Announcements
1. Comments about Exam 4 and final exam format
2. EXxtra credit sessions:
Monday evening at 8 PM — 4 students so far
Tuesday evening at 8 PM - 3 students so far
Wednesday evening at 8 PM — 0 students so far
3. Today’s topic: (Chapters 39 & 40 of your text)
Continued discussion of guantum mechanics
Lasers

4. Wednesday — general review

4/25/2005 PHY 114 -- Lecture 32



Quantum physics —

» Electromagnetic waves sometimes behave like particles

» Particles sometimes behave like waves
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Wave equations

Electromagnetic waves:

ot” Ox*
Matter waves: (Schrodinger equation)

0 h* o
—1h—Y(xt)=| ——+V(X) [P(xt
ot (1) { 2m ox> ()} ()
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Particle properties Wave properties

Position as a function of |Phonomenon 1s spread out
time 1s known -- r(t) over many positions at an
instant of time.

Particle is spatially Finite probability that

confined when E<U(1). particle can be found in
regions other than E<U(r).

Particles are independent.
Interference effects.
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Mathematical representation of particle and wave behaviors.

Consider a superposition of periodic waves at t=0:

sin(k; x)

max

E(x,t) =Y E

g

\ingle wave \ superposed wave

(many values of K)

(one value of k)

4/25/2005 PHY 114 -- Lecture 32



2
[E(X,O)]2 = (Z E. .. sin(kix)j AX Ak = 27

“AX
Ax smaller =» more particle like

Ak smaller = more wave like
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AX Ak =~ 27 = Heisenberg’s uncertainty principle

De Broglie’s particle moment — wavelength relation:
~h _h/2n hk

P T o

h
Heisenberg’s hypotheses: AXAp 2 5

AtAE > h
2

h=6.6x103%Js=4.14x10"15 eVs

4/25/2005 PHY 114 -- Lecture 32



Electromagnetic waves

Matter waves

Vector — E or B fields
Second order t dependence

Examples:

E, (X,t) = E,, sin(kx — ot)

B,(X,t)= %sin(kx —ot)

Scalar — probability amplitude
First order t dependence

Examples:
Y(x,t) =P, sin(kx)e ="

“bound” states
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What 1s the meaning of the matter wave function W (X,t)?

» WY(X,1) is not directly measurable

»>|W(x,t)|? is measurable — represents the density of particles
at position X at time t.

>For a single particle system, H\P(X t)\ dx =1

»For many systems of interest, the wave function can be
written in the form W(X,t) = y(x)e'EVA

PP =y

4/25/2005 PHY 114 -- Lecture 32



Wave-like properties of particles

Louis de Broglie suggested that a wavelength could be
associated with a particle’s momentum

“Wave” equation for particles — Schrodinger equation

oo _ho
[— () max +V(x)}‘{’(x,t)_ e P(x,1)

Stationary - state wavefunctions: ‘P(r,t)=y(r)e

—iEt/n

{_ (2:)2m gxz +V(X)}‘P(X»t)= EW(x,t)
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Electrons in an infinite box:

0 I 0 g
{; T
h* 0*
E y(x)= {—Zma)(z}y(x) for0< x <L
W rn
w(X)=y, Sin(nnx) n=123- E =
L om
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Electrons 1n a finite box:

4/25/2005

finite probability of electron
existing outside of classical
region
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Tunneling through a barrier

A
Vi
A
? Yu | VYm
c
- /}\/
| 11 [11
<[, —»
surface region tip
vacuum
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How a scanning tunneling microscope works:

4/25/2005

Z

| Developed at IBM Zurich by Gerd
Binnig and Heinrick Rohrer who
received Nobel prize in 1986.

Quartz
rods

Tip

Surface
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Visualization of | y(X)[?

A surface if a nearly perfect Si crystal

o © 0
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side view e resl Alom
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Physical Review Letters -- March 20, 2000 -- Volume 84,
Issue 12, pp. 2642-2645
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The physics of atoms —

Features are described by solutions to the matter wave
equation — Schrodinger equation:

ot

2m or?
“reduced” mass o/ \ Ze?

electron and proton dte,r

—ihﬁLP(r,t):{—hz82+V(r)}P(r,t)

Stationary - state wavefunctions: W(r,t)= \V(r)e—iEt/ h

2,2 2
Solutions: E, =- 27e 12 =—13.6Z—2 eV
81y a, N n
2
)= T _ 00529 nm
me
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Form of probability density for ground state (n=1)

P, y

4nr2\\|/(r)\2

ag = 0.0529 nm L
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Angular degrees of freedom

-- since the force between the electron and nucleus depends
only on distance and not on angle, angular momentum L=r X p
1s conserved. Quantum numbers associated with angular

momentum: | > — p2¢(¢ +1) (=0,12,..(n=1)

L, =7m —r<m< /¢ totalof 27/ +1 states
Notation: /=0=5s, 1=p, 2=d
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Summary of results for H-atom:

E, :—13.6i226V H“
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Atomic states of atoms throughout periodic table:

1 2

H He
3 4 5 6 7 8 |9 10
1 Be B C N O F |Ne
11 |12 13 14 |15 16 17 (18
Na Mg Al St P |S ICl Ar

19 20 21 22 23 24 25 26 27 |28 129 30 (31 |32 133 34 (35 136
K Ca S¢c Ti Vv Cr Mn [Fe [Co [Ni Cu Zn |Ga |Ge |As Se |As [Kr

37 38 39 40 41 42 43 44 45 46 47 48 49 50 |51 52 33 54

55 |56 57 (72 73 74 |75 |76 77 (78 |79 B0 81 82 |83 |84 85 (86
Cs Ba [La Hf Ta W |Re Os Ir [Pt [Au Hg [T1 Pb [Bi Po |At Rn

87 |88 89
Fr [Ra |Ac
h’ o°
Eylr)=|————5+V(r r

effective potential for
an electron 1in atom
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Example: Cu (Z=29) 1s?2s?2p®3s23p%3d!%4s!

Radial = wawvefurnctions for Cu
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Radial denzity for Cu
40 n n L] L]

"denzity" —

0 1 2 3 4
t {bohr
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Physics of molecules and solids

effective potential for
electron in molecule

or solid
Example: electron density associated with
H
H, molecule: CH,
molecule:

4/25/2005 PHY 114 -- Lecture 32 23



Molecular binding of nuclei due to electron “glue”:

R

I 4. B8 __ 11 ;
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Physics of solids
h .
Ey(r)= {—rw(r) w(r) orselid

Energy spectrum of
atom or molecule :

4/25/2005

effective potential for
electron in molecule

highest filled state
for metal

d
<«
d
-‘
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highest filled state
for insulator
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Example: 2 materials made of pure carbon:

raphite (semi-metal
diamond (insulator) Stap ( )

e
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Laser technology:

» System with ground and excited state at desired A
(Eex-E,=hc/2).

» Standing EM wave

»Mechanism for “population inversion”

The Helium—Neon Gas Laser

Figure 41-21 shows a type of lazer commonly found in student laboratories. It was developed in
1961 by Ali JTavan and his coworkers. The glass discharge tube is filled with a 20:80 mixture of
helium and neon gases, neon being the medium in which laser action occurs.

Fig. 41-21 The elements of a helm-—neon gas laser. An
Laser appled potential Fa. sends electrons through a discharge tube
w  Discharge tube beam containing a mishure of helium gas and neon gas. Electrons
colide with helhum atoms, which then collide with neon atoms,
which emt light along the length of the tube. The hight passes

M, Mo through transparent wandows W and reflects back and forth
“{,ﬂfﬂ.} through the tube from mirrors My and M2 to cause more neon
T Vit T ‘ atom ermissions. Some of the hight leaks through mirror M3 to

form the lazer heam.

4/25/2005 PHY 114 -- Lecture 32 27



Figure 41-22 shows simplified energy-level diagrams for the two atoms. An electric current
passed through the helium-—neon gas mixture serves—through collisions between helium atoms ans
electrons of the current—to raise many helium atoms to state 7'z, which is metastable.

e Metastable
- state
ool  Fs=— / = Es
L - ]Il"—:\:l' W )
- collisions Iy Laser light
| (632.8 nm)
15— Excitation R,Elpi(l
[ via collisions decay [ L ] . L1 L1111 .
=
Bs 10 u
i F —RRRERANS . E,
B 1
1 NOI IIlal 144 29
5| , Inverted
" population :
» population
B Y . Common
0 “0 gy 1 state
Helium Neon IR LR
states States
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