpensive nuclear instrumentation. The
data can be acquired in a single laboratory session or, as a
demonstration, in a single lecture period. The experimental
design is focused on proving that the mean energy of y rays
scattered at angle 8 is independent of the scattering material
and establishing the relationship between the energy shift
and 6. The analysis of the data emphasizes the fact that the
scattering electron can be treated classically in x-ray scat-
tering whereas when energetic  rays are scattered its rel-
ativistic mass change is clearly evident. The underlying
ideas of conservation of energy and momentum are the same
as those demonstrated in experiments in classical mechanics
using air tables and pucks.

Although the consistency of special relativity with ex-
periment is established as thoroughly as that of any scien-
tific theory, few persuasive tests can be demonstrated in
undergraduate laboratories. Consequently a pedagogical
tradition has been established of presenting the subject as
a logical deduction from cleverly contrived thought ex-
periments. This approach is not unique—the uncertainty
principle is sometimes presented in a similar way—but it
is unusual and some students find it particularly difficult
to accept. We hope that the present experiments will con-
tribute to the development of an alternative presentation
of the subject in a more conventional form.

The phenomenon, commonly called the Compton effect,
which we use to demonstrate relativity has a most complex
history which has been presented recently both in great
detail’ and in abbreviated form.23 That history reveals that
even the earliest measurements of y-ray scattering indi-
cated consistently that there was a large angle-dependent
energy loss. The effects were so large as to be persuasive
despite the need to rely on crude measurements of absorp-
tion coefficients.*> The data which generated a decade of
debate came from measurements® of x-ray scattering in
which the effects were small enough to cause confusion even
when measured by crystal diffraction spectrometers of high
resolution.

The analysis of the early experiments seems to have been
done either classically or using both quantum and relativity
concepts. The possibility of emphasizing the relativity as-
pects by using the photon concept with either classical or
relativistic dynamics for the electron has received little at-
tention. '

THEORETICAL REMARKS:

There are many ways in which the results of a Compton
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experiment can be used and we discuss below three analyses
which we believe are particularly good pedagogically. In
all cases we assume scattering by a free electron initially at
rest and that the vy /x rays can be treated as quanta with an
energy momentum relation E = pc. Energy and momentum
conservation in the collision process are also assumed. We
describe below how knowledge of the incident photon en-
ergy and a measurement of the scattered photon energy as
a function of scattering angle can be used to (1) compare
nonrelativistic and relativistic Compton formulas, (2) de-
termine the energy-momentum relation of the electron, or
(3) measure the rest-mass energy of the electron.

Our choice of assumptions versus deductions in the
Compton experiment is somewhat arbitrary and, for ex-
ample, students may find our acceptance of E = pc on the
basis of the “classical” Maxwell equations and the rejection
of the “classical” Newtonian expression K = (1/2)mgv?
artificial. In response we simply admit that any one ex-
periment can have only a limited set of objectives. Students
could also point out that the scattering process does not
involve free electrons, but here at least the free-electron
assumption can be motivated experimentally by the com-
plete insensitivity of the results to the scattering mate-
rial.

Our notation is as follows. An incident photon of mo-
mentum p; and energy E; = p;c is scattered through an
angle 6. The final photon has momentum p; and energy E;
= psc and the electron, initially at rest, has picked up the
difference momentum p = p; — p; and energy K = E; — E;.
These two conservation equations lead to

p2c? =~ K2 =2EE. (1 — cost). )

In Newtonian or nonrelativistic (NR) mechanics the energy
momentum relation of the electron is

(NR) p*=2moK - (2a)
whereas the correct relativistic (R) expression is
(R) P?=2moK + K?/c (2b)

If we eliminate the momentum p in Eq. (1) using the ex-
pressions (2), and in addition eliminate K in favor of the
explicitly measured E; — E,, we obtain either

1 1 (E; — E;)?
NR 2 —— — N St B Y A
(NR) mqc (E.\' Ei) + cosf EE, 1 (3a)
or
1 1
(R) moc? (E: - _E_,) + cosfl =1 (3b)

as expressions which can be directly tested experimentally.
A useful exercise for students is to tabulate the three ex-
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