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Introduouon

The . purpose of thlS book 1s to present a. un1f1ed account.
of the exc1t1ng developments in the fleld of quantum
electronics wh1ch have occurred durlng the last two decades
Follow1ng 1ntroductory chapters on electromagnetlsm and
quantum mechanlcs, the basic processes 1nvolv1ng the 1nter-
action of rad1at10n and. atoms are dlscussed 1n some detall
We believe that a thorough understandlno of thls mater1a1

is essentlal for later chapters

However in order that the reader shall not lose 510ht
of our ultlmate ObjeCthG, we present here a br1ef h15tor1ca1
1ntroduct1on show1ng how our, understandlng of 11ght and ‘
matter has developed s1nce the end of the n1neteenth century
It.is hoped that thls w111 allow the student to set the
materlal which follows in the proper context and w1ll give
him or her an appreciation of the beauty and fasc1nat10n
of the field of optical physics.

N

1.1, Planck's radiation>lam

s By- the -end of the nineteenth century: the development.
of the-wave: theory of light, oommencedfby Young. and; Fresnel,

seemed’ to have reached its culmination. in: the brilliant

theoretical: work -of Maxwell. .:In another branChuof.physics
the theory: o£~heat'leading{on to theﬁkineticxtheory‘of.
gases. and to.statistical mechanics :as developed. by Clausius,
Boltzmann, Maxwell, and Gibbs: also seemed: to be -complete -in,
most- of its’ essentlal points.': This  encouraged Michelson:

to write inv 1899;. : )i ‘

1 The more nmportant fundamental lawsand. facts of

physical science have all been-discovered,, and these are - .

»so‘firmlyrestablished that: the possibility -of- their ever..

being supplanted infconsequenoe~ofAnew discoveries: is ex«
ceedingly remote.: : e ‘ o

There was, however, an’ unresolved discrepancy inthe-
theory of black-body radiation., Im fact the solution of
this apparently minor problem by Plamnck (1901) was to be.
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the starting point of the quantum:theory and of our present
understgnding of the structure of atoms and molecules
F0110w1ng the work of Kirchhoff on the connéction” be-
tween em1551on and absorptlon coeff1c1ents 1t had been
proved ‘that the radiation inside a totally enclosed caV1ty
alned at ‘a un1form temperature was a function of the

maint
temperature alone and was 1dent1ca1 with the rad1atlon which

’would be emltted by a perfectly black body at the same

temperature The spectral d15tr1but1on of the radlatlon

had been 1nvest1gated experlmentallv and it was found that

.the 1ntens1ty 1ncreased slowly wi'th decreas1ng frequency
untll 1t reached a peak after wh1ch it decreased very

rapl (Flg 1.1). However, a11 attempts to der1ve an
equat1on g1v1ng the 1nten51ty as a functlon of frequency
had failed. The most convincing approach made by‘Rayle1gh
and JEans"on”theybaSis of classical thermodynamics'gave the
result P i , ‘ ST
2
p(w) = uz’*z kT, (1.1)
LI ok
where p(w)' dw represents” the'energy of radiation per umit
yolume in the :angular frequency range between o and w+dw.
The term-kT‘in equation ‘(1.1) comes .from the equipartition of
engrgy  applied -to a linéar oscillator.which is assumed to.- act
as the emitter or absorber of radiation of frequency w/2w.
We 'see from equation (1.1) and Fig. 1.1 that. the: inténsdity
predicﬁed by the Rayleigh-Jeans ‘law increases- indefinitely
at higher frequencies, the well-known ultraviolet catastrophe,
in complete contradiction with the éxperimental results.
Planck redlized that the.difficulty lay in-thé prin-
ciple of eqUipartition”which could only be circumvented. by
a complete .departure from classical mechanics.: 'He postulated
that an. oscillator of frequency'w/Zﬂ; instead - of being able
to gssume all possible energy values,; could exist:only- in
ene of a set of equally spaced energy levels having:the
values 0, hw, 2hw,;... , Mhw, ...% . m is. an.integer and
h%h/Zj, where h is a constant now known as Planck's constant.
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'Fig.1.1. Energy density of black-body radiation .as:a. func=
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The unit-o6f energy hw;.which cannot be further‘subdivlded,
Planck:called a'quantum. If we'now assume that the proba-
bility of finding.an oscillator with the energy mhw i$. given
by the Boltzmann.factor exp(-mhw/kT), then the average
energy

of an: oscillator is-given by.

Y i exp(-mhw/kTJ
- _ m=0
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When this expression is inserted .in place of kT in‘equation
(1.1), the energy density of the black-body radiation at
the frequency w/27m becomes

e S L w:Z : hw . B
p(w) = T7 % T - = . T (1.3)
' ‘mc” exp(hw/kT)-1

This expression proved to be in perfect agreement with exper-.

iment when h was given a certain finite value,’andﬂthe:clas-
sical Rayleigh-Jeans law was obtained only in‘the limit as
h+0. Thus the turn of the century ushered in Planck's law
and w1th it the birth of the quantum theory of radlation.
1.2. The photoelectric effect. i 4

In spite of this agreement between tlieory and experi-
ment, not all physicists were willing to accept .thé quantum
.hypothesis. Indeed Planck himself believed initfally that
it applied only to the atomic oscillators in the cavity
walls and not to the radiation 1ns1de the cav1ty :However,
Einstein (1905) soon showed that the quantum theory could
explain certain puzzling features of the photoelectric effect
in a very 51mp1e way.

The-emission. of electrons from the surface of a metal’
which is illuminated by .ultraviolet. light was discovered by
Hertz in 1887. ‘Later experiments by Lenard showed that when
the intensity of ‘the: incident. light was changed, without
altering'its-spectral distribution, the: kinetic. energy:of:
’the'ejected:electrons-remained cons tant and.only. thé.number
emitted-varied. 'We:now know that at. very low- intensities; the
rate of emission can becomé so-small that only-a-few-elec-
trons per second are ejected. In this limit, it appears as
if all thé energy in:the light wave falling on the surface
would have to be concentrated on-a-sihgle electron in order
to give it the observed*kinetic*energy. This seems to be at
variance with classical.eleCtrodynamics, for the energy in
"3 light wave is usually assumed tovbehdistributed uniformly

across the wavefront.
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To-resolve this difficulty, Einstein made the bold
hypothe51s thdt' the energy 'in the radiation field actuallv
ex1sted as discrete quanta, mow called ‘photons, -each hav1ng
an enérgy of huw &nd that in interactions betweéi light and
matter this energy is essentially localized at one electron
In the photoelectric effect an electron -at the_surface of
the metal gains an energy hw by the absorption of a photon

“.and the maximum kinetic energy of the ejected electron is

observed to be

Z ™pax T B et , _ (1:4)
where ¢ is ‘the work ‘function of the surface measured 1ni

electron volts. According to this theory the rate of emis-

_sion of photoelectrons will be proportional to the flux of

‘quanta ‘incident upon the -surface, in agreement with Lenard's
experiments Moreover Einstein's theory predicts that the
maximum klnetic energy of the photoelectrons should be a
linear function of the frequency of the 1nc1dent light.

This was latet confirmed experimentally by Millikan (1916,
and led to a value of n which agreed to within 0 5 per cent
with the value derived by f1tt1n0 equation (1.3) to the _
black- body spectrum. ‘With this clarification of the quantum
aspects of the 1nteraction of light and matter ‘the stage was
then set for further advances in the field of atomic spectros-

- copy.

1.3, hEery afoméo‘spectrOSGopy

. The spectroscopy of gases.had been, studied since the-
middle  of the nineteenth century, first with prism spectro-
scopes and later with spectrographs using diffraction '
gratings. Atoms excited in gas discharges were found to emit
spectra consisting of many sharp lines of definite fre-

quencyj in contrast to -the: continuous spectra emitted.by

black-body sources or by solids at high temperatures, Al-

 though most atoms had. very complicated spectra, that.of
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hydiogen was felatively simple and in 1885 Balmer discovered
an, emplrlcal formula Wthh fltted the wavelengths 2% . the
v151b1e llnes to surprlslngly higH accuracy - For many pur-
poses it 1s more convenlent to work with the waveniumbers, .9,
which are related. to the wavelengths i vacuo ¢ A ‘

Y= 1/A

Vac’.by
The Balmet formula for hvdrocen then becones
§ = R ( T ] (1.5)
YT el T .
where 1 is an'ihtégef>teking the_?aiués 3, ﬁ,.BA‘,, ... and
RHvis & cofistant having the value 109 877+ 58 el Further
woTk by Rydberg in the 1890s showed that the lines of the
‘alkali metals ¢ould be classified into 4 number of spectral
series, each of which Was described by a similar formula

e . L LR
T et

<t
n
<?

whete n i again an integer and d is 4 vénstant. The Rydberg
constant; R, was $hown t0O have the same, valte, fo witﬁin"
005 per cent for all elernents and for the flfst time ind1=
cated a common 11nk between ‘the spectra of dlffefent cheml-
cal elements ( : )

i In both the Balmer and the Rydberg formulae the wave—
numbet of 1 spectral line- is given by the difference of -
tWo quantltles. "In 1908 Ritz showed experlmentally that in
any -speetrum it -wa& possible to set up tables of quantitles
called terms, having dimensions of &m 15 such that the wave-
numbets of the observed spectral lines could be written as
This is known as the Ritz
In hydrogen’, new Spectral serles

the difference of two terms.
combination principle.
were predicted. with lines’ given by

VLT .

where m:and n- are.integers: and @ is'fixed for 4 given series.
When; in- the same.year, Paschen discovered ore; of these new:

series in the infrared region,
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confirmation.

These spectral lines at preciéely related frequencies
seemed to. be;in violent disagreement with the picture of the
atom proposed:by Rutherford {(1911) to explain experiments

“In-this model,
more. clearly.by: Bohr (1913); the atom was assumed to consist

radius_wlo_}zcm,

'_ on the; scattering of-.a-particles. described
of a massive.pesitively-charged nucleus,
_which was surrounded by.a cloud of negatively-charged elec-
trons. moving in orbits of-radius ~10'8cm. But according
to classical. mechanics, an electron moving in the. Coulomb
field.of the nucleus-would radiate electromagnetic energy
at\fhe freduency of its orbital motionm.- As:the electron

lost energy it would slowly.spiral inte-the nucleus, emitting

(1.6)-

radiation of continuously . increasing frequency. Obviously
this. did.noet happen.in real atoms.for they are observed to:be
stable.in. their normal state and te radiate only certain dis-
crete frequencies when excited.. The first major step for:
-wa;d in the- solution of this problem was taken by Behr (1913).
1.4, The%postulates.of-Bohr’s theory of atomic structure

In ¢rder to develop a quantltatlve theory of the hy-

drogen_atom Bohr put forward three basic postulates

Postulate l

only in-. certaln dlscrete energv levels denoted’ by the values
E; E ciasBisea o
1mp051ng certain quantum condltlons (Postulate 3) on to

A bound atomlc or molecular system can exist
These energies are determlned by super-

c1a551ca1 mechanlcs

Postulate 2. In the absence of any.interaction with radia-

tion, the atomic system will. continue to. exist permanently
in one of the allewed energy levelsuwhich'are_therefore

called stationary states. .The emission. .or absorptieon of

the principle” received striking

rédiétionviS'connected with a-process in- which the atom
passes from: one stationary state-to anothera;\In emission,
the . energy lost by the atomic system appears. as energy in

. the radiation.field and.the. frequency of the light emitted

wis glven by .
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hmji e Ej/- hi | ij‘ [1.?)
where h is Planck's constant-divided by 2., The‘energy‘in
the radiation field appears. in’ the form of a photon'‘and,
following EinStein's hypothesis; has many of- the charac-
teristics of a material-particle, - In‘ absorption, a photon
is removed: ‘from the radiation  field and thé atom'makes a
transitien from'a lower to a higher energy level.

These two-postulates were confirmed: in the‘following“
year by the experiments of Franck and Hertz (1914) oh ‘the -
critical potentials of atoms.  They found that when atoms
were ‘bombarded-with a ionoenergetic beam of electrons, only:
elastiic collisions occurred at’ low energies. As the dccele-
rating-voltage is ‘in¢reased, a point is ‘reached at which *°
thé electrons have suffitient kinetic energy to raise the
atoms to the lowest extCited ehergy level. -Inelastic’ col-
lisions oc¢ur and thé’ atems start to emit“lightiin'the
transition connecting the lowest excited state to-the
ground level, As the electron energy is increased again,
furthér excitation thresholds are’ reached’ and the spectrum
of the atom appears line by line., Finally the bombarding
electrons have sufficient energy to release an eleetron,
from the atom, so ionizing the gas These experiments pro-
vide a direct' although rather 1mprec1se measurement of
the energy levels and 1onization potentials of atoms, ‘

These two postulates also explain’ the existence .of
spectral terms and the Ritz combihation pr1nc1ple. We see
from equation (1.7) that the wavenumbers oflsﬁectral lifes’
are-given by differences of quantities of the form E{/hc,
These must therefore be 'the ‘spectral terms. Thus the work
of the'sbectroscopists”in deducing the terms from the ob:
served Spectra immediately: provides onée with' a’table: of
dtomic energy levels. Following this important clarifica-~ -
tion and the latetr“development of selection rules. for radias
tive transitions, the classification and amalysis of atomic
and molecular spectra proceeded rapidly. "Energy-level: tables
are now available for the majority of atoms, ions; and simple
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molecules., . although ‘the analyses of the compilex spectra
of the,rare earth metals and of highly-ionized atéms are
still often incompletei ‘ ‘

Postulate 3. For the hydrogen atom Bohr assumed that the
electron moved in c1rcular orb1ts about the nucleus under

’ the 1nf1uence of the Coulomb attraction. The allowed c1r—

cular orb1ts were’ then determlned s1mp1y by the requ1rement
that the’ angular’ momentum of the electron should be an in-
tegral multiple of 4. Th1s restricts the energies of the
hydrogen atom, in states of angular momentum nh, to the
quantized values o

'?% S (1.9)

where eouis.thevpermittivity of free space. and u is the re-.

‘duced mass of the electron, given: by u =.m/(1+m/M). where m

and M are. the masses of the electron and proton.respectively,
Not only do the predicted energy levels have the 1/n2 de-
pendence, in agreement.with the formulae for the wavenumbers
of the lines of the Lyman, Balmer, and Paschen series in
hydrogen, but.the empirical Rydberg constant is, for the
first time, given in terms of atomic constants:

R = ... ue . o (1.9)
H (4WEO) 4nh3C

‘When this expression is evaluated, it agrees with the spec-
troscopic value within the combined errors of the various
sconstants involved.-

1.5, \Deuelopment‘of quantum mechanics

This" tremendous accomplishment of Bohr st1mu1ated
other theoret1c1ans and soon Sommerfeld (1916) had general-
ized Bohr ] quantum condltions and applied the results to
elliptical orbits in the hydrocen atom. By including rela-
it1v1st1c effects he was able to 1nterpret many of the details

"of the hydrogen fine structure. ~The introduction of an

additional quantum number describing the allowed orientatiomns
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of the orbits. in space also gave a partial explanation. of

the observed Zeeman effect. However, one of:the most im-
portant theorétical developments was Bohr's. own correspond-
ence principle., This _states that in the limit of large
guantum numbers, the results of quantum theory. must be in
agreement w1th the phy51ca1 laws deduced from a combination
of c1a551ca1 mechanlcs and electromagnetlsm When th1s pr1n~
c1p1e was combined w1th the relatlons connectlng the trans-
1tlon probab111t1es for spontaneous and stimulated transi-
tlons der1ved by Einstein (1917), many aof the results of ’
the modern theory of radiation were obtalned .
However, the old quantum theory was incomplete. It
gave no definite basrs for the calculation of the relative
~It also failed

to give satisfactory results when attempts were madé to cal-

or absolute intensities .of spectral lines.

culate the energy levels of atoms containifg motré than one
eléctron. , Even in an apparently simple atom 1iké helium,
numerous attémpts to calculate ‘the %nergy  6f the ground
state ‘failed to reach- agreement w1th the experlmentally
determined value: i : ’

The starting point of a mew quantum-theory of atoms *
was the hypothesis’ put forward by de Broglie (1924) that af
particle moving with linear ‘momentum p has associated with
it a wave whose wavelength is given by
(1.10)

A = h/p..

This idea was improved and extended by Schrédinger (1926). and
led to the development of the equation which now bears his
name. Almost simultaneously Heisenberg (1925) developed a

theory of matrix mechanics Wthh was soon shown to - be

mathematlcally equlvalent to Schrodlnger s wave mechanlcs.
The development of the quantum theory of atomic structure
and a review of some of the 1mportant results are con-

tinued in Chapter 3. We therefore now turn our attentlon to

the development of the quantum theory of radlatlon processes.

hCalculated and the

- the hydrogen atom.
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1. 864 Interaction-of atoms and radidtion 1926-39

In the per1od between 1926 and 1939 the development of
our understandlng of radlatlon processes parallels the de-
Velopment of the theory of atomic and molecular structure.
Many of the results which had been der1ved by the use of
‘the correspondence pr1nc1p1e and the old quantum theory were
The
expre551on for the refractive index of

re-derived in a more rlgorous and satlsfactory manher.
quantum mechanlcal
a gas or vapour is an example of this type of progress. In
hydrogenlc systems the rates of rad1at1ve transitions were
' theoretlcal 11fet1mes of the different
exc1ted levels were derlved In other atoms only approx1?
mate estlmates of the transition probabllltles were p0551b1e
but the lifetime measurements made by ‘canal rays and fluo-
rescence from atomic beams were ot suff1c1ent1y accurate
to demand more refined calculat1ons.

Thus by 1939

standing of atoms and 11ght was “aimost complete, although

it appeared once aga1n that the under-

it is true that in many cases satlsfactorv‘agreement between
theory and experlment was only reached w1th the use of the
more sophlstlcated technlques developed after the end of
the second world war A relat1v1st1ca11y invariant theory
of one electron atoms which 1ncluded the effects of electron

sp1n in a con51stent manner ‘had been developed bv Dirac.

:Thls appeared to be the f1nal solutlon to the- problem of

However it should be remémbered that a
few experlmentallsts were not entlrely happy and questloned
whether the D1rac theory of the fine structure was completely
correct. There was therefore a need to develop new exper1—
mental techmniques which would increase the accuracy of fine

and hyperfine-structure .measurements.

Optical physics=since'1945

The work on radar and radio’ communications carrled out

.durlng the second world war proved to be of imhense assis-

tance to one of the new spectroscopic techniques. 'This was
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the magnetic resonance method first applied by Rabi et at.
(1939) to atomic beams, and extended after the war to liguids
and solidS'by Bloch,‘Purcell ‘and the1r colleagues (Bloch
et al. 19465 Purcell et al. 1946).
to atomic phy51cs came however when Lamb and Retherford )‘
(l947) applied thls new techn1que to metastable hydrogen
atoms and showed that the 2 S and 22P1 levels of atomic

“The first major shock,

hydrogen were not degenerate as oredlcted by the Dirac
theory. This experiment. stlmulated the development of the '
theory of quantum electrodynam1cs and 1ed to the prec1se
calculatlon of rad1at1ve correctlons to atomic energy levels.
Further appl1cat1ons of the magnetlc resonance method were
opened up by the 1nventlon of the opt1ca1 double resonance
and optlcal pumplng technlques by Kastler and his _pupils 1n
Par1s (Brossel and Kastler (1949), Kastler (1950)) The
extraordlnary prec151on of these experlments has enabled a
detalled#study of the 1nteract10ns of atoms w1th llght and
radio waves to be made and has revealed subtle new effects
wh1ch were prev1ously h1dden or unsuspected ’ ’
dore recently the 1nvent10n of m1crowave masers and of

lasers operat1ng at opt1ca1 frequenc1es has transformed the
fleld of opt1cal phys1cs in a remarkable way. In solid
state phy51cs Franken s demonstratlon of the frequency
doubllng of ruby laser, l1ght 1mmed1ate1y opened up a new _
Afleld of non-linear optlcs._ In atomlc and molecular phy51cs
the appllcat1ons of laser rad1at10n were 1n1t1a11y léss rapid
and spectacular. However follow1ng the development of
narrow bandw1dth ,tunable dye 1asers 1n 1970 the interest 1n
this f1eld of research has experlenced an exp1051ve growth '

Wthh as yet shows no 51gns of slow1ng downa

1.8. -The present situation (1975)

We now believe that quantum mechanics,.exterded where
necessary by quantum e1ectr0dynam1cs 1s able to explaln
sat1sfactor1ly all features of the energy 1eve1 structure
of atoms and molecules. Prec1se and detalled calculatlons
of the energy levels of many at\ms have now been made, and

N,
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there-1is generally excellent agreement with the empirical
data ohtained by spectroscopists. Similarly,vwe now believe
that we have‘a;good understanding ‘of:the. processes -involving
the interaction of atoms with light, at least for experiments
involving-incoherent light .or .coherent radiation-of low in-
tensity. However, the effects of coherent, high intensity,
radio- and optical-frequency radiatioen on atoms and mole-
cules are at present only partially.understood. Thus a
great deal of experimental and theoretical work:ion- the non-
linear optics and:spectroscopy: of .gases is currently in pro-
gress. v S »

It is therefore safe only to say that‘this book.is an
attempt to presént the state of-our knowledge of the inter-
action'of atoms. and .radiation as it.exists now. In certain
areas, theory and.experiment dove-tail so neatly together
that these processes must be considered to be well under-
stood.” In other areas, disagreement exists or work is still
in progress and we should certainly be prepared Ffor further

‘surprises and unexpected developments in the future.

l?robiews

1.1. By considering the electromagnetic field confined
within a large cubical box having perfectly reflecting
sides, show that the number of modes of the radiation:
field per unit volume: in. the angular frequency range

between w and w+de 1s w dw/w2 3.

1.2. (a) From Planck's expre551on .equation (l 3),‘show
that the angular frequency at which the energy density
of blackpbody radiation is a maximum.at a frxed tem-
perature. is. proportional to the‘temperature} This is
Wien's dlsplacement law, ;_ '

(b) By integrating equatlon (1 3) over all frequencies,
Show, that the total energy density of black- bodv radia-
tion is proportional to T4 and that the constant of pro-
»port1onal1ty is given by‘ v ‘
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'-'Rydberg constant ‘R
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. Ao Tik T : -16. . -3 _.-4-
g! = = = = .7.565 x°10 S I wm X
S 1schl o sy
This is:the:Stefan=Boltzmann:law. fm X dx,{% Eg
: . ) ’ 0 eX-1 . L

‘A classical model rof-azone-eléctron atom consists.of. -

a positive charge of amount.+e uniformly distributed
throughout the volume of a sphere, ‘radius R, together-
with a point-electron 6f 'charge -e which is free to

move:within the sphere. "Show that the..electton will

‘oscillate ‘about its.equilibrium:position with:simple

harmonic motion and find the frequency of oscillation,
wd/Zn. » .
If theé atomic radius R is equal. to.the radius

- of the first Bohr.orbit, a =4we§12/me2 show that wg

is: twic¢e the Rydberg-angular frequency;:

_ _ : RTZENE
s 6y = 1_.[ ety
R 2|
! AnEOnao
R ‘O . ) P .‘:», L i G
In air, AngstrSm determined the wavelengths of the
spectral lines of the visible series of atomic-hydrogen

as
- H 6562+ 10" R
s 3
Hy 4860-74 &
H 43405107 %
Y' L [s)
Hy “4101-20 A

Show that these 1ines are accurately aescribed by the
Balmer formula and from them calculate 4 value for the
Ry; - The‘refractivé index of air
in the visible’ reglon of the spectrum may ‘be taken
as 100028 at standard temperature and pressure.

By replac1ng the factor 1/2% inrequation (1.5)
by”l/l’ and 173% in turn, calculate thé wavelengths
in vacuo of the first four 11nes of ‘the’ Lyman and

Paschen series’ respectlvely.

Using the Behr formula, equation (1.8), and the modern
value of the Rydberg constant,
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R, = 109 737 en” b

"diagrams for atomic hydrogen and sihgly-ionized helium

= 13:6 eV, construct energy-level

to the same scale

1.6, Show that as n+e, " the frequency of ‘radiation emitted
‘by a hydrogen ‘atom in the tran51tlon from a level
of pr1nc1pa1 Quantum number n to one of . quantum number
n-1 tends to the frequency of the orbital motion of
the electron as deduced from c1a551cal mechanics.
This .is an 111ustrat1on of Bohr s .Correspon-
dence Pr1nc1p1e

. References

Bloch, F., Hansen, W,W., and.Packard, M. f19465. Phyé}ﬁev,

69, 7127. S
Boht, N. (1913). Pril. Mag: 26, 476, et
Brossel, J., and Kastler, A. (1949),. C.R; hebd.Séané. Acad.

Set., Parts 229, 1213. T :
de Broglieé, L. (1924). Pril. Mag. 47, 446, ~
Einstein, A. (1905). Annln.Phys. 17, 132. ”

(1917). Phys. z. 18, 121.

Franck, J., and Hertz, G. (1914). Verh.dt.phys.Ges. 16, 457

and 512.

Heisenberg, W. (1925). Zz. Phys 33, 879..

Kastler, A. (1950): J. Phys., Paris 11, 255,

Lamb, W.E., and Retherford, R.C. (1947). Phys.Rev. 72, 241.
Millikan, R.A. (1916). Phys.Rev. 7, 355.

Planck, M. (1901). Annzn'Phys. 4, 553,

Purcell, E.M,, Torrey, H.C., and Pound, R.V, (1946). Phys.
Rev. 69 37.

Rébi, I., Mlllman, S., Kusch, P.,‘and Zacharias, J.R. (1939),
Phys.Rev. 55, 5Z6.

Ruthetford, E. (1911), Pail.Mag. 21, 669.
Schrédinger, E. (1926), Annin.Phys. 79, 361, 489, 734.
Sommerfeld, A. (1916), Annin.Phys. 51, 1.




16 INTRODUCTTON

General references and further réading
ter Haar, D.'(1967). The old quantum theory, Pergamon
Press, Oxford. : o

- -Contains-translations and commentaries on several
‘of the important articles listed aboeve.

Slater, J.C. (1960); Qiiantum ‘theory of atomic strmisture,
Vol. 1. McGraw-Hill, New York.: . :
Chapters 1 and 2'give-an dccount of the historical
development of modern ‘physics and the references
suggested on p.47 are particularly usefulj

A comprehensive monograph on this subject has been

written by

Whittaker, E.T. (1954) A history iof theories of ‘aether:
and eZectrzczty, {(The modern theories, 1900-1926).
Phllosoph1cal Library, New York. ) .

~

radiation, having frequencies ranging from 10

2

Review of classical electrodynamics

This chapter gives a concise account of those sections of
classical electromagnetism which we shall require later. We
commence by introducing Maxwell's equations for time-dependent
electric and magnetic fields and from them derive the electro-
magnetic wave equation. The properties and polarization of
nplane electromagnetic waves: are -examined and expressions for
the energy flux and energy density obtained. We then intro-
duce the scalar and vector potent1als and dlSCUSS the radia-
tlon of electromagnetlc waves by time- Varylng d15tr1but1ons

of current and charge. This enables explicit expressions for
the flelds produced by oscillating electric and magnetic
dipoles to. be obtained.. We derlve expre551ons for the rate

at which these dlpoles radiate energy and amgular momentum

whlch w1ll later be. fundamental to our treatment of the spon-

taneous em1551on of radlatlon by exc1ted atoms. Finally, we
con51der the radiation fields .of electric quadrupole charge
distributions and show how the angular distribution end rate
of radiation differ from those of dipole sources. '

2.1, Maxwell's equations

We now rTecogrnize that many apparently unrelated.physical

-phenomena such as-y-rays, X-rays, visible 1ight, thermal

radiation, and radio waves: are all forms. of electtromagnetic
zoqu for
Y:-rays to 10* Hz for radio waves. The idea that electro-

.magnetic waves couild be propagated through space was first

suggested by Faraday and was later confirmed by the brilliant
theoretical work of Maxwell published in:1864. Maxwell
started from the basic laws of electricity and magnetism

{‘for macroscopic phenomena, which, when stated in their
~differential form in the rationalized M.K.S. system are as

follows: -




