










64 THE BEG INNINGS OF THE QUANTUM T H EO RY

th an a qu an tit y of the orde r of n. That is, CHAPTER 2 APPENDICES A to C

t.q . t.P. ~ n. , (2.20)

The uncert ainty principle will be discussed quanti tati vely in sect ions 8
and 11 of Chapter 4 in connection with th e behavior of wave packets and th e
concept of expectation value. Numerous examples of how it can be applied to
physical problems will occur throughout th e subsequent chap ters of this book .
T he read er who is interested in pursuing this topic further a t this point is
referred to H eisenberg's own discussion of the subject.'!

APPENDIX A. CA LCULATION OF JEANS' NUMBER.

Consider th e one -d im ensional wave equation,
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ox2 = ~ ot2 '

whi ch may be rewritten in the form,

u(x, t) = Y sin n~x (C sin wt + D cos wt),

where -w2 is simply the separation constant. Solution s of the two equa tion
(AI ) are

(A2

(A r

rp = y sin kx + 0 cos kx,

T = C sin wt + D cos w t

2 rp " (x) _ T (t) _ 2

c rp (x) - T (t) - -w ,

and

where k = wlc = 27TI)..
An infinite med ium ca n have any values of w and A, but a finite mediu r

such as a string fastened at each end has only certain allowed va lues. Thes
allowed values ar e called eigenvalues, and th e modes are known as standi n
waves. If we impose the constraint that u = 0 for x = 0 and x = L, then w
find that 0 = 0 and k = n7TIL, where n is an integer. The general solution t
(A I) becomes

wh ere u is the d isplacement and c is the velocity of th e wave. Sin ce th e variable!
are ind epend ent, we assume a product solution of the form u = T (t) . rp (x),
Substituting this into the wave equation we obtain the separated equ ation,

SUMMARY

T he concept of the quantiza tion of electromagnetic energy was the key to
Planck's explanation of the spectral distribution of the energy ra diated from a
the rmally excited blackbody. As a consequence of the Planck theory we now
regard the process of abs or ption or emission of electromagnetic energy as the
exchange of a photon- which is a quantum of energy and momentum*­
between matter and the electromagnetic field . Although the photon can
interfere with itself to prod uce d iffraction effects, it behaves like a zero rest
mass particle in such processes as the photoelectric effect and Compton
scattering. These classically contradictory properties are. reconciled by
regarding the pho ton as a wave packet, that is, a superposition of a large
number of waves representing a continuum of frequencies whose center
freq uency is given by v = Elh, that is, the packet ene rgy divided by Planck's
consta nt. The packet momentum is p = hi A, wh ich is required for cons istency
with th e special theory of relativity. T he particl e and wave aspects of a photon
are thus regarded as complementary properties which are manifestations of
the particular way in wh ich the photon interacts with a specific detector. Thus
the photon exhibits it s wave na ture when it in teracts with an object such as a
grating, where the details of the instantaneous phase of each of the com pon ent

: waves are important. O n the other hand, it displays its par ticle nature whe n
it transfers energy and momentum to a materi al par ticle.

Also discussed in this chap ter are the Einstein probabilities for spontaneous
and induced transitions. These are shown to lead to a r ad iation energy
density that is consistent with the Planck law. They ar e then used to illustrate
the essential ide as behind the ope ration of a laser.

11 See Chapter II of W. H eisen be rg, T he Phys ical Principles <if the Quantum T heory. Dover Publi­
cations, I nc., New York.

• The photon also has uni t spin, which is ignored in the presen t discussion.

Although we will leave (A3) in its present form , one can show that it can 1
written as the sup erposition of waves traveling to the right and to the le
Also, the most general solution is one including a summation over all possit
w n • If we cons ider on e frequency, w n , we no te that




