
Planck's solution to the blackbody spectrum

� Allow integer number of half-waves inside the cavity [density of available statesg(E )].

Classical physics (nodes of EM �eld).

� Assume integer multiple of an energyE = h� proportional to the wave frequency

[probability of occupying available statesf (E )]. Deviation from classical physics!

� The result is the celebrated Planck blackbody radiation distribution function derived on

Sunday afternoon, Oct. 7, 1900 (cf. Serway Eq. 3.9):

� (� ) � �E (�; T ) =
8�h� 3

c3

1
exp[h�=k B T ] � 1

d�:(1)

It �ts the experimental data perfectly.

� Planck's constant ish = 6 :626 069 3� 10� 34 J � s. This implies that light comes quantized

in photons with an energyE = h� = hc=� with hc = 1240 :6 eV�nm.

� Ultraviolet light with � = 300 nm has an energy ofE = hc=� ' 4 eV, which explains

suntans and sunburns among other photochemical phenomena.
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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!

� Led to J.J. Thomson's discovery of the electron.

� 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)
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http://en.wikipedia.org/wiki/Philipp_Lenard#Later_Years_and_Legacy


More curious properties

� Further experiments by Lenard,Annalen der Physik8, 169–170 (1902): in some cases, one

can generate a current from the cathode by shining light on it.

� Classically, one would expect the current to be independentof wavelength, and vary with the

square root of the irradianceI (in Watts/m2 ) because Maxwell showed that

hE i =
� �

�

� 1=4 p
I(2)

and it must be the electric �eld that's drawing out electrons, right?

� Lenard's �ndings: 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 willprobably never be replaced by

another theory. One should keep in mind, however, that optical observations apply 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 presented in 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 (Krane Eq. 3.24):

K max = h� � '(3)

Kinetic energyK max is equal to photon energyh� minus work function' .

� Earns Einstein the 1921 Nobel Prize.

� Later on Einstein points out that photons can carry momentump = Ec = hc2=� ; you've

already seen that in our discussion of special relativity.
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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

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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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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Electron microscope

� Ek = ( 
 � 1)m0c2 , so with 200 kV we

have(
 � 1) = 200 =511 or 
 = 1 :39.

This in turn gives� = 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, as seen from our

reference frame.

� 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 per1=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 (including elec-

trons) can have wave-like properties as

well.

JEOL 2010F transmission electron mi-

croscope
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Röntgenstrahlung

� Experimenting with thicker-walled Lenard tubes

(called Hittorf-Crookes tubes)

� Friday afternoon, Nov. 8, 1895: notices glow of

�uorescent screen even though cathode rays are not

emerging.

� Carries out a careful series of experiments and

publishes a paper on New Year's Day, 1896.

� Headline in Vienna Press, January 5; LondonDaily

Chronicleon January 6.

� First report replicating the experiments:New York

Electrical Engineer, January 8.

Wilhelm Röntgen (1845-1923;

�rst Nobel Prize 1901)

Röntgen's lab
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Penetrating rays

Frau Röntgen's hand (left); Albert von Kölliker's hand at Röntgen'sonlypublic lecture, Jan. 23, 1896.
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Röntgen in München

� Following his discovery of X rays in late 1895, Röntgen was lured away to Universität

München (1900-1920). Why is it that the English-speaking world has decided it cannot

pronounce “München” and instead calls the city “Munich”?

� He continued some experiments, but also assumed more administrative responsibilities.

� Recruited the theorist Arnold Sommerfeld; you'll hear moreabout him in connection with

quantum mechanics.

� Sommer�eld in turn recruited Max von Laue; you'll hear more about von Laue in connection

with the discovery of x-ray diffraction in crystals.
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What are X rays?

� Röntgen speculated that they were longitudinal ether waves(remember that this was a decade

before Einstein's theory of special relativity).

� Experiments by others in Röntgen's institute in München hadshown that strong x-ray

emission from cathodes made of different metals could be turned on and off by slight changes

in accelerating voltages of several kilovolts. With copper, this threshold energy is at about 8

kV. Photoelectric effect: photons must be about 8 keV, suggesting a wavelength of

� = hc=E = (1240 eV � nm)=(8000 eV) ' 0:1 nm or 1 Å.

� How to demonstrate this? Michelson interferometer? Diffraction by a grating of periodd

according ton� = d sin � ?
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Max von Laue

� Max von Laue: brought to München by Sommerfeld,

who was in turn brought there by Röntgen.

� If X rays might have wavelengths of about 0.1 nm,

how can we measure their wavelength? What grating

periodd can we use for multiple slit diffraction

according ton� = d sin � ?

� Atoms have a size of about 0.2 nm! Use the regular

arrangement of atoms in a crystal as a diffraction

grating!
Max von Laue (1869–1960;

Nobel Prize 1914)
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von Laue, Friedrich, and Knipping

� von Laue: The regular arrangement of atoms in a crystal can serve as the “bars” of a

diffraction grating:

� Directs experiments of Friedrich and Knipping to demonstrate this in 1912 (Nobel Prize

1914):
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Bragging rights

Methodology for crystal structure determination fur-

ther worked out by the Braggs in 1913-1914.

d

q

2d sin � = n�(4)

William Henry Bragg (1862–1942;

Nobel Prize 1915)

William Lawrence Bragg

(1890–1971; Nobel Prize 1915)
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What's wrong with this picture?

Serway Fig. 3.20:
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Generating X rays

The general idea: get electrons from a hot �lament (Coolidgeat General Electric, 1913), accelerate

them over a high voltage difference, and slam them into a metal target. Extract X rays at a shallow

angle to reduce self-absorption.
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X-ray tubes

An x-ray tube in a dental x-ray machine:

Rotating anode tubes: spin the target to keep it from melting.
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X-ray tube spectra

This image (fromOmni Instruments) shows a x-ray tube spectrum. We'll learn about why elements

have characteristic lines when we talk about the electronicstructure of atoms (just a few lectures

away).
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Synchrotron radiation

Instead of using the electric �eld of an atom to de�ect electrons and generate X rays, use magnets to

de�ect relativistic electrons. No target melting! Millionfold to billionfold increase in brightness.

National Synchrotron Light Source (NSLS) at Brookhaven:

Left: NSLS schematic. Above: X-ray beam at the exper-

iment exciting �uorescence in air.
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Protein crystals

One powerful use of synchrotron radiation is protein crystallography. One can coax proteins to form

crystals in the right conditions!

While NASA thinks that this is a good use of the space sta-

tion, the National Academies of Sciencessays“To date, the

impact of microgravity crystallization on structural biology as

a whole has been extremely limited.” Overwhelming progress

has been made by earth-bound robots which can try zillions

of permutations of crystallization liquors (seean exampleat

right).
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Protein structure determination

Lysozyme: 20 kDa,92 � 65 � 38 Å3
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Protein structure determination II

Perutz (haemoglobin) and Kendrew (myo-

globin): Nobel Prize 1962

1975 1980 1985 1990 1995 2000
Year

0

10 000

20 000

30 000

C
um

ul
at

iv
e 

st
ru

ct
ur

es

Number of structures deposited in the

protein data bank. Most of these are from

protein crystallography, thanks to advances

in crystallization methods, x-ray sources

(synchrotrons), and software.
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The ribosome

N. Ban, P. Nissen, J. Hansen, P. B. Moore, and T. A. Steitz, “The complete atomic structure of the

large ribosomal subunit at 2.4 Å resolution,”Science289, 5481 (2000).

3 million Daltons (1 Dalton=1 amu=1/12 mass of12 C atom), or more than 200,000 atoms. Protein

synthesis machine; a triumph of modern crystallography.
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