CHAPTER 16: TRAVELING WAVES

Lots of Simple Harmonic Oscillators moving together!
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Lots of
Simple
Harmonic
Oscillators
moving
together!

Q: What is a wave?
A: An organized
disturbance that
travels at a well

defined speed.

e.g.,
Sound waves in air: 300 m/s

Light waves: 3 x 108 m/s

©2013 Pearson Education, Inc.

Note: Medium (if there’s
one) may oscillate,

but it doesn’t move

w/ the wave, or have
bulk motion.
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Types of Waves

We will consider three general types of waves:

1.) Mechanical Waves

* Require a medium to propagate

« The wave speed is determined by the elastic properties and inertia of the
medium

« Can be transverse or longitudinal to the wave direction (see next slide)

» Video of mechanical waves (be honest, is this video too boring?)

« Examples: wave on a string, sound waves, water waves
(me playing on a wave last summer), stadium wave(?).

2.) Electromagnetic Waves

* Requires no medium to propagate (. . . Interesting...what’s waving then?)

« Disturbances in the electromagnetic fields that travel in vacuum at the speed
of light. (¢ =3 x 10% m/s)

« e.g. visible light, radio waves, x-rays, etc.

3.) Matter Waves

* Microscopic particles, like electrons, have observable wave properties.
* This is Quantum Mechanics
« What's doing the waving?

Chapter16_lecture16.1 3



TYPES OF WAVES

Mechanical Wave

This is a wave pulse traveling

along a string.  yyave speed v

Lez}ding edge

Tra{iling edge

Rarefaction Compression
Loudspeaker / A /
ey
’ " g > /"’quound
Sound
Molecules

Individual molecules oscillate back
and forth with displacement D. As

they do so, the compressions propagate
forward at speed v, ,. Because
compressions are regions of higher
pressure, a sound wave can be thought
of as a pressure wave.

Electromagnetic Wave
Light

1. A sinusoidal wave with frequency f and
wavelength A travels with wave speed v

em*

Y Wavelength A

E, E\

E

2. E and B are
perpendicular to
each other and to
the direction of
travel. The fields
have amplitudes
E; and By,

Copyright © 2008 Pearson Educ:

3. E and B are in phase.
That is, they have
matching crests,
troughs, and zeros.

ublishing as Pearson Addison-Wesley.
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Probability Wave

Photon, Electron, even atom

P(x)

VUUUU ik

Wave packet length Ax

All examples shown here
are transverse waves,
except sound which is

longitudinal.
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Polarization of Wave: The wave is said to be polarized along the

direction of motion of the oscillators. This leads to two basic types of waves:

Transverse and Longitudinal Waves:
LET’S WATCH A VIDEO

In transverse waves, the oscillators displace about their equilibrium
positions in a direction perpendicular to the direction of propagation of
the wave.

Examples: water waves, light waves

In longitudinal waves, the oscillators displace about their equilibrium
positions along the direction of propagation of the wave.
Examples: sound waves

Earthquake waves have both transverse and longitudinal components.
Chapter16_lecture16.1 5



Lots of E.g., Stadium Wave
Simple . B I\ YA
: A W -

Harmonic
Oscillators
moving
together!

Q: What is a wave?
A: An organized
disturbance that
travels at a well

defined speed.

e.g.,
Sound waves in air: 300 m/s

Light waves: 3 x 108 m/s

©2013 Pearson Education, Inc.

Note: Medium (if there’s ) Let’'s watch a video...

one) may oscillate, . .
but i)t dogsn’t move “Medium” through which wave moves?
Note: Wave speed is NOT equal to individual oscillator speed!

w/ the wave, or have Q: What does the wave speed depend on?
bulk motion. A: and

Chaptert6_lecture16.1 ~ KEY POINT 1: What's the wave speed? (sec. 16.1) 6




Lots of
Simple
Harmonic
Oscillators
moving
together!

Q: What is a wave?
A: An organized
disturbance that
travels at a well

defined speed.

e.g.,
Sound waves in air: 300 m/s

Light waves: 3 x 108 m/s

:
{4
}
.
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Note: Medium (if there’s Let’s watch a video...

one) may oscillate,
J(TE “Medium” through which wave moves? PE0 PLE

but it doesn’t move Note: Wave speed is NOT equal to individual oscillator speed!
w/ the wgve, or have Q: What does the wave speed depend on?

bulk motion. A: InterConnecledness ang Trerto of eschoss licher
of of exlle by .
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Another example: Wave traveling along a String

This 1s a wave pulse traveling From previous slide:

along a Sm{}g- Wave speed v Wave speed increases with

4 —_— interconnectedness between
particles and decreases with
mass of each particle

/. \.
Trailing edge Leading edge Sec. 16.1
A This 1s a graph of the string’s T
Y displacement as a function of Wave Speed, v = (| —
position at time ¢,. H
% T's = Tension in the string

1 = linear mass density of the
string (mass/length)

X

© 2013 Pearson Education, Inc.
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Snapshots

The wave moves horizontally,
but a string particle moves
Y only vertically. .

Wave at F
time 7, AN
I
| xl,
|
—Ax = VAt
I
|
Ay :
|
I, |
|
T X
X :
|
—>Ax = vA?
|
Ay The wave moves |,
without changing |
ty shape. WY
|
! | X
X, I

Ay The wave moves" :
forward Ax = vAt |

t4 fiuring time
interval Ar. |

Xy

Chapter16_lecture16.1
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History Graph

Ay The string’s displacement as a
function of time at position x,

2

/ \
Leading edge Trailing edge

<——Earlier times Later times——>

©2013 Pearson Education, In

This is a wave pulse traveling
along a string.

Trz{iling edge

Wave speed v

KEY POINT 2!
A wave is a
function of
space and time.

Ay = f(x,t)

9

Lez}ding edge

This is a graph of the string’s
displacement as a function of
position at time f,.

<




SEC 16.2...CONTINUED

So what do we do now? Well, we want to
CONTROL waves, make waveforms of shapes we
choose, modulate them at will Note that we can see
stadium waves, slinky waves, water waves, but can't
see sound waves, light waves, earthquake waves.
Mechanical models of waves we can't see are
sometimes useful.

Price to pay! Learn mathematical description of
waves!!

Note that, for both the transverse and the longitudinal
cases, the wave 1s a function of both space and time.

Chapter16_lecture16.1 10



Mathematical Description of Waves starts by reminding
ourselves of the FOURIER THEOREM
Essence of Fourier Theorem:

Any oscillation of any frequency can be written as
a sum of many sinusoidal oscillations.

Therefore, sinusoidal oscillations and waves
are important! [Sec. 16.3]

Chapter16_lecture16.1 11



SEC 16.3 SINUSOIDAL WAVES...CONTINUED

Travelling Sinusoidal Wave

A sinusoidal (or harmonic) disturbance creates a sinusoidal travelling wave.

At a given time, this wave is a sine wave in space, and at a given point in space,
a point has harmonic

(b) A snapshot graph at one instant of time
D

(a) A history graph at one point in space

D  Amplitude
Perlod T

J A
AWAWAWAY /\/\/\/\
N AVAVAVAVAY NAVAAVAVAV

\TI rough

Wavelength)\ Crest Wave
speed v

© 2013 Pearson Education, Inc.

where D(x,t) is the general disturbance from the equilibrium state.
Note: it is a function of two variables.

“Fundamental Relation for Waves”

Coh=asm ]

Chapter16_lecture16.1
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/203 SINUSOIDAL WAVES . CONTINVED
Travelling Sinusoidal Wave

A sinusoidal (or harmonic) disturbance creates a sinusoidal travelling wave.

At a given time, this wave is a sine wave in space, and
a point has harmonicm

at a given point in space,

(a) A history graph at one point in space
D Amplitude we ‘3_!
Period T 1 T

(b) A snapshot graph at one instant of time

Wavelength A Crest Wave
N ——— speed v

AWA: \WANE 2% I/ WA A
W AVAVEVAVELY SN AVAAVIAVIARV

\\TYough

A4

‘v'vhere D(x,t) is the general disturbance from the equilibrium state. A
Note: it is a function of two variables. \/ = ""J”‘_ of leycle (w) .

’ le
SRR $me fov leyclels) T
“Fundamental Relation forsWaves”
V —
,aﬂ‘/,\

T NOT 13
FORCE LONSTANT OF SPRING !!
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Ay = f(x,t)...but only a specific combination of x &t !!
D

JICAS

Chapter16_lecture16.1 14



Ay = f(x,t)...but only a specific combination of x & t !!

A SN e T T S e

Dt-o e CJ = A
— vE—4 | SINVSOIDAL WMVES
v
\
£ 0 a4 X i
D(xk) = £(x,t)

.F(x,c—) = ;F (xk-vt) PARTICULAR ComBINATION OF X, b
IMPORTANT[ £ (save is traveling vﬁ.o"u.‘fg direchion, np(au'v'w/ '-v'!
ARIDE So, i that case, -f(x,t) s -[-(x+vl:) -

Chapter16_lecture16.1 15



Sec. 16.3 The Equation of Travelling Sinusoidal Wave

(b) A snapshot graph at one instant of time

A = Amplitude (displacement from undisturbed state)

D Wavelength A Crest Wave v = wave speed
speed v
A/\ /\ /\ /\_> A = Wavelength (distance for disturbance to repeat)
\/ \/ x T = Period (time for disturbance to repeat)
—AT ~Siilenigh f = Frequency = %

General Equation of a sinusoidal travelling wave:

D(il?, t) = A Sin(ka; — wt + ¢Q) Travelling in +x direction
D(QE, t) = A sin(kw + wt + gbo) Travelling in -x direction

k = Wave Number = 27” [Units = m™'] (watch the k’s I)
w = Angular Freqency = 27 f

¢o = phase constant 16
Chapter16_lecture16.1



D . History graph at x,

>

NANNN

INAVAVAVAVE

If x is fixed, D (x,, t) = Asin(kx, — ot + ¢,)

gives a sinusoidal history graph at one
point in space, x,. It repeats every 7's.

D Snapshot graph at ¢,

n A NN

NAVAVAVAV

If ¢ is fixed, D (x, t,) = Asin(kx — wt, + ¢,)

gives a sinusoidal snapshot graph at one
instant of time, ¢,. It repeats every A m.

© 2013 Pearson Education, Inc.

Chapter16_lectu

KEY POINT 3

Note that “wave speed” is distinctly
different from the “speed of the
individual oscillators™!

The velocity of the wave -

The velocity of a
particle on the string

A particle’s velocity
1S maximum at zero
displacement.

At a turning point,
the particle has
zero velocity.

Q: What is the speed of the individual oscillators?
A: Simple. The speed depends upon the x-location
of the oscillator, and the time ¢, and is simply given
by the derivative with respect to time of the wave,

le.,
M = —a)ACOS(kX -t + ¢0)

re16.1 ot 17



Whiteboard Problem 1

The displacement of a wave traveling in the positive x-direc-
tion is D(x, ) = (3.5 cm) sin(2.7x — 124¢), where x is in m and ¢
is in s. What are the (a) frequency, (b) wavelength, and (c) speed

of this wave?

d) Whatis D at x = 5.2m and t = 3.6s? [SET CALCULATOR TO RADIANS!!]
e) What is the speed of the oscillator located at x=2m att= 3 s?

Chapter16_lecture16.1 18



/A

Whiteboard Problem 1

A k: w*e - ll’f * 1-‘:
12. | The dlsplacemen}/o‘f a wavefiraveling jf the positive x-direc-

tion is D(x, £) = (3.5 cm) sin(2. 7x — 124¢), where x is in m and ¢

is in s. What are the (a) frequency, (b) wavelength, and (c) speed
of this wave?

d.) WhatisD atx=5.2mand t = 3.6s?

€) Whatis the speed of the ofcillater bocatid ab X = 2m
o £tz 35ec?

a) w= 124 raqs’ :)F-a =13Y . 1992
-y

5) Az € aw - AWM . 233w
k 27
€) vz £X2(197)(233)= Ubws
d D= ;. Sem) Sim [ 2T x 52 =124x3-0) = 3.24ew
e) 4D = — 12y (3-5)cos [27x """*)lx-z = 247 mis
ét I(x,") ‘-‘; ) Chap£r16_lecture16.1 tz3s 19



Whiteboard Problem 2

Write the displacement equation for a sinusoidal wave that
is traveling in the negative y-direction with wavelength 50 cm,
speed 4.0 m/s, and amplitude 5.0 cm. Assume ¢, = 0.

Chapter16_lecture16.1 20



Whiteboard Problem 2

Write the displacement equation for a sinusoidal wave that
is traveling in the negative y-direction with wavelength 50 cm,
speed 4.0 m/s, and amplitude 5.'9 cm. Assume ¢, = 0.

w

» »Y
D(y,t)= A:o‘n(ky-l-wt +/{'>
r rw s 1'Tf: a2 v :7-”'[9);“]1:'
k=2l = 2T .y rad/, A 0S5 s
A 0.5

D(y,t) = (Tem) Sim (Hrry-n- leme )

Chapter16_lecture16.1 21



Sec. 16.3...contd...Wave Phase

For any sinusoidal wave (e.g. 1D):

D(x,t) = Asin(kx — wt + ¢g)

wave “phase”, ¢

Don’t confuse the wave phase, ¢, with the phase constant, ¢;.
¢ gives the phase at t =t = 0.

The wave phase determines where you are on the wave, i.e. a peak or
trough, or somewhere in between.

In chapter 17, we’ll look at combining waves, and the difference in
phase will be very important.

Chapter16_lecture16.1 22



Phase Difference Between Two Points at the Same Time (i.e., in a Snapshot)

Consider a 1D single wave travelling to the right at some time t:

D(z,t) v

Phase difference between points 1 and 2:

A¢p = ¢2 — ¢1 = (kzo —wt + ¢o) — (kz1 — wi + do)
= k(z2 —x1) = ZE(z2 — 71)
Note for: o —x1 = A= A¢p =27 (1 full cycle)
To — T1 = % = Ap=m (1/2 cycle)

Chapter16_lecture16.1



Phase Difference in the Snapshot

The phase of the The phase of the
wave at this point is wave at this point is
b, = kx; — ot + ¢,. b, = kx, — wt + ¢,.
| |
| |
The phase difference
between these points is
Ap = ZWATx.

©2013 Pearson Education, Inc.
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Phase Difference in the History graph
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Phase Difference in the Snapshot Phase Difference in the History graph
fix X’
D )t’ D
: Ax -
1 i
"N .
| .
L § |
I 2
The phase of the The phase of the A ¢ = ¢ = ¢
i e a /
wave at this point is wave at this point is
& =5 —at F 6 @ = kx, ~ @t + Py, :(kx_wb +¢O)
| | A
| |
K — - ( lex -wb, 1'%)
The phase difference
between these points is A ﬁ - W ( = et ez )
A = 25T, €.9. KEEP IN MIND WHEN WE
T evq  KBEP IN MIND Discuss " BEars*
wk DiISWES  Chapter16 lecture16.1 25



SKIP SEC. 16.4, 16.6

Chapter16_lecture16.1
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Sec. 16.7: Waves in 2 and 3 Dimensions

Wave fronts
waves on a pond

m —_—
T < - =
\ // Source [/
5 /
(
/

A

SZ S

In 2D or 3D, the amplitude of the wave will decrease since the energy is
spread out over a larger circle (in 2D) or a sphere (in 3D). So a sinusoidal wave
looks like:

D(r,t) = A(r)sin(kr — wt + ¢q)
Note: this is for an outgoing wave.

Chapter16_lecture16.1 27



Whiteboard Problem 3

A spherical wave with a wavelength of 2.0 m is emitted from
the origin. At one instant of time, the phase at r = 4.0 m is 7 rad.
At that instant, what is the phase at r = 3.5 m and at r = 4.5 m?

Chapter16_lecture16.1 28



Whiteboard Problem 3

A spherical wave with a wavelength of 2.0 m is emitted from
the origin. At one instant of time, the phase at r = 4.0 m is 7r rad.
At that instant, what is the phase at » = 3.5 m and at r = 4.5 m?

Ag = 2T (r‘l.'rl)

”;:." A
T 3Fm; ¢&_ W= Ir (3.3'- )
2 (355
C.SYwm ! x

: ) w4 ﬂ‘[l_'f' J-F-HJ: o.FIT

Y, + Y.5m ¢, - = Iu- ( 4.5-4)

2 Tr[l-k'-lr-u] K]

Chapter16_lecture16.1 29



(a)

Wave fronts are the crests of the wave.

They are spaced one wavelength apart.

00

= e
.
.
.
.

=5

Ve, 1%

.0

o
‘e

The circular wave fronts move
outward from the source at speed v.

(b)

Very far away from
the source, small -.., Al X | A

%2
)
(@}
=
©]
=
7]
Q
-
=
=
(¢]
=
fav]
=z
(¢]
w

fronts appear to be

straight lines.

© 2013 Pearson Education, Inc.

Rarefaction Compression

Loudspeaker A
—
o y
990%50 ooooo O%OO
09%0 /09%00 °%0
o _ 00 %2 "0 0 20 °
9 o ° 9, o 8 9
00 . Vsound
x® #9%09 o . o, 0
o °%o 099, ° °
o0 N ) 9 000
002 o0 g%o % o
o 09% ° o .
Molecules

Individual molecules oscillate back
and forth with displacement D. As

they do so, the compressions propagate
forward at speed v,,,,. Because
compressions are regions of higher
pressure, a sound wave can be thought
of as a pressure wave.

©2013 Pearson Education, Inc.

’ e -~
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Sec. 16.5: Sound Waves

Sound waves are longitudinal compression waves that propagate through
a medium — gas, liquid, or solid.

Sound Waves in Air:

The speed of sound

Rarefaction Compression Medium Speed (m/s)
Loudspeaker A / Air (0°C) 331
Air (20°C) 343
Helium (0°C) 970
—> vsound
» Ethyl alcohol 1170
: Pressure
and density Water 1480
: vary sinusoidally.  Granite 6000
Molecules Aluminum 6420
Individual molecules oscillate back e —E—

and forth with displacement D. As

they do so, the compressions propagate
forward at speed v, . Because
compressions are regions of higher

pressure, a sound wave can be thought Vs (at 1T = ZOOC) = 343 m/s

of as a pressure wave.

The speed of sound in a gas is slightly
temperature dependent, for air we will use:

Human frequency audible range:
~20Hz< f< ~20kHz
31
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Have you ever breathed Helium from a balloon? Why does this happen?

Helium in your vocal tract causes it to resonate at higher frequencies so those
frequencies dominate what is emitted.

Chapter16_lecture16.1

32



Sec. 16.5: Light, an Electromagnetic Wave

Light is a disturbance in the electromagnetic fields* created by
oscillating electric charges. All electromagnetic waves propagate at:

Speed of light in vacuum, ¢ = 3 x 10% m/s

The Electromagnetic Spectrum:

Increasing frequency (Hz) ——> All of these travel at speed c (in vacuum)

196 198 l(l)m 1(1)12 1914 1916 1(?18
AM radio FM radio/TV Microwaves Infrared Ultraviolet X rays
300 3 0.03 3% 10~ 3% 107 3% 107 3% 10710

<— Increasing wavelength (m)

Visible light

Human eye is sensitive
only at these wavelengths

|
N—700nm 600nm 500nm 400 nm

*There are actually two models of light that are used in physics. The Wave Model was
discovered by Maxwell in the 1860’s (we’ll look at this in PHY192); however, in the early
20t century, it was realized that Maxwell’s wave theory didn’t work in the realm of atoms.
As we'll see, this requires that light be viewed as a particle with wave properties or a wave
with particle properties. Chapter16_lecture16.1 33



Sec. 16.5: Light, an Electromagnetic Wave

When light passes through a transparent medium®, it slows down. This
Determines the medium’s index of refraction:

. ___speed of light in Vac  _ ¢
Index of Refractlon, = speed of light in medium =~ v

A transparent material in which
light travels slower, at speed v = ¢/n

Vacuumn = 1 = Index n n=1
When entering a medium, the Ay A=A, /n
speed of the wave changes, but —> —

the frequency remains the same.
Thus the wavelength must change:

The wavelength inside the
*This happens for other material decreases, but the
types of waves too. Chapter16_lecture16.1 frequency doesn’t change. 34



Light, an Electromagnetic Wave

When light passes through a transparent medium®*, it slows down. This
Determines the medium’s index of refraction:

Glass, n= 1.5 waber, m =133

d of ligh V. *'o ”I:
. == speed of light in Vac
Index of RefraCtlon’ 2 - speed of light in medium § = C/'n
V= f )N A transparent material in Wthh
light travels slower, at speed v = ¢/n
)c = ‘/v\ = m—
Ndum VQC Vacuumn = 1 * Index n n=1
When entering a medium, the A, K=
speed of the wave changes, but ey SEdIE g

the frequency remains the same.
Thus the wavelength must change:

.
)‘n\ i = __v;cmm

The wavelength inside the

material decreases, but the

frequency doesn’t change.
Chapter16_lecture16.1 35

*This happens for other
types of waves too.



Whiteboard Problem 4

Cell phone conversations are transmitted by high-frequency radio waves. Suppose the signal
has wavelength 35 cm while traveling through air. What are the

(a) frequency and (b) wavelength as the signal travels through 3-mm-thick window glass into
your room? (Refractive index of glass = 1.5)

An experiment set up in Samir’s lab downstairs can create atomic vapor with a refractive index
of 107 (!) using a phenomenon discovered in 1990 called “Electromagnetically Induced
Transparency”. What is the speed of light through such a medium?

Lene Hau was the 15t physicist to produce “slow light” in 1999 at Harvard U. Follow the links
below to see two 3 min videos on her “slow light lab”.
https://www.youtube.com/watch?v=EK6HxdUQmSs and
https://www.youtube.com/watch?v=-8Nj2uTZc10

Applications: Quantum Information storage and processing

Chapter16_lecture16.1 36




Whiteboard problem 4

‘Fv«. = ‘Fg lass
‘4,\

a) 3x lo'°¢n,; s 2.6)(!0"'!1.
3S¢wm
™
®) AJ““ = -\-,"-’“ = c/“ = 53-:"0 =233
f f ‘ ; Cwm
Coxidf
e ————— —
V= C/,n = 3x10 w/s = 30ows
‘ Ty
afomic
VA'OI’
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[Source: Natural History Magazine, March 1974]

mph

Peregrine Falcon 200+
Cheetah 70
Horse 50
Domestic Cat 30
Grizzly Bear 30
Human 28

Giant Tortoise 0.2

* measured over 100 yards

m/s
90+
31%*
22
13
13
12**

0.09

** measured over 15 yard segment of a 100 yard run!
Usain did 10.3 m/s at the World Championships.

You are not Usain.

CHAPTER1_LECTURE
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Skip Sec. 16.8

Move on to Sec. 16.9:

he Doppler Effect

The Doppler Effect refers to a change in the perceived wavelength (or frequency) of
a wave due to the motion of the source or the observer. It was discovered in the
1840’s when it was first noticed for trains._Today, it still shows up in TV shows.

What causes the Doppler Effect?

(b) Snapshot at time 37

(a) Motion of the source

The dots are the positions of the
source att = 0, 7, 27, and 37.
The source emits frequency f,.

Pablo
" o o
0 1 2 9
q

Crest 0 was emitted
atr

Pablo sees the source
receding at speed v,.

Nancy sees the source
approaching at speed v,.

Pablo detects
frequency f_.

In front of the source,
the wavelength is
compressed to A .

Behind the source,
the wavelength is
expanded to A _.

b A R
=y P

g_

Nancy detects
frequency f. .

Crest 1 was emitted Crest 2 was emitted

0. The wave att = T. The wave att = 2T. The wave
front is a circle
centered on point 0.

front is a circle
centered on point 2.

front is a circle
centered on point 1.

Chapter16_lecture16.1 39



i) Moving observer i) Moving source

Stohone =V
Souree, 7?% T

Moving You u/ S’Med v, .'S"'M-»'onc:’ Souree!
—_

—_  speed of wave
1) Towavd scurce t-zwa-vdfym Vv,

z.) AMJ -fwm Sgureg —-— ¢ *  EY=V,

For 1) F'= yivo = —("’1-') :C("""’u Note! Speed of wave = v once it leaves source, not v + v, or v — v,/
A Behi e source In front of the source
’. V=V ehind the source, : ,
For 2) {7z Vv-V5 = QC( 4 the wavelength is the wavelength is

D\

expanded to A_. compressed to A,.

The dots are the positions of the
source att = 0, T, 2T, and 37.
The source emits frequency f;,.

Pablo Nancy
¢ o o= Ig
0 1 2 3
—
Vs Pablo detects Nancy detects
frequency f. frequency f, .
Pablo sees the source Nancy sees the source
receding at speed v,. approaching at speed v..
Crest 0 was emitted Crest 1 was emitted ‘Crest 2 was emitted
att = 0. The wave att = T. The wave att = 2T. The wave
front is a circle front is a circle front is a circle
Chapter1 6_Iectu re16.1 centered on point 0. centered on point 1. centered on point 2. 40

© 2013 Pearson Education, Inc.



i) Moving

f &

SovaeLE

st

Sourte, yow

Moving Yeou u/ speed V,
——

1) Toward scurce

2) Away fnm Souree —

For 1) -f’-

observer

ey 9"
ed A
ahonory f: {_

,‘S"'wh‘on-J Souree:

speed of wave
bzu.vdo;ym = V4V,

=Y=Vo

Vavo __{l+,¥.) :F(v-we

" Ld

i) Moving source |

)) ;_%3)) ),

(v-v%)3

‘f+

Note! Speed of wave = v once it leav

Behind the source, In front of the source,
For 1) J" = Y-V = !%!. the wavelength is the wavelength is
i expanded to A_. compressed A,
The dots are the positions of the A Asine”
source att = 0, T, 27, and 3T7. ' Distance d -
The source emits frequency f. l t Al
Pablo Nancy ¥ =f x : : / )
.-"'. ° ¢ / t
o o - - ‘ = K
0o 1 2 3 - f A \ |
S + - *
% = Pablo detects X7 / Nancy detects
. f X frequency f.. frequency f,.
Pablo sces the source Nancy sees the source - +
receding at speed v,. approaching at speed v,. o

©2013 Pearson Education, Inc.

Chapter16_lecture16.1

‘Crest 2 was emitted
atr = 2T. The wave
front is a circle

centered on point 2.

Crest | was emitted
att = T. The wave
front is a circle

centered on point 1.

Crest O was emitted
at t = 0. The wave
front is a circle
centered on point (.
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A = "perceived" distance between crests if source is moving with velocity v

Speed of sound
Source speed

1)) DN D))i/
S

A = distance between crests
if source is stationarv

e ©LD source position
« N EwJ source position

You stahenamy, SCURCE MovING TowaRp Yeu !

o< N
f = ¥ f source, you stahonary
A
% f’: Yy r.e ;F, 7f
A= v [=Vi; NN T = V:T = V=¥
- = (v- Vs)T
i ’: v - \YJ
JC % ( V=5 ) f

You stahcnary, SCURCE MOVING AwAy FRom

Xy, £<F =
I= __v_
= i)t e
N E ke 1ght waves
6 e m?u\.‘vﬁse edanding ?

Doppler shift chart for sound
(for light use Eqgns. 16.67)

> Increase in peveeived 7Cc1mn3

= cecrease " "

1\ n
TowaRD

w v

Awny

@ SoURCE TownroYoU, YouU TowAlD STURCE :

f'= £ [ Tre)
() SoURCETownaD You, YOU AwAY Feom SOURCE:
V=V
f ( L Vso)

@ SOURCE AwAY FRom You, YoU TowARD SOURLE:

'F :F( V+Vo)

V+ Vg
® SOUKLEM"FAcq You, YOU Awny FRom SuRCE:
4‘ ( V- Vo )
V4 Vg

All possible cases are indicated above
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COOL APPLICATIONS OF DOPPLER EFFECT:

1)

2)

The Universe is expanding!

Slowing/cooling atoms using light —

create the coldesk matter in the Universe!
(Use “Resonance” AND “Doppler effect”)

1997 Nobel 42




Whiteboard Problem 5

A bat locates insects by emitting ultrasonic “chirps” and the listening for echoes from the bugs.
Suppose a bat chirp has a frequency of 25 kHz. How fast would the bat have to fly, and in what
direction, for you to just barely be able to hear the chirp at 20 kHz?
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Whiteboard problem 5JC

(20 kH) = @-YU"‘L)(

2o . _3u3
¥y 343 +v;

20 (§q3 *y) = 3u3(as)

éz)c" (va_;:v,)

343
43 4+ Vi

V, = 343(25-20) = TS5 8w

20
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Slowing/cooling atoms using light (The 1997 Physics Nobel)

“How to use Resonance and the Doppler Effect to do Nanotechnology”

o\
photons AV
NN A
~ km/s

Atoms may be moving in any direction...
...S0 shine photons from all directions!

Problem: Forces from
counter-propagating laser beams cancel!

45
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Slowing/cooling atoms using light (The 1997 Physics Nobel)

“How to use Resonance and the Doppler Effect to do Nanotechnology”

Concept 1: “Model Atom = heavy nucleus + electron attached by spring”.

Natural frequency of electron oscillator = g CAVAS:
o\~
nucleus “” . phOtOﬂS ./\/\J./\/\.-v
—rm\—'.electron L VA 4

~ km/s

Atoms may be moving in any direction...
...S0 shine photons from all directions!

Problem: Forces from
counter-propagating laser beams cancel!
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Slowing/cooling atoms using light (The 1997 Physics Nobel)

“How to use Resonance and the Doppler Effect to do Nanotechnology”

Concept 1: “Model Atom = heavy nucleus + electron attached by spring”.

Natural frequency of electron oscillator = g CAVAS:
o\~
nucleus “” . phOtOﬂS ./\/\J./\/\.-v
—rm\—"electron L VA 4

Concept 2: Incident light is a wave with (driving) frequency oy, ~ km / S

o, Lightwave ' ' Atoms may be moving in any direction...
_fm_. <— WWWWW ...S0 shine photons from all directions!

Problem: Forces from
counter-propagating laser beams cancel!
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Slowing/cooling atoms using light (The 1997 Physics Nobel)

“How to use Resonance and the Doppler Effect to do Nanotechnology”

Concept 1: “Model Atom = heavy nucleus + electron attached by spring”.

Natural frequency of electron oscillator = g CAVAS:
o \/
nucleus “” . phOtOHS ./\/\J./\/\.-v
—rm\—'.electron o\~

Concept 2: Incident light is a wave with (driving) frequency oy, ~ km / S
o, mw Atoms may be moving in any direction...
_rmm_’ < ...S0 shine photons from all directions!

Concept 3: Electron oscillator maximally absorbs light wave (i.e., the atom
feels the maximum force from the light) when w,. = @y i.e., at resonance!
This is true for a stationary atom. But forces from opposite beams cancel.

W, Light wave

—

Problem: Forces from
counter-propagating laser beams cancel!
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Slowing/cooling atoms using light (The 1997 Physics Nobel)

“How to use Resonance and the Doppler Effect to do Nanotechnology”

Concept 1: “Model Atom = heavy nucleus + electron attached by spring”.

Natural frequency of electron oscillator = g CAVAS:
o \/
nucleus “” . phOtOHS ./\/\J./\/\.-v
—rm\—’.electron o\~

Concept 2: Incident light is a wave with (driving) frequency oy, ~ km / S
o, mw Atoms may be moving in any direction...
_fm_, < ...S0 shine photons from all directions!

Concept 3: Electron oscillator maximally absorbs light wave (i.e., the atom
feels the maximum force from the light) when w,. = @y i.e., at resonance!
This is true for a stationary atom. But forces from opposite beams cancel.

W, Light wave

Concept 4: For a moving atom, say to the right, arrange ®,, < w,. The right-

hand beam is Doppler-shifted into resonance but not the left-hand beam!
Wy> @y, Wy> @,
w, —> Light wave

Problem: Forces from
counter-propagating laser beams cancel!
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Slowing/cooling atoms using light (The 1997 Physics Nobel)
“How to use Resonance and the Doppler Effect to do Nanotechnology”

Concept 1: “Model Atom = heavy nucleus + electron attached by spring”.
Natural frequency of electron oscillator = g

nucleus “k” m

Concept 2: Incident light is a wave with (driving) frequency g,

Light wave

Concept 3: Electron oscillator maximally absorbs light wave (i.e., the atom
feels the maximum force from the light) when w,. = @y i.e., at resonance!
This is true for a stationary atom. But forces from opposite beams cancel.

w,

33885 @

Light wave

,,
VW —> <— WV

Concept 4: For a moving atom, say to the right, arrange ®,, < w,. The right-
hand beam is Doppler-shifted into resonance but not the left-hand beam!

w,> W,
—> Light wave

Wy,

Concept 5: This moving atom absorbs more photons from the right-hand
beam, thus feeling a net force to the left, hence slowing the atom down!
But, what if the atom was moving to the left?

Simple — then it absorbs more from the left-hand beam again slowing it!

, <]
NNV —>

07

55055 @

(07

B85 @

w0> a)dr
Light wave

<\, @

Wh

538585 @

Do this from all 6 directions...now the atoms have nowhere to go! They
are slowed down in every direction...we have the slowest, the coldest atoms
in the universe!!! Great building blocks for nanotechnology!!

a)0> a)dr

photons
o\

Atoms may be moving in any direction...
...S0 shine photons from all directions!

trapped ball
" of atoms
X ! (~ cm/s)

counter-propagating-taserbeams-cancell

w,> 0,

50
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COLDEST MATTER IN THE UNIVERSE

v

* ~10-100 million atoms in a 1-2 mm diameter ball

« Density: ~1079 atoms/cm3

« T: 30 uK! Speed: 10 - 30 cm/s — Nobel 1997

« Matter Waves & Bose-Einstein condensation — Nobel 2001
e Quantum Optics / Atom Optics — Nobel 2005

* Quantum Information processing — Nobel 2012

« Nanolithography, Atom Lasers, Quantum Computers









