Light a 1a Planck

Classical light

Recallc = 1:p 00
Poynting vector of EM waves gives mean elds of

1:4p|— 3 1:4p|—

Ei = — and Bi = 1)

for a given irradiancé.

Focus of a5 mW, = 632 nm laser to a 10m diameter spot:

| =6:4 10" W/m?

Mean electric eld:hEi = 1:5 10° V/m. Air sparks at atatic
eldof8 10° V/m. Strip electrons from hydrogen: about 10 eV
electron binding energy and about 1 A=28 m orbital radius, so
around 1&' /m required.

Mean magnetic eldfBi = 5:2 10 * Tesla. Earth's magnetic
eld: 0.3-0.6 10 “Tesla depending on location.



Light a 1a Planck

Planck's blackbody solution

Assume density of available stafg(s ) according to positive
integer cavity modes with = n=2

Assume that energy per cavity modégs nh
Gives correct spectrum!

Gives classical thermodynamics result (Stefan-Boltzmaw) for
total power radiated!

Planck's constantib = 6:63 10 34 Joulessec, or
h= 4:136 10 eV sec.

A handy combination: photon ener@versus wavelength is
given byE = hc= with hc= 12398419 eVnm.



But photons are waves!

Light a 1a Planck

Recall double-slit diffraction:

- /dsinq

Interference maxima wheahsin = n . Two photons interfere with
each other, right?



Photons arriving one-by-one

Light a 1a Planck

8 quanta

Electrons, really, but you get the ideaFrom A. TonomuraElectron
Holography(Springer-Verlag, 1993), p. 14.
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This time it's really photons

Light a 1a Planck

70 photons

1,000 photons

8,500 photons

85,000 phatons 850,000 photons

Position-sensing photomultiplier, ITT Electro-OpticabBucts; Fig. 1.1
of Hecht,Optics(4th ed., Addison-Wesley, 2002)



The electron

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).



Light a 14 Planck

The electron

Photoelectric effect

Einstein and light

Discovery of the electron: J.J.

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 ratie=m.

Thomson

J.J. Thomson
(1856-1940; Nobel
Prize 1906)



Photoelectric effect

More curious properties

Further experiments by Lenar8innalen der PhysiB, 169-170
(1902)

Ultraviolet light can induce a photocurrent, but visiblght cannot.
Classically, one would expect the effect to vary wilti/ 1.

Experimental fact: current varies linearly withand effect requires
reaching a threshold short wavelength which depends odath
material.

What the: :?!



Einstein and light

Enter Einstein

A. Einstein, “On a heuristic point of view concerning the
production and transformation of light&Xnnalen der Physik 7,
132-148 (1905).

“The wave theory of light, which operates with continuouatsgd
functions, has proved itself splendidly in describing pyioptical
phenomena and will probably never be replaced by anothenthe
One should keep in mind, however, that optical observatiqpsy
to time averages and not to momentary valugs

Considered Planck's blackbody spectrum, and Stoke's hae t
uorescent photons are always of longer wavelength than the
exciting radiation.

“The usual conception, that the energy of light is contirsipu
distributed over the space through which it travels, meéts w
especially great dif culties when one attempts to explaia t
photoelectric phenomena: these dif culties are preseimed
pioneering work by Mr. Lenard.”



Einstein and light

Einstein Il

“The simplest possibility is that a light quantum transféssentire
energy to a single electron; we will assume that this canmoccu
However, we will not exclude the possibility that the elecis
absorb only a part of the energy of the light quantan leaving the
body, each electron has to do some w@'Kcharacteristic for the
body).”

Our notation for Einstein's result (Krane Eq. 3.24):
Kmax= h ' (2)

Earns Einstein the 1921 Nobel Prize.

Later on Einstein points out that photons can carry momentum
p= Ec



Einstein and light

Electron microscope
Ex = ( 1)myc?, so with 200

kV we have
( 1)= 200=511o0r

= 1:39. We will see that matter (in-
Since = P 1 1= 2, we cluding electrons) can have
have = 0:70. wave-like properties as well.

It then takes electrons a time of
t=x=v=(1m=(0:70 3 e
10°m/seg=5 10 °

N,
seconds to travel column. | l"?

Currentof 1 nA is ﬁ?ﬂi"a_l

(10 ° C/sed=(1:6 ' _C:f__—'

10 °C=e )= 63 10° L= |
electrons/second. o e 8

That is, you get one electron JEOL 2010F transmission

per1=6:3 10°= 0:16 10 ° electron microscope
seconds so there's only

5=0:16= 30 electrons in the

column at any one time!



X rays

Rontgenstrahlung

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 submits a paper on
Saturday, Dec. 28, 1895.

Paper is published on New Year's Day
1896 (Wednesday, Jan. 1). Rontgen
mails a copy to several colleagues.
Headline in Vienna Press, January 5;
LondonDaily Chronicleon January 6.
First report replicating the
experimentsNew York Electrical
Engineer January 8.

Wilhelm Roéntgen
(1845-1923; rst
Nobel Prize 1901)

Rontgen's lab



Penetrating rays

Xrays

Frau Rontgen's hand (left); Albert von Kélliker's hand atigen'sonly
public lecture, Jan. 23, 1896.



Xrays

Max von Laue

Max von Laue: brought to Miinchen
by Sommerfeld, who was in turn
brought there by Réntgen.

If X rays might have wavelengths of
about 0.1 nm, how can we measure
their wavelength? What grating period
d can we use for multiple slit
diffraction accordingtem = dsin ?

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)



von Laue's idea realized

Experiments: Friedrich and Knipping.
Diffraction spots from copper sulfate!
X-ray wavelengths con rmed! von Laue wins 1914 Nobel Prize

Xrays



Bragging rights

Xrays

Methodology for crystal  struc-
ture determination further worked
out by the Braggs in 1913-1914.  William Henry Bragg
(1862-1942; Nobel Prize
1915)

2dsin = n 3)

William Lawrence Bragg
(1890-1971; Nobel Prize
1915)



What's wrong with this picture?

Serway Fig. 3.20:

«O0>» «F»r» « >

«E=

DA



Generating X rays

The general idea: get electrons from a hot lament (Coolidg&eneral
Electric, 1913), accelerate them over a high voltage diffiee, and slam
them into a metal target. Extract X rays at a shallow angletuce
self-absorption.

Xrays



X-ray tubes

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

Xrays

Rotating anode tubes: spin the target to keep it from melting



X-ray tube spectra

This image (front Jsshows a x-ray tube spectrum.
We'll learn about why elements have characteristic linesmvve talk
about the electronic structure of atoms (just a few lectavesy).

Xrays



Xrays

Synchrotron radiation

Instead of using the electric eld of an atom to de ect elects and
generate X rays, use magnets to de ect relativistic elestrdNo target
melting! Millionfold to billionfold increase in brightnes National
Synchrotron Light Source (NSLS) at Brookhaven:

Left: NSLS schematic. Above: X-ray
beam at the experiment exciting uores-
cence in air.
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