2. Quantum theory of light

in the 1900s, unsolved problem with classical statistical mechanics (the
works of Maxwell, Clausius, Boltzmann, Gibbs (American!) —
calculating intensity of radiation at a given wavelength emerging from a
heated cavity - degper questionsiswhat it light, isit awave (Maxwell)
or isit astream of particles/corpuscles (Newton)

Solution by Max Planck: Annalen der Physik IV, Folge 4, 553-563 (1901)
“On the distribution law of energy in the normal spectrum”

Approaching form a new angle what light may be, setting the
scene for Einstein)

Maxwell: from theory light is just as any other electromagnetic
wave a disturbance traveling through space

Heinrich Hertz electromagnetic waves produced by electrical oscillations
travel trough space, behave just as light waves (reflect, refract, focuses,
polarize, interfere) in every other aspect, (60 cm wavelength)!

After that daring scientists speculated: results from extremely
high frequency electric oscillators in matter. What are these
oscillators, nobody knew, Planck called them resonators —
assumption was the frequency of the light wave is equal of the
frequency of the oscillators

highest electrical oscillation produced 5 10° Hz, but visible (500
nm) light has frequency 6 10" so it is extrapolated that the
same physics should apply over 6 more orders of magnitude,
thisisindeed a very daring proposition!



Blackbody radiation

Observation: quite independent of the material, shape one gets
graph Fig. 2.3

Challenge: Why isthat so? predict the radiation intensity at a
given wavelength and temperature

Kirchhoff’s theorem: g = J(f,T) A;

body in thermal equilibrium with radiation, pretty much like a
hot liquid in a container, same temperature everywhere as liquid
(radiation) and container (cavity walls) have exchanged energy
many times, stationary state

& power emitted per unit area

As fraction of incident power absorbed per unit area and
frequency

J(f,T) universal function, same for all bodies regardless of
material, shape,...

Black body
As=1foral f - appearspitch black

& = J(f,T) only afunction of temperature and frequency, perfect
radiator (power)



¥
Stefan'slaw egq = G xdf =sT°

s =5.67 108 Wm?K™*

Non ideal black body behavior is accounted for by coefficient a,
6o = 8ST? (total power, area under curve)

Wien’s displacement law:

spectral energy density, u(f,T), energy per unit volume per unit
frequency,

uf,T) = Y I T) =Y. &

bf
Wien'slaw: u(f,T)=Af’e T A, 3 constants, to
be determined by
experiments — no theoretical
justification

Confirmed in near to mid infrared (1- 4 um) by Paschen, at
medium ? (high f)

Lummer and Pringsheim up to 18 pm, Rubens and Kurlbaum up
to 60 pum, Wien's law does not hold in the far infrared



Planck one afternoon in the fall of 1900 after talking to Rubens:

(1
u(f,T) ~ T for large ? low f) + U(f,T)n e ™ for small ? (high
f), there must be a formula that fits both sets of experimental
observations

E:8pchx 1

|5 o from Planck’s 1901 paper,
ek| J _ 1

download in trand ation:
http://www.physi cs.pdx.edu/~pmoeck/pdf/planck-paper.pdf

_ 8phf ® 1
u(t,T) = 3 () as given in text books
e’ -1
hf . 1 1
I — >> h ~ T hf
at high frequency, kT Ao o
1
i.e. fitsWien'slaw u(f,T)pe’
hf <1 1 ke T
L — .
at low frequency, kT = hf

l.e fitsu(f,T)~T

now there is meaning in the constant of Wien’s displacement
law, Wien's law does not ook too bad either, we can calculate



an approximation for these constants A and (3, and the new
formula fits everywhere

from experimental data (Rubens at a.), values for h = 6.55 10%’
erg sec, ks = 1.346 10'°*Y,q (Boltzmann’'s constant)

today's best values are

h = 6.6260755(40) 10°>* Js
k = 1.380658(12) 102 T«

I.e. Planck’s curve fitting results where too low by only ~ 1.15%
and 2.51%, respectively.

Quantum of Energy

Planck assumed walls of cavity are made up of billions of
resonators, al vibrating at different frequency, emitted radiation
has to be at different frequencies giving a curve analogous to
Fig. 2.3

Now classical mechanics says. oscillator can have any value of
frequency and energy, changes its amplitude by any incremental
amount when energy is radiated off —resulting in Wien's law

Planck: total energy of resonator with frequency f is always an
integral multiple of an energy quantum hf

(i’ skind of like saying: you can not sip your wine at will, you haveto
drink it in units of glassesthat are defined by the size of particular
glass used)



Eresonaor =N hf n=12, ....usualy avery high number

Emission when resonator dropsoneenergy level DE=hf =
one quantum of energy

it’'s like a bank with $ 1 000 000, can only give out physically
money in multiples of 1 cent, = one quantum of money

Planck’s law also avoidsthe ULTRAVIOLET
CATASTPOPY inherent in Rayleigh-Jeans Law, which works
well for low frequencies

Another great triumph of Planck’s formula:
guantifying Stefan’s constant

\¥
€t = QF: Xdf =sT* s =5.67 108 Wm?K™

finding a physical meaning for s
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where we substituted x = %
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20 %" s
Ciotal = 1502ﬁ3 X" and have the meaning of s

that’s how natureis - there are only avery few
fundamental constants, all the other constants are derived
from these fundamental constants

Photoelectric effect and Light quantization
facts about photoelectric effect:

ultraviolet light, short wavelength, high frequency, i.e. high
energy (E=hf)

Impacting on ametal surface lead to the gection of electrons
(photoelectrons) from that metal with a range of velocities,
kinetic energy ¥2 m V¥ (nonrelativistic)

There is amaximal kinetic energy KEq . (velocity) of
photoel ectrons which does not depend on the intensity (1) of the
exciting light, but KE,ax~ T

K Emax €asily measured

KEmax=Y2 M Vo= € Vgop  (independent of intensity, 1)

Photocurrent ~1 - to be expected classically

Linear relationship of KE,tof - very strange, hinting at
Planck’srelation E = h f - not explained classically



There is athreshold frequency fyfor emitting electrons below
which there is no photocurrent (threshold energy called work
function (F) associated with binding energy of electronsin
metal, easily explained classical)

There is no time lag between start of illumination with f > f,
light (smaller 10°°) not explained classically

Explanations 1905 “A heuristic point of view about the
generation and transformation of light”, Ann. Physik, 17:132 by
A. Einstein

light itself is quantizes, not only energy,

so light is not only awave in Maxwell’ s sense but also is made
of “discrete light particles = corpuscles = photons’ each carrying
one quantum of energy E = 1 hf (Planck-Einstein relation)

when such a photon strikes an electron it givesis 1 hf energy
directly to the electron

explains independence of KExon intensity (1)

for f > fy higher intensity means more photocurrent



light withf <fy  has not enough energy (1 hf) to overcome
work function F (order of magnitude 4 - 6 €V) , no electrons
gjected, no photocurrent

af=f, KEmustbezero

F
foZF

prediction for further experiments:

KEma ~ f , Sope of agraph KEnx = €Vsop (ZY) versusf (= x)
snall yield h Planck’ s constant

(asy=hx+A generd linear equation)

Intersection of line with (-y) shall yield -F

Millikan (American) didn’t belief any of this and did
experiments for next 11 year but concluded Einstein is indeed
right, derived h with precision of 0.5% (better than Planck’s first
estimate)- another trend in physics, constants get defined more
precisely

(only after experimental verification by Millikan got Einstein’s
explanation accepted and secured him Nobel prize in 1921)



Compton Effect

1906 Einstein: a photon moves with c al the time, is never at
rest, carries arelativistic momentum

_p’ — E/C — hf/c — h/? [kgm/S:JS/m: Ng]

in Einstein’s own words: if a bundle of radiation causes a
molecule to emit or absorb an energy packet hf, then
momentum of quantity "/. is transformed to the molecule,
directed along the line of motion of the bundle for

absor ption and opposite the bundle for emission

Debye/Compton (American) 1923 use this idea for explanation
of scattering of X-ray photons by electrons

X-rays

When a beam of electronsis slowed down, e.g. by hitting a
metal target, it produces electromagnetic radiation in the range
of 0.1 nm wavelength (f ~ 3 10" Hz) ,

this radiation isvery highinenergy E=hf (* 210 J=1,25
10* eV so it’s the same energy an electron would have if it were
accelerated by an electrical force going through a potential of
12,500 V) and has a momentum of

6.7 109/
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as an electron has rest mass of 9,108 10! kg thisis a rather large
momentum, so if an X-ray photon is hitting an electron at rest it
will knock it about quite a bit so that the effect can be measured
— this makes X-rays also dangerous to living organisms

visible light, 550 nm, ~ 5.45 10" Hz,~ 3.610%° J~ 2.25eV (as
you may have guessed from the work function of the
photoelectric effect, p~ 1.2 10" *9™/ does not produce a
strong effect

we return to X-rays when we discuss. “Applied Modern
Physics’

classical prediction based on Maxwell’ s wave theory of light:

- incident wave of f, should accelerate € ectron in direction of
propagation of wave, electron should start oscillating and
reradiate wave of frequency f' smaller than f,

f’ should depend on intensity of wave (we had something like it
for the photoelectric effect, hinting on classical premise the

energy is not quantisized) don't take fig. 2.23 in textbook literary it'swrong
so it can’t be shown correctly

experimental result: shift of f = Df =fy- ' of X-ray photonis

Independent on intensity (we had something like this for the
photoelectric effect, hinting at energy quantization)

so we have to expect that speed of light, Planck’s constant and
rest mass of electron will be in the formula that explains effect

11



experimental result 7 — ?9= @(1' cosQ)
? scattering angle of photon

idea conservation of momentum

components of momentum have to be resolved in x and y as scattered
photon and electron head off in different directions

for x-component: Ppno + 0 = Pono’ COS ? + Pye COS f
for y-component: 0+0=pPpo IN?-PaeSinf

hf/

replace pone With 7'/ , rearrange, multiply by c

Pae CCOST = hf —hf’ cos?
PgecSINf = hf’ sin?

each eguation squared, adding the two of them together
(withcos*f +sin?f =1)

Dac2 2= (hf)2 = 2(hf)(hf') cos ? + (hf’) 2 (1)

on the other hand: pge’ ¢ = KE?+ 2 KE MggeC?
with KE = hf — hf’

Dac2C? = hf2- 2(hf)(hf’) + (hF' )2+ 2 museC? (Nf-hf')  (2)
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must be equal to (1) so
- 2(hf)(hf*) cos ? = - 2(hf)(hf’) + 2 mgac? (hf-hf’)

2(hf)(hf’) - 2(hF)(hf’) coS ? = 2 Mgec? (hf-hf?)

2 MoseC? (hF-hf") = 2(hf)(hf") (1- cos ?) (3)

change from frequency to wavelength (c = ?f) in steps
by dividing (3) by 2h*c?

IT})ele _I l fl -
Ml )= L (1- oosg)

IT})elec 1 i — -COSC]
G-

(I-1)= —(1 CoS4)  and aNobe prize for Compton

ele

duality of wave and particle properties for photons

photon has no mass, but momentum P = El. = hf/C = h/?

that momentum is capable of “pushing” electrons around just as
if it were the cue ball in an billiard game

13



its “impact” energy is capable of “knocking” electrons out of a
metal just if it were some kind of bullet

so when sufficiently energetic photons interacts with matter it
looks as if they were a particle, (Iess energetic photons give no
photoel ectric effect, both less and more energetic photons
behave just like waves in other experiments)

one mor e strange thing:

asp = m ¢, photon also appears to have massm = /. = "/, (but
it can’t have real mass otherwise it could not rush around at the
speed of light)

IS appearing” mass also subject to gravity?

General relativity, Einstein 1916, yesit is, thereis actualy
no force of gravity in Newton's sense, all there isis curved space
time around any massive object, light is moving in straight lines
In this curved space time, so gets deflected and we can model
this effect by assuming there is gravity acting on it !!!

strange how can a particle have wave propertiesf, ?, c,
how can awave have particle properties, E, p, m

we can’t comprehend because our perception is based on
classical physics

14



FIGURE 2.11
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(a)

(b)

(a) The wave theory of light explains diffraction and interference, which the quantum theory
cannot account for. (b) The quantum theory explains the photoelectric effect, which the wave

theory cannot account for.
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nur Spalt A offen

nur Spalt B offen

beide Spalte offen

Schirm

+

Elektronen-
verteilung

nur Spalt B offen
A+B

really ?

nur Spalt A offen

you are not supposed to translate the German in this graph, just assume it is either
light or electrons, we will discuss this experiment in detail at the end of this
session, after “applied modern physics’ — it is the epitome of the quantum
weirdness
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well, that’slooks morelikeit for light, it isYoung's
famous 1808 experiment that proved that light isa
wave, but wait a minute —we just get the same
result for electrons—that’s strange

so islight kind of a wave that consist of particles, or
Isit kind of particlesthat are guided/piloted by a
wave ?

light as an electromagnetic wave: electric (E) and magnetic (B)
field vectors (FV) are producing each other in close vicinity, (E)
and (B) are perpendicular to each other and oscillate while
traveling a distance called wavelength (?) from magnitude
+FV 1o 10 — FV 1ok aNd back to +FV . So the average FV is
zero, how can such a wave have some effect on matter ??2?

How can sunlight produce a sunburn on human skin if the
average effect, i.e. FV, is zero???

16



answer: FV are not physically relevant entities, after al, they are
only models, and B can be considered to be the effect of a
moving charge + relativity, i.e. does not really exist, to do
something, burn human skin energy is needed, the longer one
IS exposed to this energy so larger the effect

hence, we have to consider the intensity of the wave

per unit area (l) (which has unit energy per area (W
m'z) as the physically significant parameter for interactions with
matter

| = gyc average (FV?) over both one? and f cycle
- that is a physically significant

| in a particle description the intensity is energy divided by area
| =N hf/gea Where N isthe number of photons

both descriptions of | must give same value for intensity

g,coarea

N = averageFV* (over both ? and f cycle)

If N islarge, one observes afull blown interference pattern and
one would describe it by the wave theory

If N is medium, one observes a fuzzy interference pattern (and may not
sure how to describeit properly)

17



if N issmall, one observes a certain statistical distribution of
individual photons arriving at the screen that appear at first
random, but from with (with more and more N) first afuzzy and
much later (with even more N) afull blown interference pattern
arises!

so the probability of finding a certain particle on the
screen at (x,y,z) depends on the average FV* at this place,
|.e. the square of the wave-function, intensity of the

el ectromagnetic wave is of physical significance

Individual photons are guided/piloted by a
“probability wave” which is proportional to the
Intensity of the electromagnetic wave

modern physics concludes: light is both particle and
wave at the same time when we are not looking at it/

messing about with it, an aternative view is we do not know
what it is, it may at any one time either be a particle or awave —
and we have no way of knowing between experiments

If we do make an experiment, either its wave properties or its
particle properties (or aspects of both) show up, depending on
the experiment (in a consistent manner), so we make a consistent
theory describing the results of these experiments (with aspects
from both models if necessary)
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we just consider the particle and the wave modelsto be
complementary to each other, after all they are only models and
we don’'t really know what light is

The problem then becomes, it seems to me, not to decide between
the two theories of X-rays, but to find ... one theory which
possesses the capacity of both. Sir William Henry Bragg

Mosely and Darwin talking about X-rays. ” Sncetheraysare
reflected they must be some kind of a pulse with an extended
wave front, yet after reflection they retain their corpuscular
character. Thus the energy of X-rays appears to show the
contrary properties of extension over a wave front and
concentration at a point”

my ssmplified analogy (all analogies are wrong but
make some point):

particle and wave descriptions are like sides of one
and the same coin, an experiment istossing a coin
and either heads or tails shows up —we need heads
and tails to describe the coin, one of it does not give
a complete description of a coin

“The ultimate origin liesin the fact (or philosophical
principle) that we are compelled to use the words of
common language when we wish to describe a
phenomenon, not by logical or mathematical analysis, but
by a picture appealing to our imagination. Common
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language has grown by everyday experience and can
never surpass these limits. Classical physics has restricted
Itself to the use of concepts of this kind,; by analyzing
visible motions it has devel oped two ways of representing
them by elementary processes:. moving particle and
waves. Thereis no other way of giving a pictorial
description of motions — we have to apply it even in the
region of atomic processes, where classical physics
breaks down.

Every process can be interpreted either in terms of
corpuscles or in terms of waves, but, on the other hand, it
IS beyond our power to produce proof that it is actually
corpuscles or waves with which we are dealing, for we
cannot simultaneously determine all the other properties
which are distinctive of a corpuscle or of a wave, as the
case may be. We can therefore say that the wave and the
corpuscular description are only to be regarded as
complementary ways of viewing one and the same
objective process, a process which only in definite limiting
cases admits of complete pictorial interpretation ..

Max Born, Atomic Physics, 1946
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