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This week and next

� Today (Tuesday, Sep. 22) and this Thursday (Sep. 24): blackbody
radiation, photoelectric effect, Compton scattering, X rays, and
x-ray diffraction.

� Tomorrow (Wednesday, Sep. 23): recitation on homework 3.

� Homework due as usual on Friday, Sep. 25.

� Tuesday, Sep. 29: no class (the University follows a Monday class
schedule), and no of�ce hours. Also no labs on Sep. 28 or Sep. 30.

� Wednesday, Sep. 30: no recitation. I will be responding to emails
all week, and available by Skype (cjjxray ) this day from 4:15
pm til 5 pm.

� Thursday, Oct. 1: exam on material of Serway chapters 1–3, and
homeworks 1–3.

I'll be leaving at noon on Friday, Sep. 25 and returning on Sunday,
Oct. 4 (Synchrotron Radiation Instrumentation conferencein
Melbourne, Australia:www.sri09.org )
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Dr. Carolyn Porco

Today'sNew York Timeshas an article on Dr. Carolyn Porco, who heads
the imaging team of the Cassini mission to Saturn. Dr. Porco received
her bachelor's degree in astronomy at Stony Brook.

Dr. Carolyn Porco
The Cassini imaging team

The article:
http://www.nytimes.com/2009/09/22/science/space/22p rof.html

http://www.nytimes.com/2009/09/22/science/space/22prof.html
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Fragments of thermodynamics

� Entropy� R (E) is the logarithm of the number of available states as
a function of energyE.

� The inverse of temperature� measures the degree to which entropy
changes as the energy in the system is changed but the number of
particlesN remains �xed:
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� This is scaled into an absolute temperatureT in Kelvin via
Boltzmann's constantkB, so that� = kBT.

� kB = ( 1:381� 10� 23 Joules/Kelvin)=(8:617� 10� 5 eV/K)
� kBT = ( 1=40) eV at room temperature

� The relative likelihood that a system with temperatureT will wind
up in a particular state with energyE is given by the
Maxwell-Boltzmann distribution function which is exp[� E=kBT].
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Blackbody radiation

� How hot is white hot? Red hot?

� Precise measurements show a
discrepancy with semiclassical
theories mainly in the infrared
(Heinrich Rubens, Universitæt
Berlin).

� On Sunday, Oct. 7, 1900, Rubens
visits his colleague Max Planck, who
comes up with a calculation that
“works” based onE = nh� .

� n is an integer occupancy of a
radiation “mode”

� h is a constant (now called Planck's
constant, withh = 6:63 � 10� 34

Joule�seconds).
� � is the frequency of light

Black body

Planck in 1901
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Planck's solution

The steps:

� We found thedensity of available statesto be� (� ) = 8�
c3 � 2 d� .

� We found the combination ofoccupancy of available states
multiplied by their energy as�E = h�= (exp[h�= kBT] � 1).

The product of the two then gave the energy spectrum (cf. Serway
Eq. 3.9):

� (� ) � �E(�; T) =
8� h� 3

c3

1
exp[h�= kBT] � 1

d�: (1)

This is the celebrated Planck blackbody radiation distribution function
for energy per unit volume per unit frequency derived on thatSunday
afternoon, Oct. 7, 1900. It �ts the experimental data perfectly.
Recall our basic assumption wasEn = nh� : radiation at frequency� has
an energyh� , and comes quantized in integer multiplesn.
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Evolving models

Wein's empirical �t: � (�; T) = c1� 3 1
exp[c2�= T]

d�

Planck semiclassical:� (�; T) =
8�
c3 � 2 1

exp[c2�= kBT]
d�

Planck's �nal result:� (�; T) =
8� h
c3 � 3 1

exp[h�= kBT] � 1
d�
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Interpreting Planck
� Energy per photon:E = h� = hc=� . With Planck's constant

determined from blackbody spectrum to beh = 6:63� 10� 34

Joules�sec, we can write

hc =
(6:626 069 3� 10� 34 J � s) � (2:997 924 58� 108 m=sec)

(1:602 176 53� 10� 19 J=eV)
(2)

�
109 nm

m
= 1239:8419 eV� nm

� Based on physical constants from
http://physics.nist.gov/constants which is a web
site of NIST (the National Institute of Standards and Technology).

� Consider a 5 mW laser pointer at� = 680 nm. Energy of one
photon isE = hc=� = 1239:8419=680= 1:82 eV. Photon �ux is

(5 � 10� 3 J=s)
(1:82 eV=photon) � (1:602� 10� 19 J=eV)

= 1:71� 1016 photons=s

http://physics.nist.gov/constants
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Frequency of emission maximum

What's the frequency of the emission maximum?

d
d�

S� =
d
d�

h8� h
c3 � 3 (eh�= kBT � 1)� 1 d�

i
= 0

8� h
c3

�
3� 2(eh�= kBT � 1)� 1 � � 3(eh�= kBT � 1)� 2 eh�= kBT (h=kBT)

�
= 0

�
3 � (eh�= kBT � 1)� 1eh�= kBT(h�= kBT)

�
= 0

3 =
eh�= kBT

eh�= kBT � 1
(h�= kBT)

3 =
1

1 � exp[� h�= kBT]
(h�= kBT)

3 =
x

1 � exp[� x]
with x � (h�= kBT)

3(1 � exp[� x]) = x
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� of emission maximum II
We want to �nd values ofx that satisfy 3(1 � e� x) = x. If we plot x (a
straight line with slope=1) and 3(1 � e� x) we can see the solution points
graphically:

-2 -1 0 1 2 3 4 5
X

-2

-1

0

1

2

3

4

5

y=
x

y=3(1-e-x)

This shows that solutions arex = 0 andx ' 2:8. We can pin it down
more using Maple:

eq:=3 * (1-exp(-x))=x; evalf(solve(eq,x));
2.821439372, 0.

Thus 2:821= h�= kBT or � peak = 2:821kBT=h: (3)
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From� to �

Let's express Planck's result in wavelength instead:

� )
c
�

d� ) �
c
� 2 d�

We don't care that the increment is in the opposite direction, so ignore
the sign ind� .

From � (�; T) =
8� h
c3 � 3 1

exp[h�= kBT] � 1
d�

we get � (�; T) =
8� h
c3

c3

� 3

1
exp[hc=� kBT] � 1

c
� 2 d�

=
8� hc
� 5

1
exp[hc=� kBT] � 1

d� (4)

which reproduces Serway Eq. 3.20.
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Peak emission in�

Now let's �nd the wavelength of the emission maximum:

d
d�

� (�; T) =
d

d�

h8� hc
� 5 (ehc=� kBT � 1)� 1d�

i
= 0

8� hc
h� 5

� 6 (ehc=� kBT � 1)� 1 �
1
� 5 (ehc=� kBT � 1)� 2ehc=� kBT � hc

� 2kBT

i
= 0

8� hc
� 6(ehc=� kBT � 1)

h
� 5 +

hc
� kBT

ehc=� kBT

ehc=� kBT � 1

i
= 0

or, if we de�nex � hc=� kBT,

5 = x
ex

ex � 1
)

ex � 1
ex =

1
5

x
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Peak in� cont.

Again, we want to �ndx that satis�es(ex � 1)=ex = x=5:
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x=4.9651

Fromx = 4:965 andx � hc=� peakkBT we �nd

� peak =
hc

4:965kBT
(5)

Now recall Eq. 3 which said� peak = 2:821kBT=h. Using� = c=� here
gives� peak of� = hc=(2:821kBT) where the 4:965=2:821= 1:76 factor
is due to the shift betweend� andd� !
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Total radiated power

The total radiated power is given by
Z 1

0
S� =

Z 1

0

8� h
c3 � 3 1

eh�= kBT � 1
d�

=
8� h
c3

Z 1

0
(h�= kBT)3(kBT=h)3

1
eh�= kBT � 1

d(h�= kBT) (kBT=h)

=
8� h
c3 (kBT=h)4

Z 1

0

x3

exp[x] � 1
dx with x � h�= kBT

Ask Maple to solveint(xˆ3/(exp(x)-1),x=0..infinity);
This gives� 4=15, so

Z 1

0
S� =

8� 5

15(hc)3 (kBT)4

Stefan-Boltzman law from classical thermodynamics!
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Classical light

� Recallc = 1=
p

� 0� 0

� Poynting vector of EM waves gives mean �elds of

hEi =
� �

�

� 1=4 p
I and hBi =

�
� 3�

� 1=4 p
I (6)

for a given irradianceI .

� Focus of a 5 mW,� = 632 nm laser to a 10� m diameter spot:
I = 6:4 � 107 W/m2

� Mean electric �eld:hEi = 1:5 � 105 V/m. Air sparks at astatic
�eld of 8 � 105 V/m. Strip electrons from hydrogen: about 10 eV
electron binding energy and about 1 Å=10� 10 m orbital radius, so
around 1011 V/m required.

� Mean magnetic �eld:hBi = 5:2 � 10� 4 Tesla. Earth's magnetic
�eld: 0.3–0.6� 10� 4 Tesla depending on location.
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But photons are waves!

Recall double-slit diffraction:

d

dsinq

q

Interference maxima whend sin� = n� . Two photons interfere with
each other, right?
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Photons arriving one-by-one

Photons arrive and deposit energy in one place like a particle, but
eventually build up a pattern than can be explained by waves:

8 quanta 270

2,000 60,000

Electrons, really, but you get the idea: : : From A. Tonomura,Electron
Holography(Springer-Verlag, 1993), p. 14.
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Electron microscope
� Ek = ( 
 � 1)m0c2, so with 200

kV we have
(
 � 1) = 200=511 or

 = 1:39.

� Since� =
p

1 � 1=
 2, we
have� = 0:70.

� It then takes electrons a time of
t = x=v = ( 1 m)=(0:70� 3 �
108 m/sec) = 5 � 10� 9

seconds to travel column.

� Current of 1 nA is
(10� 9 C/sec)=(1:6 �
10� 19 C=e� ) = 6:3 � 109

electrons/second.

� That is, you get one electron
per 1=6:3 � 109 = 0:16� 10� 9

seconds so there's only
5=0:16= 30 electrons in the
column at any one time!

We will see that matter (in-
cluding electrons) can have
wave-like properties as well.

JEOL 2010F transmission
electron microscope
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This time it's really photons

Position-sensing photomultiplier, ITT Electro-Optical Products; Fig. 1.1
of Hecht,Optics(4th ed., Addison-Wesley, 2002)
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The curious case of photons

� A photon interferes with itself in a wave-like fashion.

� But a photon carries momentum like a particle.

� When a photon deposits its energy, it does so at a particular
position.

� But many arrival positions begin to �ll in the expected result from
waves!
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Ogden Nash

Let's think of eggs
They have no legs
Chickens come from eggs,
But they have legs
The plot thickens:
Eggs come from chickens
But have no legs under `em.
What a conundrum!

Others:
Cows are of the bovine ilk; one end is moo,
the other milk
Candy is dandy, but liquor is quicker

Ogden Nash, 1902–1971



This week and next

Review

Interpreting Planck

Light

The electron

Photoelectric effect

Einstein and light

Rayleigh scattering

Blue sky

Cathode ray tubes: Philipp Lenard

� Gas discharge lamps (neon lights)
were not uncommon. When more
highly evacuated, a beam could be
seen. Electromagnetic wave or
particle beam?

� Lenard builds a tube with a thin
aluminum window. Beam can emerge
and strike a �uorescent screen.
Particle beam!

� By the way, don't admire Lenard too
much: according to Wikipedia, he
promoted “German” physics over
such “Jewish” physics ideas as those
of Einstein, and became Chief of
Aryan Physics under the Nazis.

Philipp Lenard
(1862–1947; Nobel

Prize 1905).



This week and next

Review

Interpreting Planck

Light

The electron

Photoelectric effect

Einstein and light

Rayleigh scattering

Blue sky

Discovery of the electron: J.J.
Thomson

� Careful experiments with Lenard
tubes. Must evacuate really well to
eliminate electric �eld “channel” due
to gas ionization.

� Found that cathode “rays” can be
de�ected by both electric and
magnetic �elds. Negative particles;
measured ratioe=m.

J.J. Thomson
(1856–1940; Nobel

Prize 1906)
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More curious properties

� Further experiments by Lenard,Annalen der Physik8, 169–170
(1902)

� Ultraviolet light can induce a photocurrent, but visible light cannot.

� Classically, one would expect the effect to vary withhEi /
p

I .

� Experimental fact: current varies linearly withI , and effect requires
reaching a threshold short wavelength which depends on cathode
material.

� What the: : :?!
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Enter Einstein

� A. Einstein, “On a heuristic point of view concerning the
production and transformation of light,”Annalen der Physik17,
132–148 (1905).

� “The wave theory of light, which operates with continuous spatial
functions, has proved itself splendidly in describing purely optical
phenomena and will probably never be replaced by another theory.
One should keep in mind, however, that optical observationsapply
to time averages and not to momentary values: : :”

� Considered Planck's blackbody spectrum, and Stoke's rule that
�uorescent photons are always of longer wavelength than the
exciting radiation.

� “The usual conception, that the energy of light is continuously
distributed over the space through which it travels, meets with
especially great dif�culties when one attempts to explain the
photoelectric phenomena: these dif�culties are presentedin a
pioneering work by Mr. Lenard.”
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Einstein II

� “The simplest possibility is that a light quantum transfersits entire
energy to a single electron; we will assume that this can occur.
However, we will not exclude the possibility that the electrons
absorb only a part of the energy of the light quanta: : : in leaving the
body, each electron has to do some workW (characteristic for the
body).”

� Our notation for Einstein's result (Serway Eq. 3.23):

Kmax = h� � ' (7)

� Earns Einstein the 1921 Nobel Prize.

� Later the same year Einstein points out that photons can carry
momentump = E=c.
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Stopping potential

� Photoelectric
effect apparatus:
with the voltage
V set to zero,
electrons �y out
at speeds
according to
their kinetic
energy
K = h� � ' .

From Tipler and Llewellyn,Modern Physics(Freeman, 2008).

� One can instead increaseV until a valueVstop at which point
electrons have zero kinetic energy when going through the aperture
A.

� At voltages just aboveVstop, the current registered by the
electrometer� reaches zero. This is known as thestopping
potential.
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Scattering and dipole radiation

� Light that is singly-scattered by a refractive medium can bethought
of as being re-radiated by a collection of damped, driven harmonic
oscillators.

� With vertical linear polarization, the oscillator is driven up and
down; with horizontal linear polarization, the oscillatoris driven
sideways.

� In your E&M class you
will learn that dipole
radiation for a vertical
oscillator follows a sin2 �
angular distribution (drawn
at right).
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Scattering and dipole radiation II

� Apply the rules
of dipole
radiation to light
scattering.

� Polarized
sunglasses with
a vertical fast
axis will
transmit light
scattered from
the left and right
of the sun, but
not from above
and below.

Fowles Fig. 2.4
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A diversion: why the sky is blue

� Another feature of dipole radiation
that we should mention: its strength
scales as! 4 / � � 4, so blue light is
scattered much more strongly than red
light is.

� At midday, this means that when we
look at the sky (but not straight at the
sun!), we see mostly blue light.

� At high altitude, the sky looks darker
blue because of less scattering.

Midday
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Sunrise, sunset: : :

� At sunset, rays from the sun traverse
even more of the atmosphere, so the
blue light is all gone and red light is
all that remains!

� If we had a thicker atmosphere, we
might see red light at noon: : :

Midday
Sunset
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