X-ray diffraction

Review: 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 accordingten = dsin ?
Atoms have a size of about 0.2 nm!
Use the regular arrangement of atoms Max von Laue
in a crystal as a diffraction grating! (1869-1960; Nobel
Prize 1914)




von Laue's idea realized

X-ray diffraction

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



Bragging rights

X-ray diffraction

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 (1)

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



Protein crystals

Protein
crystallography

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



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



X-ray diffraction

Protein
crystallography

Compton effect
Forces:qandm
The electron

Plum pudding

Protein structure determination

Lysozyme: 20 kDa, 92 65 38
A3



Protein structure determination Il

Protein
crystallography
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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 suburfithi\
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.



Compton effect

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 effect

Compton effect Il
Conservation of energy:

Ep + mec® = E%+ meC?® + Ey (2)

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 (3)

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 effect

Compton effect Il

Consider again the conservation of momentum (Eg. 3) of
po = PP+ pe. Let's use the relativistic result gf= E=c for a

photon to write
hc

Ol

h.

Make a vector diagram of momenta:

Law of cosines:

h h h h
pg:(_o)2+(_(J)2 2—0—0003

()



Compton effect

Compton effect IV

Returnto Eq. 2 0Ey + mec® = E%+ mec? + Ey and writeEy in
terms of incident and scattered photon wavelengths:
hc hc
Ek = — ) (6)
0
Remember Eq. 4 gi2 = ( &)2 + 2E,m. If we substitute Eq. 6 into
this we have
h h 2 h h

And we had Eq. 5 of
h h h h
pgz(_o)2+(_0)2 2—0—0003

We can equate the expressionsggof Egs. 7 and 5:

2
(£)2+(£0)2 Zﬂﬁocos - h ﬁo +2me L HO (8)
0 0 0 0



Compton V

Compton effect

Again, we are at the point of Eq. 8:

h, h, .hh h h 2 h
—) +(— 2——cos = — — +2mc — —
(0) (- 7o -0 -0
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) = O (9)
mc - 0

giving us in Eq. 9 the wavelength shift of Compton scattering



Compton effect

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-An.
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 effect

More thinking about the Compton
effect

In fact the inelastic peak is broader than one would expeat the
calculation of © ¢ (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.



Electrostatic and gravitational

forces
orcesiqandim Recall electrostatic forcd = 4—10% with o= 8:85 10 12
(mks units).
Recall gravitational forcef = Gm?_zmz withG= 6:67 10 !
(mks units).
Ratiois4 oG rgigf
Two protons:
1.7 10 ?7)?
4 oMMy 7 1070 g1 109
0192 (6 10 )
Two electrons:
m 9:1 10 3?
4 ocMM_ 4 ol ) =24 10

L P16 10 )2

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
v= " 2gVx=m

The electron



The electron

Magnetic eld alone

Thomson's third experiment with a magnetic eld alone:

V2 q_ v
= B L=
m r av ) m B

o _
P 20V=m _ q P 2Vy

rB m rB

q _
) 2=

giving
q _ 2V

m r2B2

(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)
r 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

together
If we start from the electric eld result of Eq. 12 of
-4V
m dv2

and add in an orthogonal magnetic eld to cancel out the alect

eld direction, we then have
wB = gqE SO Vy = E. W (13)
qwb = q x= B~ Bd

We can use this result of Eq. 13 in the expression of Eq. 12;
_ aV%_g &Bzdz_ q 'dB?

madé  mdV; m Vy
P E — Vy
giving o T O (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?



Plum pudding

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 electmare 2:82 10 1°
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

Indigestion from plum pudding

Displacing an electron by from 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

- Pt
2 2 4 Rm
_1 1:602 10 19
~ 2 "% 8854 10 12 (1 10 03 9109 10 3¢
= 25 10%Hz

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