Next week

No lecture on Tuesday! The University follows a Monday class
schedule, and I'll be in Australia besides.

No labs next week!

No recitations next Wednesday, Sep. 30. Available by Skype
(cjjxray ) on Wednesday 16:15-17:00, and by email.

Thursday, October 1: Exam 1 in this room. You'll get the exam,
blue books, and an equation sheet. All you can have on yolrises
a pen or pencil, and a calculator.

Exam will cover Serway chapters 1-3, and homeworks 1-3.



Classical and
quantum light

Classical light

The classical picture of light is as an electromagnetic wave
Interference and diffraction

hEi / P | wheretEi is the time-averaged mean electric eld, and
is the irradiance (Watts/fi

Rayleigh scattering: scattered light at same frequencyadent
light, scattering strength proportional t6 (or! “or ).

Einstein: “The wave theory of light, which operates with tonous
spatial functions, has proved itself splendidly in desagtpurely
optical phenomena and will probably never be replaced byhemo
theory. One should keep in mind, however, that optical olzgems
apply to time averages and not to momentary valués



Classical and
quantum light

Quantum and relativistic light

Planck ndsk = nh explains the blackbody spectrum, and Einstein
takes Planck at his word!

Photon: quantum of light energy. Photon energiiis h = hc=
Photons carry momentum pf= E=c
Photons arriving one-by-one land at particular points, yet

accumulate into the pattern predicted by wave interferehbas
photons interfere with themselves!

Photoelectric effect explained /= h , whereK is the
kinetic energy of the ejected electron dnds the work function of
the metal.

Radical picture, but it explains all observations!
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Rutherford

The Compton effect

Photon collides with an electron
(initially at rest).

What happens classically? You shake
the electron with an electromagnetic
wave, and the electron re-radiates at
the same frequency. This is how
Rayleigh scattering of visible light
(the thing that scales as * and
explains why the sky is blue) works.

If we use very high energy X or
gamma radiation, the scattered light is
observed to be at a longer
wavelength/lower energy. No way to
explain that classically; must consider
inelastic collisions of a photon with an
electron leading to a lower-energy
scattered photon.

Arthur Holly Comp-

ton (1892-1962; No-
bel prize 1927). His
experiment provided
many physicists with
the nal convincing

demonstration of the
reality of special rel-
ativity.



Compton scattering

Compton effect Il
Conservation of energy:

Ep + mec® = E%+ meC?® + Ey (1)

whereE, is the energy of the incident photdel is the energy of
the scattered photon, aild is the total energy of the scattered
electron.

Conservation of momentum:
Po= P°+ pe (2)

with pp for the incident photorfi® for the scattered photon, apd
for the scattered electron.

For an electron, special relativity tell & = p2c? + ( mc)? and
E = m&+ Ex. Squaring the second expression gives
E? = (md)? + EZ + 2Exmc so we have

E2= pX®>+(m&)? = (md)?+ E2+ 2Eimc
B = (2974 28m €



Compton scattering

Compton effect Il

Consider again the conservation of momentum (Eg. 2) of
po = PP+ pe. Let's use the relativistic result gf = E=c for a

photon to write
hc

h.

Ol

Make a vector diagram of momenta:

Law of cosines:

h h h h
e =( —0)2 +( —0)2 2—0—0003 (4)



Compton effect IV

Returnto Eq. 1 0Ey + mec® = E%+ mec? + Ey and writeEy in
terms of incident and scattered photon wavelengths:

Compton scattering

—— hc hc
Ex= — ) (5)
0
Remember Eq. 3 qf2 = ( &)2 + 2E,m. If we substitute Eq. 5 into
this we have
h h 2 h h

And we had Eq. 4 of

h h h h
pgz(_o)2+(_0)2 2—0—0003

We can equate the expressionsggof Egs. 6 and 4:

2
(£)2+(£0)2 Zﬂﬁocos - h ﬁo +2me L HO 7
0 0 0 0



Compton V

Compton scattering

rongen Again, we are at the point of Eq. 7:
h., h., h h _ h h 2 h
(—0) +(—) 2—0—0003 = 5 o + 2mc o
h? h? h? h? h? h?
=T 2608 = St5 2—
0 0 0 0
h
+2mc — —
0 0
h 1
——(1 cos = mc — —
0 O( ) 0 0
h (1 cos) = © (8)
mc - 0

giving us in Eq. 8 the wavelength shift of Compton scattering



Compton scattering

R

Thinking about the Compton effect

You know from the homework problems that the wavelengtht shif
0 gis very small—like hundredths or thousandths of a
nanometer. It is partly for this reason that it is not a fagtahe
scattering of visible light which has a wavelength of 3508-Afh.
However, there is a related effect of inelastic scatterorgisible
light where a photon transfers some energy to vibratiordéstin
molecules; it's called Raman scattering after a sciemistfindia.

In fact, the cross section for Compton (inelastic or incenér
scattering is also very low for photon energies below a feul ke
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Compton scattering

R

More thinking about the Compton
effect

In fact the inelastic peak is broader than one would expeat the
calculationof © ¢ (people speak of the peak having a
“Compton pro le”). This means that the simple picture of one
photon scattering from an electron that is initially at riestot quite
complete.
In atoms, electrons are restless rather than stationaryeldctron
carries some non-zero initial momentum, and we shouldyreall
consider a more complicated problem:
Incident photon, electron in motion, remaining part of atmest.
Outgoing photon, electron in different motion, remainiragtpf
atom with some recoil momentum.
This means there is a three-way sharing of momentum on the
output end, so that the outgoing photon's momentum (ancygher
is less precisely de ned.
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Rutherford

From Lenard to Réntgen
sl (S I

Wilhelm Conrad
Réntgen: starting in
1888, Professor and
Director of the
Physical Institute at
Universitat
Wiirzburg.
Apartment on the
second oor!

By 1895,
experimenting with
thicker-walled
Lenard tubes (called
Hittorf-Crookes
tubes)

Wilhelm Roéntgen (1845-1923)



Rontgen

Use and abuse

Nov. 8, 1895
Friday afternoon: notices § —
glow of uorescent screen
even though cathode rays
are not emerging. Flickers
with uctuations of tube

discharge.

Strikes a match—it was
barium platinocyanide
screen—but some distance
from tube, and with black
paper in between.

Assistant comes into room to get some equipment; Rontgen is
oblivous.

Called to dinner several times; at little and in almost caetgpl
silence before returning to lab.

Continues for several weeks in solitary puzzlement. To ddedd
Boveri: “| have discovered something interesting, but | doknow
whether or not my observations are correct.”




Observations :

Classical and
quantum light

Compton scattering
Xrays

Rontgen

Use and abuse

X-ray diffraction

S Noticed shadow of wire on W/ . Far
. screen, so testeq penetration of -

B rays through various objects. %y ' Avsnin
The electron Try a lead brick. Opaque,

Plum pudding but : : shadow of bonesin his

Electron cherge wrist?

Radioactivity Concs # Cumss

Rutherford



Penetrating rays

AL S eiir Kesgoee £ 2 4

Rontgen

Use and abuse

von Laue
Bragg diffraction

Generating X rays

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



Publishing with trepidation

Rontgen

Use and abuse

First observed phenomena on
Nov. 8, 1895.

Drops a manuscript off for
Transactions of the Wiirzburg
Physical Medical Society on
Saturday, Dec. 28, 1895.



Rontgen

Use and abuse

von La

Printing

Handwritten manuscript dropped
off on Saturday, Dec. 28, 1895.

Printed version in journal available
on Wednesday, New Year's Day,
1896.

Réntgen mails reprint and some
photos to several respected
physicists. “Now the devil will be
to pay!”



Sensational!

Headline in
Vienna
Ranigen Press,

Use and abuse

January 5;
London
Daily
Chronicleon
January 6.

First report

replicating

the

experiments:

New York

Electrical

Engineer

January 8.

Réntgen wins rst Nobel Prize in Physics in 1901, but does not
give a public lecture!




Rontgen

Use and abuse

von Lau

Immediate use!
Michael Pupin, Columbia University, Feb. 1896

A later, better image af-
ter Pupin put a phospho-
rescent coating on top of
the Im. Same patient, or
did pellets move?

“This is of the hand of a gentleman resident in New York, whhbilevon
a hunting trip in England a few months ago, was so unfortuasite
discharge his gun into his right hand, no less than forty Eldging in
the palm and ngers. The hand has since healed completetyhbishot
remain in it, the doctors being unable to remove them, becanable to
determine their exact location. The result is that the haradmost
useless, and often painful."—Cleveland Moffett, McClgr®lagazine,
April 1896



Going overboard

Rontgen

Use and abuse

Mihran Kassabian, Philadelphia Hospital, 1903—1904 rbiraadiation
to treat epilepsy. Two patients died, but epilepsy was reduc



Mihran Kassabian

Rontgen

Use and abuse

Hands of Kassabian soon before his death in 1910. So as niscredit the use
of X-rays in medicine, it is said that he used an assumed namee We checked
into the hospital to have some ngers amputated [Brovm,. J. Roentgenology
164, 1285 (1995)]



von Laue

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 illustrated

Different crystal planes:
® ° e o o [ ) [ ) [ ) ) [ ) °




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




Crystal diffration: then and now
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Rutherford

Copper sulfate Lysozyme



von Laue

Br: diffraction

nerating X rays

Methodology  for
ture determination further
out by the Braggs in 1913-1914.

crystal

2dsin

n

Bragging rights

struc-
worked

9)

William Henry Bragg
(1862-1942; Nobel Prize
1915)

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
e Electric, 1913), accelerate them over a high voltage difiee, and slam
them into a metal target. Extract X rays at a shallow angletuce
self-absorption.

Bragg diffractior

Generating X rays



X-ray tubes

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

Generating X rays

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).

Generating X rays



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
Rénigen melting! Millionfold to billionfold increase in brightnes National
- Synchrotron Light Source (NSLS) at Brookhaven:

Bragg diffractior

Generating X rays

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



Protein crystals

One powerful use of synchrotron radiation is protein cijestmaphy.
One can coax proteins to form crystals in the right condgtion

Protein
crystallography



Protein
crystallography

Space crystals

While NASA thinks that this is a good use of the space station, the
National Academies of Scienceays‘To date, the impact of
microgravity crystallization on structural biology as aaidhas been
extremely limited.” Overwhelming progress has been made by
earth-bound robots which can try zillions of permutatiofis o
crystallization liquors (sean examplg



Protein structure determination

Classical and
quantum light

Compton scattering

Xrays
Ronigen

Use and abuse

X-ray diffraction
von Laue
Bragg diffraction

Generating X rays

Protein
crystallography

Forces:qandm
The electron
Plum pudding
Electron charge
Radioactivity

Rutherford

Lysozyme: 20 kDa, 92 65 38
A3



Protein structure determination Il

30 000

20 000F

100001

Cumulative structures

Protein
crystallography

0
1975 1980 1985 1990 1995 2000
Year

Number of structures deposited
in the 1k Most
of these are from protein crys-
tallography, thanks to advances
in crystallization methods, x-ray
sources (synchrotrons), and soft-
ware.

Perutz  (haemoglobin) and
Kendrew (myoglobin): Nobel
Prize 1962



Protein
crystallography

The ribosome

N. Ban, P. Nissen, J. Hansen, P. B. Moore, and T. A. Steitze“Th
complete atomic structure of the large ribosomal suburfitbi\
resolution,”Science289, 5481 (2000).

3 million Daltons (1 Dalton=1 amu=1/12 mass*é€ atom), or more
than 200,000 atoms. Protein synthesis machine; a triumptoadern
crystallography.



Electrostatics and gravity

Recall electrostatic force® = 4—10% with o= 885 10 2
e (mks units).
Recall gravitational forcef = Gm?_zmz withG= 6:67 10 !

(mks units).
ioi MMy
Ratiois4 (G it
Forces:gandm TWO prOtonS
17 10 *)?
4 oG = g OG%: 81 10 ¥
0192 (16 10 )
Two electrons:
91 10 %2
4 ooMmme_ , o1 10 ) 19)2 =24 109
01092 (6 10 ©)

Gravity is a wimp!Most things must be electrostatically neutral.



The electron

The discovery of the electron

The American Institute for Physics
has a good on this.

Remember that much was swirling
about with cathode ray tubes: rstthe
discovery of X rays, then the
discovery of electrons, then the
photoelectric effect, all within a
decade.

Cathode rays: drawn from regular
matter (the cathode). Are they
particles? Constituents of atoms? Do
they have some elementary charge?

J.J. Thomson, director of the
Canvendish Lab at Cambridge,
thought so, but wanted to prove this.

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



Thomson's experiments
1. cathode rays carry negative
charge (electrometer).

2. with good enough vacuum,

electric eld de ects cathode
rays

3. use an accelerating voltage to
give corpuscles with the same
charge the same velocity
Vi ( 1=2)m\? or

The electron _—

v= " 2gVx=m




The electron

Magnetic eld alone

Thomson's third experiment with a magnetic eld alone:

vz q_ Vv
meEeB ) ot s
pP—  r _p___
) q _ 2gVx=m _ q P 2Vy
m B m rB
giving
q _ 2V%
m 2B

(10)

so I'm mysti ed why Thomson didn't consider this suf cientlote that

this ignores relativity; it would have us start out witm?=r = qvB

(1909).



The electron

Electric eld alone
Acceleration due to voltagé, over plate separatioaft
ay = gE=m= gqV,=(md)
Velocity in % changes from 0 to

avy
= t= — — 11
Vy = @y md v (11)
e N P ——
Recall velocity ink direction:vy = = 2gV,=m

Angle upon leaving electric eld

region:
! tan = & = q_\/y ‘_i
Vy md vy Vy
_ a9V
= —Y: (12)

gy m _ Ivy
md 2qVy ~ 2dV

which tells us nothing abowator m.



The electron

Electric and magnetic elds both
If we start from the electric eld result of Eq. 12 of
-9V
m dv2
and add in an orthogonal magnetic eld to cancel out the glect
eld direction, we then have
E V
qwB=qgE  so vX:E:B—Zj
We can use this result of Eq. 13 in the expression of Eq. 12;

(13)

qaVy_dVygp QqdE

md2  mdv2 m Vy
o q _ VY
giving el T (14)

which also gives us a way to measure the rgtim (Serway

Eq. 4.7). Why is this better than the magnetic- eld-alonsuleof
our Eg. 10? I'm not sure : Maybe Thomson felt it was easier to
measure rather tharr?



Thomson's plum pudding model

Atoms, like nearly all matter, are
electrically neutral.

“Corpuscles” of negative charge have
knowne=mratio. Since remaining bit
of hydrogen atom is equally positively
charged, and mass of atom could be
estimated, Thomson inferred that
electrons have equal but opposite
charge and thus carry only800" of
the mass.

Therefore bulk of atom must be
positive with little negative bits inside:
the plum pudding model.

Post-Einstein: “classical” radius of the electmar= 2:82 10 *°
meters. This equates energy required to shrink an elechamye
from a radius of in nity down to a radius at which electrogtat
energy stored is equal tac rest energy. Compare with Einstein's
Brownian motion estimate of atom sizes of about 20 *° meters.

Plum pudding



Electron charge

Elementary charge

R.A. Millikan and H. Fletcher at the
University of Chicago, 1909: Charge
always comes in integer multiples of a
basic value. So now we really hage
pinned down, and therefore we also
know m!

Millikan also carried out further

studies of the photoelectric effect,

con rming Einstein's prediction and

obtaining an improved value for

Planck's constartt during the time R.A. Millikan (1868—

period 1912-1915. 1953; Nobel Prize
1923)



Electron charge

Indigestion from plum pudding

Displacing an electron byfrom the center of an atom of radié&sand
positive charge gives a restoring force of

ze
(see Krane Eq. 6.1) which has the fofnF krwithk Ze&=(4 oR®).
Therefore for hydrogerZ(= 1) we have a harmonic oscillator with a
resonant frequency of

1 e

= g e P

o1 1:602 10 19

~ 2 "% 8854 10 12 (1 10 03 9109 10 3¢
= 2.5 10%Hz

This corresponds to a radiation wavelength ¢f c= = 120 nm.



Meanwhile : : Radioactivity!

Early 1896: Henri Becquerel noticed
that uranium compounds would fog
photographic plates—the discovery of
radioactivity.

1898: Marie Sklodowska Curie

measures radioactivity by looking at Antoine Henri
ionization of air. Unaffected by Becquerel
chemical binding, heat, etc.! Husband (1852-1908)

Pierre then joins research; they

discover radium and polonium.

Radioactive decay releases energies in

the MeV range!!!

Becquerel, and Marie and Pierre Curie

share the 1903 Nobel Prize in Physics.

Marie is awarded the 1911 Nobel Marie Curie

Prize in Chemistry. (1867-1934) and
Pierre Curie

Radioactivity



Enter Rutherford: the alpha male

‘ Grew up on a farm in New Zealand,
and studied at the University there.
Applied for a graduate scholarship at
Cambridge and worked at home while
awaiting a reply. When the
scholarship letter came (1894), he
threw down his shovel and said
“That's the last potato | will ever dig.”

McGill University in Montreal,

1898-1907. University of Manchester, grest  Rutherford
Rutherford 1907-1919. Cavendish Professorat  (1871-1937; Nobel

Cambridge, 1919-1937. Prize in Chemistry,

“All science is either physics or stamp  1908)
collecting”




Rutherford

Discovery of the alpha particle

Rutherford at McGill in Montreal, 1905:
Fill thin-glass-wall tube with radon, which emits alphatices

()

Surround that tube with another thick-walled, evacuatéee tu

After a few days, helium identi ed in the outer tube by its
characteristic spectrum.

Alpha particles are helium nuclei (2 protons, 2 neutrongHss,
usingﬁxz).
Other radioactive decay emissions: are electrons, are very
energetic photons.

1908 Nobel Prize in Chemistry.



Rutherford's apparatus

«O0>» «F»r» « >

«E=
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