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T o w a rd s th e e n d o f th e n in e te e n th c e n tu ry , it

b e c a m e c le a r th a t w ith in th e fra m e w o rk o f c la s-

sic a l p h y sic s, it w a s n o t p o ssib le to u n d e rsta n d

th e p h e n o m e n o n o f B la c k -B o d y R a d ia tio n . In

1 9 0 0 M a x P la n ck c a m e u p w ith a th e o ry th a t a t

o n e stro k e a c c o u n te d su c c e ssfu lly fo r a ll its o b -

se rv e d fe a tu re s. T h is th e o ry h a s b e e n p re se n te d

a g a in st a b a ck d ro p o f th e m a jo r d isc o v e rie s th a t

le d to it.

In tro d u c tio n

O n 27 th A p ril 19 00 L ord K elv in g ave a lectu re at th e

R oya l In stitu tion o f G reat B ritain on Ǹ in eteenth-C ent-

ury C louds over the D ynam icalT heory ofH eat and L ight'.

T h e tw o clo u d s th at h e referred to w ere th e B la ck -B o d y

S p ectru m an d th e resu lt o f th e M ich elso n {M orley ex p er-

im en t. H e said th at th e b̀ ea u ty a n d clearn ess o f th eo ry '

w as ov ersh ad ow ed b y th ese t̀w o clou d s'. It is n ow a

p art of h istory h ow th e stu d y o f th e ¯ rst led to th e b irth

of Q u a n tu m M ech an ics an d th a t of th e seco n d resu lted

in th e d ev elop m en t of th e T h eo ry of R elativ ity. T h u s

B lack -B o d y R ad iation o ccu p ies a cen tral p o sition in th e

h istory o f m o d ern p h y sics. W e sh a ll lo ok at th e ea rly

attem p ts to u n d erstan d it a n d also M ax P la n ck 's n o n -

cla ssica l th eory of th e b la ck -b o d y rad iation . A n a ttem p t

h as b een m ad e to p resen t th e su b ject in its h istorica l

p ersp ective.

E a rly S tu d ie s o n R a d ia tio n

N a tu re o f T h e rm a l R a d ia tio n

W e k n ow th at h ea t tra n sfer tak es p lace th rou g h th e

p ro cesses o f co n d u ctio n , con v ectio n an d ra d ia tio n . T h e



116 RESONANCE ⎜ February  2008

GENERAL  ⎜ ARTICLE

The famous British

astronomer William

Herschel, the

discoverer of the

planet Uranus, was

probably the first to

demonstrate that heat

is a form of light

beyond the red end of

the visible spectrum.

Heat is an

electromagnetic

radiation with a

wavelength ranging

from 1 to 100 micro

meters or microns i.e.

larger than 0.7

microns

corresponding to the

red end of the visible

spectrum.

¯ rst tw o p ro cesses ca n take p lace o n ly in a m ed iu m .

T h e p ro cess of ra d ia tion d o es n ot n eed a m ed iu m . It
is th ro u gh th is p ro cess th at h eat from th e S u n rea ch es
th e E a rth . T h e fam ou s B ritish astro n om er W illia m H er-
sch el, th e d iscoverer o f th e p lan et U ran u s, w as p rob a b ly
th e ¯ rst to d em on stra te th at h eat is a fo rm of ligh t b e-

yo n d th e red en d o f th e v isib le sp ectru m . In an ex p er-
im en t ca rried ou t in 18 00, h e sta cked u p a n array of
th erm o m eters b eh in d a p rism w h en th e su n lig h t w as in -
cid en t on th e oth er sid e of it. T h ere w ere th erm om eters
coverin g n o t o n ly th e v isib le p a rt o f th e sp ectru m b u t

also b eyo n d . A fter a few h ou rs of ex p osu re each th er-
m om eter aro u n d an d b ey on d th e red region in d icated
a rise in tem p era tu re. T o h is su rp rise h e fou n d th at
as h e m ov ed aw ay fro m th e red en d in to th e in v isib le
(in fra red ) reg io n , th e tem p eratu re gra d u ally in crea sed .

H e p u b lish ed th ree p ap ers o n th is su b ject in th e P hilo-
sophical T ran saction s of the R oyal S ociety o f L o n d on .
In h is seco n d p ap er h e con clu d ed th at h eat a n d ligh t
w ere a p art o f th e sam e sp ectru m . It b ecam e clear from
later stu d ies th at h eat is a n electro m a gn etic rad iation
w ith a w avelen g th ra n gin g fro m 1 to 100 m icro m eters

or m icron s i.e., la rger th a n 0 .7 m icron s corresp o n d in g
to th e red en d of th e v isib le sp ectru m . L ater in v estiga -
tio n s esta b lish ed th a t th e S u n em its rad iation n ot o n ly
in th e v isib le an d th e in frared reg ion s b u t also in th e
u ltrav iolet reg io n .

B la c k -B o d y R a d ia tio n

T o q u an tify su ch a sp ectru m , w e h ave to m easu re th e
am ou n t o f rad iation en erg y ap p ea rin g at d i® eren t w ave-
len g th s. F o r th is w e n eed a d etectin g m a terial th at a b -
so rb s th e rad iation at all w avelen g th s com p letely. G u s-
tav R o b ert K irch h o ® , a G erm a n p h y sicist an d m ath e-

m atician , in terested h im self in th is p rob lem . H is stu d -
ies in 1 86 0 led h im to lo ok a t th e p rop erties of su ch
a m ateria l w h ich h e term ed a s a p erfect ab sorb er. H e
p o in ted ou t th a t w h en su ch a m ateria l is h eated , it w ill
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How to get a true

black body? The

answer to this

question was

provided  by Wilhelm

Wien and Otto

Lummer in 1895.

Scientists had

studied radiation

even before the

concept of a black

body had

emerged.

em it rad iation s o f all w avelen g th s i.e. it w ill b e a p erfect

em itter. S u ch a b o d y is referred to a s a b lack b o d y. A
m ateria l th at a p p ears b la ck b eh aves v ery n ea rly lik e a
b lack b o d y. B u t h ow to g et a tru e b lack b o d y ? T h e
an sw er to th is q u estio n w as p rov id ed b y W ilh elm W ien
an d O tto L u m m er in 1 89 5. T h ey sh ow ed th at a h o llow

b o d y w h ose w alls are at th e sam e tem p eratu re b eh aves
like a b lack b o d y. T h ey p oin ted o u t th at it w ill b e a
p erfect em itter em ittin g th ro u gh a tin y h ole in its su r-
face, rad iation s of all w avelen gth s. F u rth er, a n y ra d ia -
tio n en terin g su ch a cav ity w ill u n d erg o in ¯ n itely m a n y

re° ection s in sid e a n d w ill lo se en erg y at ev ery re° ection .
T h u s n o in cid en t ra d ia tion w ill em erge ou t o f th e tin y
h ole. In oth er w o rd s, it is also a p erfect ab so rb er. T h u s
su ch a cav ity, w h ich ca n b e easily con stru cted , is alm o st
a p erfect b la ck b o d y. T h e a m ou n t of rad iation em itted

b y a b lack b o d y ca n b e m ea su red u sin g a b olom eter, a
th erm o p ile or a rad iom eter.

S te fa n 's L a w

S cien tists h a d stu d ied rad iation ev en b efore th e co n cep t
of a b la ck b o d y h a d em erged . F o r ex a m p le, th e F ren ch
p h y sicist P ierre L o u is D u lon g an d th e F ren ch m ath e-
m atician A l¶ex is T h ¶erese P etit h ad p u b lish ed w ay b ack

in 18 17 resu lts from w h a t th ey con sid ered to b e p u rely
rad iation h eat tra n sfer b etw een a sp h erical b u lb a n d a
sp h erica l ch am b er. V ariou s gases ¯ lled th e ga p b etw een
th e tw o an d th ey h ad m easu red th e ra te o f ch a n ge of
tem p era tu re o f th e b u lb ov er a ran g e o f p ressu res. T h ey

ex tra p o lated th eir resu lts to zero p ressu re h op in g th at
on ly th e ra d ia tiv e p ro cess rem ain ed . T h ey co n clu d ed
from th eir stu d ies th at th e to ta l en erg y E em itted p er
u n it a rea p er seco n d is rela ted to a b solu te tem p eratu re
T of th e b o d y. T h ey ev en go t an em p irica l relation sh ip

b etw een E an d T .

In 18 79, th e A u stria n p h y sicist J osef S tefan rea ssessed
th is w ork of D u lon g a n d P etit. S tefan from h is ex p eri-
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Using his own law

Josef Stefan arrived

at the important result

that Sun is at a

temperature of about

6,000 K.

We can also apply

Stefan’s law to work

out the temperature

of  the Earth.

m en ts on g ases h ad sh ow n th at th e th erm a l co n d u ctiv -

ity of ga ses w a s n ot p ressu re d ep en d en t. H en ce, D u lo n g
an d P etit, b y th eir ex tra p o lation to zero p ressu re h ad
elim in ated con vectio n b u t n ot con d u ction . T h erefo re,
S tefan corrected for th is an d calcu la ted th e p u re ra d ia -
tio n com p on en t of h ea t tran sfer b etw een th e b u lb a n d

th e ch a m b er. H e d iscov ered th at a relation of th e ty p e

E = ¾ T 4

m atch ed b etter th e ex p erim en tal resu lts o f D u lon g a n d
P etit. T h u s w a s b o rn h is fam ou s law . T h e con stan t of
p rop ortion a lity ¾ is ca lled th e S tefan C on sta n t. T h is
law w a s in d eed a very im p ortan t d iscov ery. U n fo rtu -
n ately it d id n ot attract th e a tten tion o f m an y p h y sicists

till L u m m er to ok n otice o f it. In 1 889 , L u m m er, a lo n g
w ith E rn st P rin gsh eim an d F erd in an d K u rlb au m ex p er-
im en tally m ea su red th e am ou n t o f rad iation em itted b y
a cav ity an d su cceed ed in su b stan tiatin g S tefan 's law .
T h ey go t th e follow in g valu e for S tefan 's co n stan t:

¾ = 5:70 £ 1 0¡ 5 erg cm ¡2 sec¡1 d eg¡4 (10¡8 W m ¡2 K ¡4 ):

S tefan h im self in d icated th e im p ortan ce o f h is law . B y

th at tim e, th e a m o u n t of solar ra d ia tio n th at rea ch es th e
E a rth , h ad b een m ea su red an d w as fou n d to b e 136 0
W /sq m . F rom a stron om ical ob servation s, th e E a rth {
S u n d ista n ce an d th e S u n 's d iam eter w ere k n ow n . W ith
all th is d ata availa b le to h im , a n d assu m in g th e S u n

to b e a b lack b o d y, S tefa n cou ld easily calcu la te its E .
T h en u sin g h is ow n law h e a rriv ed a t th e im p ortan t re-
su lt th a t S u n is at a tem p eratu re of a b o u t 6 ,0 00 K . T h is
w as in d eed a sig n ī can t resu lt sin ce u n til th en n o on e
w as su re of th e S u n 's tem p eratu re. T em p eratu res an y -
w h ere b etw een 2,00 0 K a n d 10,0 00 K w ere b ein g q u oted

b y p h y sicists. W e can a lso a p p ly S tefa n 's law to w ork
ou t th e tem p eratu re of th e E arth . W e k n ow th e am ou n t
of so la r rad iation reach in g th e E arth . A b ou t 30% of th is
in co m in g rad iation is re° ected b ack in to sp a ce b y th e
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Figure 1. Black-bodyspec-

trum.

We can also apply

Stefan’s law to

work out the

temperature of the

Earth.

E a rth an d th e rest h eats u p th e E arth . S o on th e E arth

sta rts em ittin g ra d ia tio n a s a b lack b o d y. It rea ch es a
stead y state w h en it sta rts em ittin g a s m u ch a s it re-
ceives. It is easy to w ork ou t th is p rob lem a n d a rrive
at th e E a rth 's tem p eratu re. It tu rn s ou t to b e ab ou t
25 5 K or ¡ 18 ±C . In fact th is is close to th e tem p era -

tu re th at satellites h av e m easu red ou tsid e th e E arth 's
atm osp h ere.

B la ck -B o d y S p ec tru m

W e h ave so far d iscu ssed th e tota l ra d ia tio n em itted b y
th e b lack b o d y. It is im p orta n t to k n ow h ow th e rad ian t
en erg y is d istrib u ted a m o n gst th e d i® eren t w avelen g th s
in its sp ectru m . L u m m er a n d P rin gsh eim a d d ressed th is

p rob lem . A s a resu lt of th eir lab orio u s an d p ain stak in g
w ork , th e g en era l n atu re of th e b lack -b o d y sp ectru m b e-
cam e clea r. F igu re 1 sh ow s som e ty p ical cu rves th at rep -
resen t th e sp ectru m a t d i® eren t tem p eratu res T of th e
b lack b o d y. E a ch cu rv e gives u = u (¸ ), th e en erg y p er

u n it v olu m e (en erg y d en sity ), a t d i® eren t w av elen gth s ¸ ,
in u n it w av elen gth in terva l (d ¸ = u n ity ). N otice th ree
im p ortan t featu res:
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Boltzmann  took a

bold step in

applying

thermodynamics to

radiation.

Boltzmann conceived

a Carnot ‘Ether

Engine’ with radiation

as the  working

substance and driven

purely by pressure of

radiation.

1. T h e sp ectru m is co n tin u ou s. It h a s all th e w ave-

len g th s ¸ , fro m 0 to 1 .

2. It h a s a p eak a t a p articu lar w av elen gth .

3. T h e p eak h eig h t in creases an d sh ifts to sh orter w ave-
len g th s a s th e tem p era tu re of th e b lack b o d y in creases.

N ote: T h e v isib le p art of th e sp ectru m ex ten d s fro m 40 0
n m to 700 n m .

T h e rm o d y n a m ic D e sc rip tio n o f R a d ia tio n

S te fa n { B o ltzm a n n L a w

It is great to k n ow th at th e b lack -b o d y rad iation ob ey s

S tefan 's law . B u t to get th is law fro m th e scien ce of
h eat or th erm al p h y sics is greater still. T h is b ecam e th e
n ex t b ig ch allen ge fo r p h y sicists. In th is ga m e, L u d w ig
B oltzm an n , a stu d en t of S tefa n , b ro ke n ew gro u n d in
18 84 . T ill th en p h y sicists h a d ap p lied th erm o d y n am ics

on ly to m aterial ob jects. B oltzm a n n to ok a b old step
in ap p ly in g th erm o d y n a m ics to rad iatio n . T h e p ressu re
P of th e electrom agn etic rad iation in term s o f its tota l
en erg y d en sity U ca n b e ca lcu la ted . It tu rn s o u t th at

P =
1

3

¶
U :

S o, B oltzm an n con ceiv ed a C arn o t È th er E n gin e' w ith

rad iation as th e w ork in g su b sta n ce an d d riv en p u rely
b y p ressu re of rad iation . T h is en g in e w a s assu m ed to
h ave p erfectly re° ectin g w a lls. T h e sou rce an d receiver
w ere ta ken to b e b lack b o d ies. D u rin g th e iso th erm a l
ex p a n sion , th e h eat (en ergy ) a b so rb ed is d Q = (U d V +
P d V ). W ork d on e in th e C arn o t cy cle is d W = d P d V .

T h u s th e e± cien cy of th is en gin e is

´ =
d W

d Q
=
d U

4U
:

F or a C arn o t en gin e th is sh ou ld b e eq u a l to d T = T . It
is an ea sy m atter th en to sh ow th a t th e tota l en ergy
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Wien  was the first

one to account for

some of the features

of the black body

spectrum. He, like

Boltzmann, applied

thermodynamics to

radiation.

d en sity U of th e th erm al ra d ia tio n d ep en d s o n ab so lu te

tem p era tu re T a ccord in g to th e relation :

U = bT 4 ;

w h ere b is a con stan t. F rom th is, B oltzm an n easily a r-
riv ed a t th e S tefan 's law of rad iation w ith ¾ = (bc= 4);c
b ein g th e velo city of ligh t. T h a t is h ow in la ter liter-
atu re, S tefan 's law ca m e to b e k n ow n a s th e S tefa n {
B oltzm an n L aw .

W ie n 's L a w

T h e fea tu res o f th e b la ck -b o d y sp ectru m rem a in ed a
m y stery till W ien ap p eared o n th e scen e. H e w a s th e
¯ rst o n e to accou n t for som e o f th e fea tu res of th e b la ck -
b o d y sp ectru m . In 1 893 , h e, like B o ltzm a n n , ap p lied
th erm o d y n am ics to rad iation . H e con sid ered th e p ro b -

lem o f rad iation con ¯ n ed in sid e a ch a m b er of v olu m e
V , w h o se w alls are u n d er ad iab a tic ex p an sion . B ecau se
th e w alls o f th e cav ity are m ov in g, rela tiv ely, th e w ave-
len g th s o f th e w av es reach in g th e su rfa ce get D o p p ler
sh ifted in w avelen g th . C a lcu latio n s led W ien to th e su r-
p risin g resu lt th at in th is p ro cess (V = ¸ 3 ) rem ain s a co n -

sta n t. F ro m th is, h e easily ca lcu lated th e en ergy u (¸ ;T )
em itted p er u n it v olu m e p er sec in u n it w avelen gth in -
terval. H e fo u n d th a t:

u (¸ ;T ) =
f (¸ T )

¸ 5
;

w h ere th e n atu re o f th e fu n ctio n f̀ ' rem a in ed u n d eter-
m in ed [1]. In cid en ta lly in tegra tio n of u over ¸ g iv es U ,
th e to tal en erg y d en sity of a b la ck b o d y. In th e lit-
eratu re th is relation is often referred to as W ien 's law .

W ien sh ow ed from th is rela tio n th at th e p eak valu e u p of
u a n d th e w av elen gth ¸ p a t w h ich th is p eak o ccu rs, are
rela ted to th e tem p era tu re T o f th e b lack b o d y th rou gh
th e rela tion s:

T ¸ p = A ;
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It is not generally

appreciated that water

vapour is a

greenhouse gas.

Water molecules

absorb

electromagnetic

radiations of

wavelength more than

10 microns.

u p = B T
5 ;

w h ere A a n d B a re con stan ts. T h ese ex traord in a ry rela -
tio n s b rin g o u t tw o im p orta n t a sp ects of th e b la ck -b o d y
sp ectru m , on e p erta in in g to th e p osition o f its p eak a n d
an o th er to th e h eigh t of its p ea k . T h ou gh W ien d id th is
¯ n e p iece of w o rk in 1 89 3, h e p u b lish ed it o n ly in 18 96 .

In 19 00 L u m m er an d P rin g sh eim from th eir ex p erim en ts
on cav ity rad iation sh ow ed th a t b o th th ese relation s of
W ien a greed w ell w ith th eir resu lts. T h ey fou n d th e
con sta n t A to b e 2:898 £ 10¡3 m K . T h e ¯ rst relatio n is
k n ow n in th e litera tu re as W ien 's D isp lacem en t L aw . It

m ay b e m en tio n ed h ere th a t W ien g ot th e 19 11 N ob el
P rize in P h y sics for th e d iscovery of th is law .

T w o im p lica tio n s of W ien 's d isp lacem en t law are w orth
m en tion in g h ere. O u r ¯ rst ex a m p le refers to a tu n g -

sten ¯ lam en t la m p . It em its rad iation a t ab ou t 200 0 K .
T h u s it em its m ostly at a w avelen g th of 1.5 m icron s i.e.
h eat an d n ot ligh t. It is a v ery in e± cien t lam p . O u r
secon d ex a m p le h a s to d o w ith th e tem p era tu re o f th e
E a rth . A s alrea d y m en tion ed ab ov e, th e tem p eratu re

of th e E arth d u e to so la r h ea tin g a lo n e is ab ou t 2 55 K
or ¡ 18 ±C . S u ch a b lack b o d y em its p eak rad iatio n at
a w av elen gth o f ab ou t 1 2 m icron s. W e k n ow th at th e
E a rth is su rrou n d ed b y a b lan k et o f w ater vap ou r. It is
n ot gen erally a p p reciated th at w a ter vap ou r is a green -

h ou se ga s. W ater m olecu les ab sorb electro m a gn etic ra -
d iation s of w avelen gth m ore th an 10 m icron s. W ater
m olecu les in th e a tm o sp h ere, after ab sorb in g th ese lo n g
w avelen g th ra d ia tio n s, rad iate th em b ack to th e E arth
th u s raisin g its tem p eratu re. A n ew ra d ia tio n eq u ilib -

riu m is reach ed an d th e E arth 's tem p eratu re rises to
ab ou t 300 K i.e 2 7 ±C .

M ic ro sc o p ic D e sc rip tio n o f R a d ia tio n

W ie n 's F o rm u la

W ien w as a lso th e ¯ rst to su ggest a m icrosco p ic v iew of
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Lord Rayleigh and

James Jeans looked

at the black-body

radiation from the

point  of view of

statistical mechanics.

th e b lack -b o d y ra d ia tio n . In sp ired b y th e k in etic th eory

of g ases, h e co o ked u p th rou gh l̀o ose' argu m en ts an ex -
p o n en tial fo rm for th e fu n ctio n f̀ ' a n d p ro p o sed in th e
sa m e p a p er of 189 6:

f (¸ T ) = C ex p
¡ D

¸ T

¶
;

th u s g ettin g fo r u th e follow in g form :

u (¸ ;T ) =
C ex p

h³
¡ D
¸ T

í
¸ 5

;

w h ere C an d D are con stan ts. T h is is often referred to a s
Ẁ ien 's fo rm u la '. L u m m er an d P rin gsh eim sh ow ed th at
it agrees very w ell w ith ex p erim en ta l resu lts n ear th e
low w avelen g th en d of th e b lack -b o d y sp ectru m . B u t
th ey fo u n d th at it d ev iates, giv in g lesser va lu es, at th e

h igh er w av elen gth s w ith larg e d ev ia tion s n ea r th e lo n g
w avelen g th tail of th e sp ectru m .

R a y le ig h { J ea n s L a w

L o rd R ay leig h an d J am es J ean s lo ok ed a t th e b la ck -
b o d y rad iation fro m th e p oin t o f v iew of sta tistical m e-
ch a n ics. T h ey w ere p ro b ab ly th e ¯ rst to d evelop a self-

con sisten t cla ssical m icrosco p ic p ictu re o f b lack -b o d y ra -
d iation . T h ey con sid ered th e b la ck -b o d y rad ia tion co n -
¯ n ed in a cav ity. S in ce rad iatio n s are n oth in g b u t elec-
trom ag n etic w aves, th ese w aves w ill h ave to `̄ t' in to th e
cav ity sp a ce. H en ce, a n y su ch w ave w ill h av e, like a v i-
b ratin g strin g , an in teg ral n u m b er o f h alf w avelen g th s

over th e len g th it cov ers in sid e th e cav ity. E a ch su ch
p erm itted w ave is ca lled a m̀ o d e'. R ay leigh an d J ea n s
w ork ed ou t th e n u m b er Z o f th e p ossib le electrom ag -
n etic m o d es p er u n it v olu m e th a t can ex ist in sid e th e
cav ity, a t a w av elen gth ¸ for u n it w av elen gth in terval.

T h ey go t after tak in g in to co n sid era tio n th e p o larization
of th e electrom ag n etic w aves:

Z (¸ ) =
8 ¼

¸ 4
:
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The famous

Rayleigh–Jeans

Law completely

fails near the low

wavelength end.

N ex t th ey in vok ed th e eq u ip a rtition th eo rem o f M ax -

w ell's cla ssica l statistics. A cco rd in g to th is, th e th erm a l
en erg y o f a sy stem is eq u ally d istrib u ted a m o n gst th e
d i® eren t d egrees o f freed om o f th e sy stem . E ach d eg ree
of freed om acco m m o d ates a n en ergy o f (k T = 2), k b ein g
th e B oltzm a n n co n sta n t eq u al to 1:38 £ 1 0¡ 1 6 erg d eg¡1

(£ 10¡ 2 3 J / K ). R ay leigh a n d J ean s a p p lied th is th eo rem
to rad iation in sid e th e cav ity. T h ey reco gn ized th at th e
en erg y of rad iation is d istrib u ted am on gst its d i® eren t
m o d es in sid e th e cav ity. N ow each m o d e is lik e a h a r-
m on ic oscillator an d h en ce h as tw o d egrees o f freed o m .

A s a con seq u en ce ea ch m o d e in sid e th e cav ity h a s an en -
ergy o f " = k T . A n d th ere are Z m o d es p er u n it v olu m e
in sid e th e cav ity. T h erefo re th e total ra d ia tio n en ergy
p er u n it v olu m e a t ¸ in u n it w av elen gth in terva l is:

u (¸ ;T ) = "Z =
(8¼ k )T

¸ 4
:

T h is is th e fam ou s R ay leigh { J ea n s L aw . R ay leigh g ot
th is resu lt in 1 900 w ith an u n d eterm in ed con sta n t in
p lace of th e n u m erical co e± cien t (8¼ ). L ater in 190 5
J ean s w o rked o u t th is con sta n t. F o r all its b ea u ty, th is
form u la d o es n o t agree w ell w ith th e ex p erim en tal b la ck -

b o d y sp ectru m ex cep tin g a t h igh w av elen gth s n ear th e
tail o f th e sp ectru m . F u rth er it com p letely fa ils n ear
th e low w avelen gth en d w h ere it d iv erg es to an in ¯ n ite
valu e for u (¸ ;T ). T h is is o ften referred to as th e U ltra -
v io let C a tastro p h e. It is in terestin g to n o te th at w e can

get R ay leig h {J ean s law from W ien 's law if w e tak e th e
fu n ctio n f (¸ T ) = 8¼ k T ¸ .

P la n c k 's F o rm u la

S o, w e h ave tw o form s fo r u (¸ ;T ): th e o n e d u e to W ien
th at w ork s w ell at th e low w avelen g th en d an d th e oth er
on e d u e to R ay leigh a n d J ean s th at w o rk s w ell at th e
h igh w avelen g th tail o f th e b lack -b o d y sp ectru m . B oth

th e form u lae fail in th e in term ed iate region of th e sp ec-
tru m . H av in g go t fo rm u lae at th e tw o w av elen gth lim its,
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Figure 2. Experimental

black body spectrum and

Planck’s formula.

Planck presented

the discovery of

Planck’s formula

at the German

Physical Society

meeting that took

place on October

9, 1900.

it seem s a reaso n ab le step to get a fu ll form u la b y in -

terp olatin g b etw een th ese tw o. T h is im p orta n t step w a s
tak en b y M a x P lan ck arou n d 19 00 . P lan ck su gg ested an
in terp o la tio n fo rm u la b y tak in g for W ien 's fu n ctio n f̀ '
th e form

f (¸ T ) =
(8¼ k ¯ )n

ex p
³

¯

¸ T

´
¡ 1

o;

w ith k a s th e B oltzm an n con stan t an d ¯ as an ad ju sta b le

p ara m eter. H en ce for th e b lack -b o d y sp ectru m h e go t

u (¸ ;T ) =
(8¼ k ¯ )hn

ex p
³

¯

¸ T

´
¡ 1

o
¸ 5

i:

T h is is th e fa m o u s P lan ck form u la . W e can q u ick ly ver-
ify th at th is go es ov er to th e R ay leig h {J ean s law a t h igh
w avelen g th s a n d to th e W ien 's fo rm u la a t low w ave-
len g th s w ith th e con sta n ts C = 8 ¼ k¯ an d D = ¯ . In
v iew of w h at h as b een sa id o f th e W ien a n d R ay leig h {
J ean s fo rm u lae, w e con clu d e th a t th e P lan ck fo rm u la

ag rees w ith ex p erim en ta l resu lts a t b o th th e sh ort a n d
lon g w av elen gth lim its. H ow is it in th e rest of th e sp ec-
tru m ? It is of h isto rical in terest in th is con tex t to k n ow
th at on S u n d ay even in g of O cto b er 7 , 1 90 0, P la n ck sen t
h is fo rm u la o n a p o stcard , to h is frien d H ein rich R u b en s

w h ich h e received th e fo llow in g m o rn in g . A co u p le of
d ay s later, R u b en s in form ed P lan ck th a t th e fo rm u la
w ork ed p erfectly. A ty p ical d ata sh ow n in th e F igure 2
illu strates th is fa ct.

P lan ck p resen ted th e d iscov ery o f th is fo rm u la at th e
G erm an P h y sica l S o ciety m eetin g th at to o k p lace on
O ctob er 9, 190 0. L ater h e com m u n ica ted th e sa m e to
th e B erlin A cad em y o f S cien ces.

P la n c k 's T h e o ry

T h e ex trao rd in a ry su ccess o f h is fo rm u la w ou ld b y itself

h ave given P la n ck a p erm a n en t p la ce in th e a n n als of
p h y sics. T h e greatn ess o f P lan ck lies in try in g to m ake
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Planck quantized

the permitted

energies of an

oscillator.

sen se o u t of h is form u la . Its v ery su ccess m u st h ave set

h im th in k in g d eep ly ab ou t th e u n d erly in g p h y sics. T ill
th en on ly th e R ay leig h {J ean s form u la h ad b een d erived
on s̀ou n d ' p h y sics. S in ce th e cla ssica l d escrip tion d id
n ot lead to th e righ t f̀orm u la' P lan ck h ad to th in k of a
n on -classica l a p p roa ch .

H e k n ew th at th e rad iation th a t w a s in sid e th e cav ity
w as b ein g con tin u o u sly em itted a n d ab sorb ed b y th e
m̀ a terial' of th e cav ity. A t th at tim e, th e p h y sicists

th ou gh t th at th e atom s of a m a terial w h ich ab so rb ed
or em itted rad iation as h a rm o n ic o scilla tors. H en ce,
oscillato rs w ere in eq u ilib riu m w ith ra d ia tio n ex ch an g -
in g en ergy w ith it. H e k n ew th a t rad iation s are elec-
trom ag n etic w aves. H en ce th e cav ity w as ¯ lled w ith

th ese w av es. T h ese w aves w ere ab sorb ed an d em itted b y
th e oscillato rs th a t b eh aved like cla ssica l p̀ en d u lu m s'.
E n o rm o u s ex p erim en tal ev id en ce h ad b ack ed th e w ave
n atu re of electrom ag n etic w av es. P la n ck cou ld n ot ig -
n ore th ese a n d th u s retain ed th e w ave n a tu re of ra d ia -
tio n a s su ch . B u t th e oscillator m ech a n ism o f ab sorp tion

an d em issio n of electrom ag n etic w aves w as m o re a th eo -
retical m o d el. H e th erefore, ven tu red to am en d th e law s
gov ern in g its b eh av iou r. H e m u st h av e tried m a n y a lter-
n atives a n d failed , to arrive at h is ow n form u la for th e
b lack -b o d y sp ectru m . T h en ¯ n ally, in d esp era tion as h e

h as con fessed , h e su g gested th at a h a rm o n ic o scilla tor
can n o t h av e a n y en erg y b u t o n ly in in tegra l m u ltip les
of a q u a n tu m of en ergy " 0 = h º , w h ere º is th e n atu ra l
freq u en cy o f th e oscillator a n d h a con stan t to b e d eter-
m in ed . In oth er w o rd s, P la n ck q u an tized th e p erm itted

en erg ies of an oscillato r. T h u s, th ey w ere strictly n o n -
cla ssica l in n atu re w ith en erg ies " = n h º , n b ein g an
in teger. T h ese oscillators are in th erm al eq u ilib riu m at
an y tem p era tu re. T h erefo re, P lan ck in vo ked th e B o ltz-
m an n d istrib u tio n to d escrib e th em . A ccord in gly, th e

n u m b er N of oscilla tors of en ergy " is g iven b y :
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N = N 0 ex p
¡ "

k T

¶
= N 0 ex p

Ã
¡ n h º

k T

!

w ith N 0 a s th e to tal n u m b er o f oscillators o f zero en erg y.

T h en th e average oscillato r en ergy " of th e sy stem of
oscillato rs b ecom es

" =
T ota l en ergy

T ota l n u m b er of oscillato rs

=
(
P
N ²)P
N

=

P n
ex p

³
¡ n h º
k T

ó
f n h º gP n

ex p
³
¡ n h º
k T

ó

(su m m ation is ov er n )

=
(h º )n

ex p
³
h º
k T

´
¡ 1

o:
N ow ea ch p erm itted m o d e th at is in sid e th e cav ity is a b -

so rb ed or em itted b y a n o scilla to r th a t is in th e m ateria l
of th e cav ity. T h erefore P lan ck id en tī ed ea ch o scilla tor
of n a tu ral freq u en cy º w ith a cav ity m o d e of th e sa m e
freq u en cy. H en ce in term s of th e w avelen g th ¸ (= c= º )
of th e m o d e, w e get th e av era ge en ergy of a m o d e to b e

given b y

" =

³
h c
¸

´
n
ex p

³
h c
¸ k T

´
¡ 1

o:
P lan ck rep ea ted th e p ro ced u re o f R ay leig h a n d J ean s.
T h ere are Z m o d es p er u n it v olu m e p er u n it w av elen gth
in terval. F u rth er, each m o d e h as an averag e en ergy ".
H en ce, th e tota l en erg y of rad iation p er u n it v olu m e at
¸ p er u n it w avelen g th in terval is

u (¸ ;T ) = "Z (¸ );

u (¸ ;T ) =
(8¼ h c)hn

ex p
³
h c
k ¸ T

´
¡ 1

o
¸ 5
i:
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Planck had to wait

for more than a

decade for the

scientific community

to accept his

revolutionary ideas

on quantization.

T h is is n oth in g b u t th e P la n ck form u la w ith ¯ = (hc/k ).

T h u s, h is q u an tized o scilla tor m o d el led P lan ck to th e
form u la th a t h e h ad ea rlier d iscovered . u (¸ ,T ) h a s a
p eak a t a w avelen gth ¸ p g iv en b y :

T ¸ p =
h c

4 :96 51 k
;

an d th e to tal en ergy d en sity U is o b tain ed b y in teg ratin g
u (¸ ;T ) over ¸ fro m 0 to 1 ,

U =

Ã
8¼ 5 k 4

1 5c3 h 3

!
T 4 :

H en ce,

b =

Ã
8¼ 5 k 4

1 5c3 h 3

!
:

P lan ck u sed th e valu e of T ¸ p = 0:294 cm d eg as ob ta in ed
b y L u m m er an d P rin g sh eim in 1 900 . F u rth er h e u sed

th e d ata on th e tota l rad iation em itted b y a b lack b o d y
as m easu red b y K u rlb au m in 1 89 8. T h is gav e h im b =
7:06 1 £ 1 0¡ 1 5 erg cm ¡3 d eg¡4 . F rom th ese va lu es
P lan ck got

k = 1:34 6 £ 10¡1 6 erg d eg (= 1 :3 46 £ 1 0¡ 2 3 J = K );

h = 6 :5 5 £ 10¡2 7 erg sec (= 6:55 £ 10¡ 3 4 J sec):

T h e clo se ag reem en t b etw een th e com p u ted a n d k n ow n

valu es of th e B oltzm an n con stan t k is a testim on y to
th e su ccess of h is form u la. T h is p rob a b ly em b o ld en ed
h im to rep ort h is ¯ n d in gs in th e G erm an P h y sical S o -
ciety m eetin g th at to ok p lace o n D ecem b er 1 4, 19 00 .
H ere th e q u a n tization of o scilla tor en erg y w a s p resen ted
for th e ¯ rst tim e. T h at is w h y m an y lo ok u p on th is a s

th e d ate of b irth o f Q u an tu m T h eo ry. P lan ck com m u n i-
cated h is ¯ n d in g s to th e B erlin A cad em y of S cien ces in
19 00 a n d later p u b lish ed h is w o rk in A n n alen der P hysik
in 19 01 . P la n ck h a d to w a it fo r m ore th an a d ecad e
for th e scien tī c co m m u n ity to a ccep t h is revolu tio n ary
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Admirers were

indeed happy

when Planck got

the 1918 Nobel

Prize in Physics

for this great work.

id ea s on q u an tiza tion a n d h en ce h is th eo ry of rad ia tion .

In fa ct E in stein w as a critic of P la n ck 's w o rk . H e u sed
W ien 's fo rm u la in h is stu d y o f b lack -b o d y rad iation th at
led h im to p ro p o u n d th e q u an tu m n atu re of ligh t in h is
fam ou s 190 5 p a p er. G ra d u ally p h y sicists sta rted a p -
p reciatin g P la n ck 's th eo ry. T h ese ad m irers w ere in d eed

h ap p y w h en P lan ck got th e 19 18 N ob el P rize in P h y sics
for th is great w o rk .

P la n c k a n d th e Z e ro P o in t E n e rg y

It h as a lread y b een sta ted th at P lan ck 's fo rm u la go es
over to th e R ay leig h {J ean s form u la in th e lon g w ave-
len g th or eq u iva len tly h igh tem p eratu re lim it. T h ere-
fore, it w as n atu ral for P la n ck to ex p ect th e av era ge o s-

cilla tor en ergy of h is q u a n tized oscillato r to go ov er, at
h igh tem p eratu res, to th e cla ssica l va lu e o f (k T ). It h a s
b een sh ow n ab ove th a t th e average en ergy of a P la n ck -
ian o scilla tor is

" =

³
h c
¸

´
n
ex p

³
h c
¸ k T

´
¡ 1g

It is very ea sy to sh ow b y ex p a n d in g th e ex p on en tia l
term an d retain in g o n ly th e ¯ rst p ow er (h c= ¸ k T ), th at
th is ex p ressio n for " red u ces to k T in th e h igh tem p er-
atu re lim it. T h is is w h at P lan ck d id in h is 190 1 p ap er

on th e q u a n tu m th eory of b la ck -b o d y rad iation . L ater
in 1 912 , for reaso n s th at are n o t clea r, h e reassessed h is
earlier w o rk . H e fo u n d th at w h en h e w en t to th e n ex t
h igh er p ow er in (h c= ¸ k T ) an d ca lcu lated ", h e w as in
for a su rp rise. H e got

" = k T ¡

³
h c
¸

´
2

= k T ¡
(h º )

2
:

It d id n ot g o over to th e classical valu e of k T . T o fo rce
th e classical lim it o n h is m o d el, h e p rop osed in h is 191 2
p ap er th at h is q u an tized oscillato r h as its en ergy lev els

.
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The first experimental

evidence for the

existence of the Zero

Point Energy came in

1924 from a work of

the famous American

chemist Robert

Mulliken.

sh ifted u p w ard b y ( 1
2
h º ). T h at is, th e oscillator en erg ies

are

" = n +
1

2

¶
h º ;

in stea d of " = n h º . In oth er w ord s, ev en in th e gro u n d
sta te (n = 0 ), it h a s a ¯ n ite en ergy of 1

2
h º . T h u s,

P lan ck 's oscillato r w a s n on -classical in tw o d i® eren t w ay s.
It h ad n o t o n ly d iscrete en erg ies b u t w o u ld n o t b e at rest
even in th e low est en ergy sta te. In o th er w o rd s, it w ou ld

h ave a ¯ n ite en ergy even at a b solu te zero of tem p era -
tu re. In la ter literatu re th is w a s referred to as th e Z ero
P oin t E n ergy of a q u an tu m o scilla tor. A s a con seq u en ce
of th is, th e b la ck -b o d y rad iation sp ectru m is d escrib ed
b y

u (¸ ;T ) =
(8¼ h c)

h
1 =
n
ex p

³
h c
k ¸ T

´
¡ 1

o
+ 1

2

i
¸ 5

:

P lan ck h im self called th is th e S eco n d L aw o f R ad ia tion .

It is n ot o u t of con tex t to p o in t o u t h ere th a t p rob a -

b ly th e ¯ rst ex p erim en tal ev id en ce for th e ex isten ce of
th e Z ero P oin t E n erg y cam e in 192 4 fro m a w ork of
th e fam ou s A m erica n ch em ist R ob ert M u lliken . H e w a s
stu d y in g th e sp ectra of B o ro n M on ox id es (B O ), w ith
tw o d i® eren t B oro n isotop es, in on e case w ith m ass 10 ,
in an o th er m a ss 1 1. (A s a co n seq u en ce, th ese m o lecu les

w ill h ave sligh tly d i® eren t red u ced m asses). B y co m p a r-
in g th e v ib ra tion al an d th e rota tio n al sp ectra of th ese
m olecu les, h e d iscovered th a t th e o b served sp ectra h ad
a b etter ¯ t w ith th e th eo ry, if th e en ergy lev els w ere
assu m ed to sta rt at (h º )= 2 rath er th a n 0.

Q u a n tiz e d O sc illa to r

Q u an tiza tio n of th e en ergy of a n oscillator is cen tral to
P lan ck 's th eo ry of b la ck -b o d y rad iation . T h ere is an im -
p ression th at th e ju stī ca tion for th is com es on ly from
form al q u an tu m m ech a n ics w h ere th e S ch rÄo d in g er W ave
E q u ation is solved for a n oscillator. T h e m eth o d em -
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p loyed to solve th e S ch rÄo d in ger eq u ation is m a th em ati-

cally q u ite com p lex . It is n o t gen erally ap p recia ted th at
th e essen tial resu lt i.e., " = n h º can b e arrived at in a
m u ch sim p ler w ay b y ex p lo itin g th e M a tter W av e C o n -
cep t as en u n cia ted b y d e B roglie. In th is d escrip tion a
p article o f m ass m m ov in g w ith a velo city v b eh av es like

a w ave of w av elen gth

¤ =
h

(m v )
:

A s th e p a rticle travels a d ista n ce d̀ s' in its p ath , th e
n u m b er of w avelen g th s it covers is (d s/¤ ). In a p erio d ic
m otion a s in a m otion on a circle o r in a h arm on ic o s-
cilla tor, th e p article co m es b ack to th e sam e sta te o n ce

in a cy cle. In th e w ave d escrip tio n th is m ea n s th at in
th at cy cle it m u st h av e traversed an in tegral n u m b er of
w avelen g th s. In o th er w o rd s, over a cy cle

Z Ã
d s

¤

!
=
Z

m v

h

¶
d s = n (a n in teger):

W h en th e p a rticle is m ov in g on a circle w ith a u n iform
velo city v , th e in tegra tion is easy a n d lead s to th e resu lt
m v r = n h = 2¼ ; th e w ell-k n ow n B oh r q u an tu m con d ition

w h ich is a t th e h ea rt o f h is th eo ry of ato m s. W e d e-
scrib e a h arm on ic o scilla tor in term s of its d isp la cem en t
X given b y

X = X 0 sin (2¼ º t):

T h e am p litu d e o f its o scilla tio n s is X 0 a n d its n atu ra l

freq u en cy is º = (® = m )1 = 2 w ith ® as th e sp rin g con sta n t.
N ow th e en erg y of a h a rm o n ic o scillato r is

" =
m v 2

2
+
® X 2

2
:

A s alrea d y said over on e p erio d w e m u st h av e a n in tegra l

n u m b er o f w avelen g th s. i.e.Z
m v

h

¶
d X = n :
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In tegra tin g over a cy cle, w e get th e req u ired resu lt,

" = n h º :

E p ilo g u e

P lan ck 's u n orth o d ox so lu tion to th e p rob lem of th e b la ck -
b o d y sp ectru m h erald ed th e era of M o d ern P h y sics. T h e
stu d y o f b lack -b o d y rad iation b y later in v estiga tors b e-

cam e ex trem ely fru itfu l an d im p ortan t. W e list so m e of
th em h ere:

1. E in stein an a ly sed th e low w avelen g th en d of th e

b lack -b o d y sp ectru m in th e W ien ap p rox im a tio n a n d
su g gested th at L̀ igh t' b eh aved lik e p articles w ith ea ch
p article, later ch risten ed as P h o ton s, h av in g a n en ergy
of h º . T h is led to h is N ob el P rize w in n in g w ork o n th e
p h o to electric e® ect.

2. E in stein stu d ied carefu lly th e th erm al eq u ilib riu m
b etw een rad iation a n d ato m s in a cav ity a n d co n clu d ed
th at rad iation n o t o n ly b eh aved like p articles of en ergy
h º b u t each p article also h ad a m o m en tu m of h º = c. F u r-

th er, h e sh ow ed th a t th e a tom s a b sorb ed or em itted ra -
d iation o f en ergy h º = j(E 2 ¡ E 1 )j in a tra n sition of an
ato m from state of en erg y E 1 to a n oth er o f en ergy E 2
th u s ju stify in g B oh r's assu m p tion con cern in g em ission
an d ab so rp tio n of ra d ia tio n . H is la ter stu d y of th e sa m e

sy stem sh ow ed th a t th ere can b e b o th sp on tan eou s a s
w ell as ra d ia tio n -in d u ced tra n sition of an a tom from a
h igh er en ergy sta te to a low er en ergy state. T h is is at
th e h eart o f L a ser actio n .

3. In d ian p h y sicist B ose sh ow ed th at E in stein 's p h o ton
p ictu re of ra d ia tio n w o u ld lead to P lan ck 's rad iation fo r-
m u la if th e p h oton s a re a ssu m ed to b e n o t o n ly in d istin -
gu ish a b le b u t a lso to o b ey a sta tistical d istrib u tion to -
tally d i® eren t fro m th e w ell-k n ow n M ax w ell{ B o ltzm a n n

d istrib u tion . T h is led to th e d ev elop m en t o f Q u a n tu m
S tatistics.
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Max Planck in Memoriam

A man to whom it has been given to bless the world with a great creative idea has no need for the praise of

posterity. His very achievement has already conferred a higher boon upon him.

Yet it is good – indeed, it is indispensable – that representatives of all who strive for truth and knowledge should

be gathered here today from the four corners of the globe. They are here to bear witness that even in these times

of ours, when political passion and brute force hang like swords over the anguished and fearful heads of men,

the standard of our ideal search for truth is being held aloft undimmed. This ideal, a bond forever uniting

scientists of all times and in all places, was embodied with rare completeness in Max Planck.

Even the Greeks had already conceived the atomistic nature of matter and the concept was raised to a high degree

of probability by the scientists of the nineteenth century. But it was Planck’s law of radiation that yielded the

first exact determination – independent of other assumptions – of the absolute magnitudes of atoms. More than

that, he showed convincingly that in addition to the atomistic structure of matter there is a kind of atomistic

structure to energy, governed by the universal constant h, which was introduced by Planck.

This discovery became the basis of all twentieth-century research in physics and has almost entirely conditioned

its development ever since. Without this discovery it would not have been possible to establish a workable

theory of molecules and atoms and the energy processes that govern their transformations. Moreover, it has

shattered the whole framework of classical mechanics and electrodynamics and set science a fresh task: that of

finding a new conceptual basis for all physics. Despite remarkable partial gains, the problem is still far from a

satisfactory solution.

In paying homage to this man the American National Academy of Sciences expresses its hope that free research,

for the sake of pure knowledge, may remain unhampered and unimpaired.

– Albert Einstein

Statement read at the Memorial Services for Max Planck, April, 1948.

4. T h e cosm ic m icrow av e b ack g rou n d rad iation d iscov -

ered b y W ilso n an d P en zia s h as a b lack -b o d y sp ectru m
w ith a p eak ra d ia tion aro u n d a w avelen gth of a b ou t 1
m m an d co rresp o n d s to a tem p eratu re o f ab ou t 3 K .
T h is stron gly su p p orted th e B ig B an g T h eo ry acco rd -
in g to w h ich th is ra d ia tio n is a rem n an t o f th e B ig B an g .

T h ey got th e 197 8 N o b el P rize in P h y sics, for th is w o rk .
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