. Vagrorelselara och

Kapitel 14 - Harmonisk oscillator
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Harmonic oscillation: Experiment

Experiment to find a mathematical
description of harmonic oscillation

Vincent Hedberg - Lunds Universitet

Harmonic oscillation: Experiment

" 5
e
Conclusion: Harmonic oscillation can be described by the function:

x = A sin(Bt + C)
where t is time and A, B and C are constants describing the motion.

Vincent Hedberg - Lunds Universitet 3

Harmonic oscillation: Function

X = Asin(Bt + C)
or
X = A cos(Bt + C - 1/2)

- ,”'/
x : Vertical displacement. Unit: meters

t: Time. Unit: seconds

A : Amplitude (maximum movement). Unit: meters

B = @ : Angular frequency (number of oscillations per second times 2m).
Unit: Radians per second

C = {0 : Phase angle that determines position at time = 0. Unit: radians

Vincent Hedberg - Lunds Universitet




Harmonic oscillation: fand T

X = A sin(ot + ¢)
or

X = A cos(ot + ¢)

= - '--_ = T /‘_ - _‘II/
e - =,
e
T: Period = The time it takes for the weight % :-"-5:
to go up and down. Unit: seconds W _
L0

Harmonic oscillation: Phase angle

The phase angle (¢) determines the el b
position at time = O since then .
x = Asin(¢') or x = Acos(¢)

2n Imf2 om w2 0 w2 m /2 2m

SEgE  SEgE fags

)
£ . . §
f: Frequency = The number of periods per " » Tl ‘ t | ' t ! t
second. Unit: 1/Seconds - ol
' X = A sin(ot) X = A cos(wt) X = A cos(ot + 1)
f=1/T o = 2rf X = A cos(ot - w/2) X = A sin(ot + 1/2) X = A sin(ot - 1/2)
Formelsamling el
Vincent Hedberg - Lunds Universitet 5 Vincent Hedberg - Lunds Universitet 6
3 Harmonic oscillation: 3 Harmonic oscillation:
velocity & acceleration velocity & acceleration
We now have a mathematical description of the =
displacement. -
What is the velocity and acceleration ? i
d
dt Displacement: x= Asin(®ot) — X =A
(t) dv Velocity: v= d—f v=0m A cos(0f) —» v . =0OA
a — —
dt Acceleration: a= -g‘:— a=-0% A sin(0t) —_p Ay = O A
Vincent Hedberg - Lunds Universitet 7 8
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Harmonic oscillation: Summary

X The displacement (m) =
A )
W 2

—+ A The amplitude (maximum) = i ‘\,_

O -+ 0 Position at rest

Harmonic oscillation: The spring

t
——-A  The amplitude (minimum) ""—;‘—""
X The displacement (m)
A The amplitude (m) x= Acos(@ttg) —w Xy =A Xmin = -A
t Time (s) v =-0 Asin(WtH)) —= V. = DA Vmin = “0A
T Period (5) a==0" Acos(0t+0) —m . = 0PA  Agip = -0°A
f Frequency (Hz) =1/T
® Angular Frequency (Hz) =2/ T=27f
9
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Properties of a spring

Hookes law & Forces
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Harmonic oscillation: The spring

Force

Hooke's law for a spring

= —kX

> P e
DWW ==
>AMWWA
>NV

\
s’
C’
Compression Elongation
X 1
x| T———— 'l
' |
]
i
L]

Formelsamling

EaVAVAVAVAVAVAVA

Harmonic oscillation: The spring

. . T E = . ——
Gravity will 4= [ L2
stretch the P ' %E - ;}:t =

o A hanging spring c F=k(Al - x)
Spr‘lng 1'0 a that uls_c}-s Al Pkl 0
new eqilibrium ook #=0 - "
position. mg
mg
_\-‘}, Tibsid iti
o . SJuibrum posiion
This is not the H] s e .[\,
.. (spring relaxed)
case when the Spring
spring is ganatt . "
horizonthal. o~ il

Vincent Hedberg - Lunds Universitet
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However, the oscillations will be the same.

Vincent Hedberg - Lunds Universitet
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Harmonic oscillation: Forces

Harmonic oscillation: Forces

Newton’s first law of motion: A body acted on by no net force moves with
constant velocity (which may be zero) and zero acceleration.

x=0 F'roml:o c‘x:0

Newton’s second law of motion: If a net external force acts on a body, the
body accelerates. The direction of acceleration is the same as the direction of the
net force. The mass of the body times the acceleration of the body equals the net

x>0 I:'ro'ml<0 ax<o

force vector. ”,

_) -
EF = ma (Newton’s second law of motion)
x<0 F'ro'rr.\l)O C(x>o

Vincent Hedberg - Lunds Universitet 13 Vincent Hedberg - Lunds Universitet

Harmonic oscillation: Forces

Harmonic oscillation: Forces

v
: X = Acos(0t+)
F | x Old for‘l’nUlaSI v=-0 Asin(mt+¢.)
.
; \mm\m X 2= -0 Acos(@t+d) |:> a, = —wx
a*x k : ; ;
: : : New formula: @ =-5=——x  (simple harmonic motion)
F. = —kx (restoring force exerted by an ideal spring) dt i
Ef} = md (Newton’s second law of motion) ) k
Combine: =2 —— The frequency
m depends on the
i X 2 spring constant and
a,= ? S ¢ (simple harmonic motion) Formelsamling W= ,[— the mass
at m
15 Vincent Hedberg - Lunds Universitet 16
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Harmonic oscillation: Forces

Harmonic oscillation: Forces

i it . . T E = L
An alternative way to look at it Gravity will 1z i i
(.l'.'z.l' £ = i . azx k STreTCh fhe A I1au1u|ng{;nng 4*; :'3 . -“. c i F=k(Al - x)
ay =—5 = ——x  (simple harmonic motion) ——— N—+—x =10 spring to a that obeys A '
dr? 0l at? s e il kAl p
new eqilibrium — =i A
position. , mg
This is a differential equation s
with the following solution:
x = Acos(wt + @)
F k
S [ —_— | —w?Acos(wt + @) + ?—?;Ams(mt +¢)=20
—w?Acos(wt + @) + w?Acos(wt + @) =0
Vincent Hedberg - Lunds Universitet 17 Vincent Hedberg - Lunds Universitet 18
Harmonic oscillation: Forces Harmonic oscillation: Forces
The mass hangs in the spring without oscillations: = Sring. S spring
— stretched =, =" siretched
= byAL == = by AL —X
. . . — — / = A{, = AF,
Frotat = Fsy — Fg = kAL —mg E k — The mass .hangs Unstretched AL - [ .
= > in the spring spring = X m 8 o
— and oscillates: — I Fi
ﬁmm =mda=0 Unstretched AL :: : i
spring —_— - Block's v L
- F, equilibrium A1 iation
position
m
m
AL = Tg F,
Frotar = Fsp —Fe = k(AL —x) —mg
19 20
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Harmonic oscillation: Forces

Harmonic oscillation: Frequency

; . _mg | k
Spring at rest: AL =-= f=-—==—.=  (simple harmonic motion)
20 2w \m
/
P =F B = —-x) — Newton's 12
Frotal = Esp F¢ = k(AL —x) —mg . r=-=""c-2g E (simple harmonic motion)
second law: f Vk
ﬁt = 3 = ﬁ = —kx Ft tal = mf_i :!t 0
otal —“sp G o Note: f and T depends only on k and m but not on the
amplitude !
. 0%x 62x k _ — .
~hmi ey BV o T T s T e
X increases the penod ¥ no effect on the penod
&y 12 A L
. . . . . 2 0 { 0 L 1 1 1 t
Thus isa dlffergnflal eq'ucn‘”lon % = Acos(wt + @) = k W v
with the following solution: m m YA

Vincent Hedberg - Lunds Universitet 21 Vincent Hedberg - Lunds Universitet 22

Harmonic oscillation:
Summary Forces

Harmonic oscillation: Energy

Hooke's law for a spring

m = - -
AL = — Ftotm:Fsp_FG:k(AL_x)_?ng

F=-kX

The differential equation describing the motion:

ok T Energy in harmonic oscillation

% Formelsamling

w=.]—
\Vom

] 1
o] T L
277 27 N m

(simple harmonic motion)

I | 2 F . : :
T=—F—=2m,/— (simple harmonic motion)
f 10} Y &

Vincent Hedberg - Lunds Universitet 23 Vincent Hedberg - Lunds Universitet 24




Harmonic oscillation: Energy Harmonic oscillation: Energy

X = Acos(ot+d)
k
The TOTGI v=-0 Asin(mt+¢) o m
) v mechanical energy is Ry
constant E,= % ka? = % k A2 cos?(wt + ¢) E $=0
E
Vo2 L1 o250 2 %MF T
E E,= 5 mv :‘:’WA sin(wt + ¢) EP
1
Es E= 5 kA% sin?(wt + ¢)
4
Kinetic energy: g, = ’# Ep Et: El',k + E]J :i 1
Potential energy: E, = kz‘z 4 0 TR = 5 kA? (COSz(wi + (,b] — sinz[wt + é))
Total energy: I'I|=F.|‘+l':p=k'T_\2 (Ei=0for x=A) - lk‘AQ E=%mv§+-:-kx2 =%kA2 = konst.
2
Vincent Hedberg - Lunds Universitet 25 Vincent Hedberg - Lunds Universitet 26

Mechanical waves:
Transverse waves

Vagrorelselara och optik

Transverse waves

Kapitel 15 - Mekaniska vagor
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Mechanical waves:
Transverse waves

Transverse wave: The medium moves
transverse to the wave direction.

Mechanical waves:

S Transverse waves

A sinusoidal transverse wave is when the waves have a
periodic sinus shape.

Vincent Hedberg - Lunds Universitet 29
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Mechanical waves:
Transverse waves

Mechanical waves:

S Transverse waves

Transversal sinusoidal wave:

Every point on the wave
Y moves up and down like an

vV . ) .
harmonic oscillator with the
—>
AmDIiludaI < per‘|0d T

x y 4

VIV AWAN

‘Wavelength \/ v
(o]

en

Definitions:
y v A: Amplitude (m)
— > T: Period (s)
AmplitudeI 7. Wavelength (m)
X v: Wave speed (m's)=4 /T

\/ l v f: Frequency (Hz)=1/T
o: Angular frequency (radians /'s) =2 m f
Wavelength k: Wave number (radians 'm) =2 m/ L

Vincent Hedberg - Lunds Universitet 3t
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Mechanical waves:
Longitudinal waves

Mechanical waves:
Longitudinal waves

Longitudinal waves

Vincent Hedberg - Lunds Universitet 33

Longitudinal wave: The medium moves in the
wave direction.

PR AR b )
A R LR )

PR e
T

Vincent Hedberg - Lunds Universitet 34

Mechanical waves

Longitudinal sinusoidal wave

Vedocity of V
POPAGAton —

O GUSOAIMOTOTT0 00 0 0000RIN

Displacement ——

v
X

Amplitude
f—

Every point on the wave
< moves sideways like an

harmonic oscillator with the
> period T.

pous,

Vincent Hedberg - Lunds Universitet 35

Mechanical waves:
Longitudinal waves

What is the wavelength (1) for a sinusoidal wave ?

What is the wave speed (v) ?

=A/T

I AT AW
|!||||“]“]|H|H”. 1A HIJI|||,|”” nIJ,l,i.‘.J.‘u""-‘::". 'H']'“-U".*J,ﬁjm-mn'l.\“m“ \)

Transverse Wave Transverse Wave

| |J|'|u_mlmmm|ﬂ | j_} 1} rh I.'I ."' I,\ ,u‘,-*,,‘.\,*.'.-'.1.“““”1“1"‘"‘-“”-‘- WY Jq )0 A A AAAA AR I VYV W

Longitudinal Wave Longitudinal Wave
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Mechanical waves:
The wavefunction

The wavefunction

Vincent Hedberg - Lunds Universitet 37

Mechanical waves:
The wavefunction

The height of the wave as a The height of the wave as a
function of distance x function of time t

yh y.ﬂ

AN AN
VAV RVAY,

Wavelangth Period

Wavefunction y(x,t):

Function that describs the height of the wave as a function of
time and distance

Vincent Hedberg - Lunds Universitet 38

Mechanical waves:
The wavefunction

ys y4

x VAW
\\/A\/ \/ \/

v(x,t = 0) = Acoskx (x =0,1) = Acosw!
\ (sinusoidal wave moving
v(x,t) = Acos(kx — wt)

in +x-direction)

+ if moving in the -x direction

Mechanical waves:
The wavefunction

Vincent Hedberg - Lunds Universitet 39

(sinusoidal wave moving
v(x, t) = Acos(kx — wt) ) o =
N ~ in +x-direction)

Amplitude: A

21
Wavenumber: |k = —
Y

Formelsamling

v=A/T dw = i
f 17T Angular frequency -

=A/T=(@2nk)/(2r/I®) = o /k

Vincent Hedberg - Lunds Universitet 40




Mechanical waves: Summary

The wavefunction:  y(x, 1) = Acos(kx — wr) ‘

Velocity and acceleration up and down:
dy(x, 1)
vy(x 1) = o wAsin(kx — wt)
' L4
av(x, 1) N 4
ay(x, t) = 2 = —w'Acos(kx — wt) = —wv(x, 1)
: a2

The wave equation: |22 - %‘{,\ :

- FFormelsamling
x?

v=A/T=02nrk)/(2CT/0)=0/k

Mechanical waves: Wave speed

Vincent Hedberg - Lunds Universitet
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Wave speed and
the string
characteristics

Vincent Hedberg - Lunds Universitet
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Mechanical waves: Wave speed

The wave speed in a string depends on two things:

\/? L —— Force (or string trension)
0= 4=
M —— String mass per unit length

Formelsamling

F . Equilibrium [ F
String in equilibrium =

More generally:

- \]Rusmring force returning the system to equilibrium
Inertia resisting the return to equilibrium

Vincent Hedberg - Lunds Universitet 43

Mechanical waves: Reflections

Reflections

Vincent Hedberg - Lunds Universitet
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Mechanical waves: Reflections

Mechanical waves: Reflections

Reflecti f Boundary conditions The wavefunction of two waves is typically the =
erlecrtions ot a wave P Nﬂ sum of the individual wavefunctions.

y(x, £) = yi(x, t) + y2(x, 1)

This is called the principle of superposition.

This is true if the wave equations for the waves
are linear (they contain the function y(x,t) only
to the first power).

- -4
A Jn[ For example can sinusoidal waves be
H superimposed like this because their wave

i >
equation (1) 1 v(x, 1)

q . ) s ~ 2 < >
The support provides an opposite force ax v:  at
which produces and inverted wave. R is linear. _/\\K
0
Vincent Hedberg - Lunds Universitet 45 Vincent Hedberg - Lunds Universitet 46

Mechanical waves: i re Mechanical waves:
Standing waves o L Standing waves

e
| e
Standing waves o
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Mechanical waves:
Standing waves

1 /\W ‘\7\/\/\/ < ni(x. 1) = —Acos(ky + wr)

— va(x, 1) = Acos(kx — wt)

R RAREEREETRE

4
2 AR
Different times

& B 4 AGA A LA
4. l\\'/r\\'ﬂ\\'/!\\./f \\'jf\\'j/\\'jf\\'jf
AARAAAARY

y(x, 1) = yi(x, 1) + yo(x, 1) = A[—cos(kx + wr) + cos(kx — wt)]

Vincent Hedberg - Lunds Universitet
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Mechanical waves:
Standing waves

Wavefunction from superposition of two waves:

v 1) = v ) + va(xr) = A[—cos(kv + wt) + cos(kx — wr)]

Trigonometrical relationship:

cos(a = b) = cosacosh + sinasinb

U

Wavefunction:

v(x, 1) = vi(x 1) + ya(x, 1) = 2Asinkx sinewt

Nodes are given by sin(kx) = O kx =0, m, 2, 3m, ...

\ 7 2w 3w
‘r_U'k'k'L

A 21 3A
gt

Vincent Hedberg - Lunds Universitet
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Mechanical waves:
Standing waves

Wavefunction:
v(x.t) = 2A sin(kx) sin(mt)

Velocity:

vy(x,1) = v

M —> vy(x.t) = 2A® sin(kx) cos(mt)

Mechanical waves:
Stringed instrument

Acceleration:

dvy(x. 1) a%y(x. 1)

ay(x, 1) = r——— v
¢

—> ay(x.t)=-2An? sin(kx) sin(ot)

Stringed
instrument

Vincent Hedberg - Lunds Universitet
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Mechanical waves:
Stringed instrument

Instrument with strings of
length L has nodes at both \

ends.

L=ns (=123 .. )M = (mn=1,23 ...)
2. k? =
Nodes when *=0.7,=2,=%, . /

k
A
2

sin(kx)=10 ot

Formelsamling

A=v/f

fy= 3 where the velocity (v) is the same for all n

—

15t harm
\ One half wave
n=1 2 W
M=fL hi= —rl L
i 2nd harmenic
f,,=ﬂ; Fnfy (n=1,23,...) ] Two half waves
=T n=12 R ;] _ ¥ _ v
L=%L Bh= v 2,
fy, f2, f5... Harmonic frequencies et harionic N
f,: Fundamental frequency . Th""'; HalE e 5
fa, f3, f4... Overtones M=FL G=g=a=3M
Vincent Hedberg - Lunds Universitet 53

Mechanical waves:
Stringed instrument

Fi= U/ZL
1 &
Formelsamling A5 ===
2LN

v=VF/u

Long string: Low frequency
Thick string: Low frequency
Large tension: High frequency

A stringed instrument does not produce only harmonic frequencies
but a superposition of many normal modes.

Vincent Hedberg - Lunds Universitet
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Vagrorelselara och optik

Kapitel 16 - Ljud
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Sound & Pressure

Sound as pressure
waves

Vincent Hedberg - Lunds Universitet
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Sound & Pressure

Longitudinal sinusoidal wave

Velocity of Formelsamling

GOGSENMINNO000 0 0 00000

Displacement ——=

w
U—f'l—?

Amplitude
e

1A 00 A A VY

Longitudinal Wave

pous

> y(x,t) = Acos(kx — wt)
2m _2m
<,'* k=7 =7

Sound & Pressure

Vincent Hedberg - Lunds Universitet 57

Piston moving

in and out:
lorgitucinal (lefl -nght) paricie deplacement
Air molecule X
movement: y —>
Pressure: p >
58
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Sound & Pressure

Bulk modulus

The bulk modulus measures a mediums
resistance to uniform compression:

Ap ——» Pressure change

Py AV ——» Volyme change

The change in pressure
after a change of volume:

!

Pressure increase: Ap > 0 and AV < O

Sound & Pressure

Vincent Hedberg - Lunds Universitet 59

L

v(x, 1) = Acos(kx — wt)

Pmax = BkA = pwvA

Pmax

!

X p(x. 1) = BkAsin(kx — wt)

= BkA

Vincent Hedberg - Lunds Universitet
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Sound - velocity

Sound - velocity

The velocity of
sound waves

Gener‘al. n ."I Restoring force returning the system to equilibrium
R Inertia resisting the retum to equilibrium
B _ E F: String tension
5’"""9- V=4 w w: Mass per unit length
o o . B B: Bulk modulus
LIQUId- b= ; p: Density
- Y Y: Young's module
SO'Id- U= \/: p: Density
V P
B B: Bulk modulus
Gas: v=,/— p: Density
P

Formelsamling
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Mechanical waves: Mechanical waves: Power
Power & Intensity

) o (instantaneous rate at which
The power in general: sk force F does work on a particle)
PO Wer' Of Wave power (P): | P(x.1) = Fy(x. 1), (x. 1) ‘
mec han i Cal waves y is the only direction where the velocity is not zero
. The instantaneous rate at which energy is transfered along the wave.
oh strings
Unit: W or J/s
64
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Mechanical waves: Power

=X
. Ly forx =2

Y=oy dx

y=4x-4
The derivative gives the
slope of the tangent.

Wave

motion

The ratio of the force in
the y-direction to the
force in the x-direction is
the slope of the string:

Ay F, dy
slape's Ax  F  dx
: av(x )

F(x1) = =F a

Mechanical waves: Power

65

(instantaneous rate at which

The power in general: P=F-v  force F does work on a particle)

Pl Biztlng ) w0 D)

Wave power (P):

ox at

The instantaneous rate at which energy is transfered along the wave.

Unit: Wor J/s

66
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Mechanical waves: Power Mechanical waves: Power

v Wave power versus time f
v(x, 1) = A cos(kx — wi) The wave power: at coordinate x = 0
L L > P A - -
avix, 1) avix t W = —RASI{AX — wl P(; = FkwA“sin“(kx — w
P(x.1) = Fy(x, vy(x.1) = —F (1) &1 o (x.1) kwA”sin” (kx )
dx dt av(x, 1) ‘ ‘ P LP N R CINN P PN L TR
o = wAsin(kx — wi) av — 2 max
dJ

Prax = FkwA? = JuFw?A?

1 1
P,, = =FkwA? = = JuF w*A?
Wave “ 2 {ﬂ 2 IIu “

motion Formelsamling

The wave power:

P(x, 1) = FkwA?sin®(kx — wt)

[F w
av(x, 1) e \."IE T~ k=—
avX,

Fx 1) = —F— 7 E
ax w M
v=—

k
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Sound — power & intensity

Sound — power

The wave power:  P(x,t) = F,(x, t)vy(x, )
: A

The wave function:

v(x, 1) = Acos(kx — wi)
plx,t) = BkAsin(kx — wt) /
The power of sound e

vyl 1) = o wAsin(kv — wr)

A4

The wave power _ e _
SR P(x,t)/Area = BwkA*sin“(kx — wt)

Vincent Hedberg - Lunds Universitet 69 Vincent Hedberg - Lunds Universitet 70

Sound — power

Sound — power

p Wave power versus time f e (instantaneous rate at which
The wave power: at coordinate x = 0 Power in general: P=F+0  foce F does work on a particle)
P(x,t)/Area = BwkA?sin®(kx — wt)
H\\" -
Wave power - string: Wave power - sound:
Pnax/Area = BwkA* = \[pBw*A* 0 i<— ' I—# P(x, 1) = FkwA’sin®(kx — wt) P(x,t)/Area = BwkA*sin?(kx — wt)
Period T’
1 1
s - 242 : o ;
Pay/Area = > BwkA 2 VpPBw"A Ppax = FkwA? = \JuFw?A? Ppax/Area = BwkA® = \/pBw?A*
! 2 1 242 1 2 1 242
— PﬂvzikaA :E‘;,qu A Pﬂv{Area=EBka =§1;‘p8w A
o T kza/
v=aok — Wik
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Sound - Intensity

Intensity of sound

Sound - Intensity

Vincent Hedberg - Lunds Universitet
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(instantaneous rate at which

The power in general: =F+0 : 3 :
power in gener P=F:>1 force F does work on a particle)

Wave power (P):
The instantaneous rate at which energy is transfered along the wave.

Unit: Wor J/s Sl Bl )
P(x,t) = Fy(x, )vy(x, 1) = —F

ox dt

Wave intensity (I):
Average power per unit area through a surface perpendicular to the wave

direction. Formelsamling

Effekt
Area

Unit: W/me [=Pay/ Acea =

Vincent Hedberg - Lunds Universitet 74

Sound - Intensity

1 1 .
| = P,,/Area = iBmkA2 = E,/mezAz

p(x,t) = BkAsin(kx — wt)

Mechanical waves:
Power & Intensity

.PI'J]E{X = BkA |:
N
2 . . .
[ = Pmax The intensity is proportional to the
2./pB square of the pressure amplitude
Pmax = BkA = pwvA [= %p(mﬂ)zv = %\/p_B{mA)Z = p;—;:Z = !;m;;l';
75
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Wave infensity (I): The rate at which energy is transported by a wave through
a surface perpendicular to the wave direction per unit surface area (average
power per unit area). Unit: W/m?2

At distance ry At a greater distance
PRSI : . .m:-s.-\n_\ The intensity through I = F
e 1 =

from the

the intensit b a sphere with radius r
. P ' darr
Y, o/ If thereisnolossof g 1211 — Riprep 2212
é power:
L rf : . .
T = (inverse-square law for intensity)
2 ry

Source of waves
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Sound - Decibel

The decibel scale
of the intensity

Sound - Decibel

Vincent Hedberg - Lunds Universitet
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Intensity in the unit of decibel (dB)

B = (10 dll)logli

]

(definition of sound intensity level) Formelsamling

| I, = 102 W/m?|is a reference intensity
It is roughfly the threshold of human hearing

B=0dB forI=1I,
B=120dB forI=1W/m?
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Sound — Standing waves

Sound and standing
waves

Sound — Standing waves

Vincent Hedberg - Lunds Universitet
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Standing wave in an open pipe

Ay= %L f,= -;; where the velocity (v) is the same for all n
; One half wave
E::h:mlom>< M =%I, fi= 'vf] = i
Two half waves
zr: |jrrfur”(>©< A= %‘l, f= "2 - {l =2f;

Three half wave
n=3

v
3rdha;\X>O<\ 1,3 =%—L r_‘!= _= 2‘;3L= Sr[

Antinode Antinode
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Sound — Standing waves

Standing wave in a closed pipe
4

Ay =qL fh= % where the velocity (v) is the same for all n
n
L One quarter wave
n=1 =4 =i N
15t harmaonic 1.1 =3 L i‘] " aL
Here the Node
a?rr;:jz:;eerllsc Three quarter wave

giving n= ! fa= l:L:_}f
displacement 3rd harmonic AnliD A3=g3L B3 Ay 4/3L 1
antinode

(pressure node)

. Five quarter wave
n=>5 - -4 ==t_=5

NOTE that n =2, 4, 6 cannot happen in a closed pipe

Sound — Standing waves

Vincent Hedberg - Lunds Universitet 81

Organpipe: Airflow from below. fime=0 fime =1/2
Standing wave: If the airspeed - ' :
and pipelengths are choosen N !
correctly. L + JU -

Mouth: Pipe is open at the
bottom and gives a pressure
node (displacement antinode).

Mouth |

Airflow: Depending on time the
air flow will either go into the
pipe or out through the mouth.

Air I'mm‘_/

blower

Vincent Hedberg - Lunds Universitet
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Sound — Standing waves

An organ pipe can be open-open or open-closed.
Remember: The distance between two nodes is A/2

:J; Second harmonic: f3 ‘; 2 Third harmonic: f5 .‘# 3
N b N N N b
[P S — e 4 —e— 24— K1k 3 3
24 2

ke § S e 3 ARG

4
E—10r i —A 4 Jf JSéa
83

nv nv
=— =— (nudda i
fa L Jn aL ( ) Formelsamling
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Sound — Doppler effect

The Doppler effect

Vincent Hedberg - Lunds Universitet
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Sound — Doppler effect

Doppler effect

Vincent Hedberg - Lunds Universitet
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Sound — Doppler effect

The time for a
sound wave to
reach a listener
(L) gets longer
if the source
(S) is moving
away.

U

Mbehind longer

The time for a
sound wave to
reach a listener
(L) gets shorter
if the source is
moving closer.

{

Ain front Shorter

U + Ug /'1=1 U—Us

behind fS )‘:g in front o
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Sound — Doppler effect

What if the listener is also moving ?

= Velocity of listener (L) =
» Velocity of source (8) = vg
= Speed of sound wave = v

U — Usg
A B v+ vg ’\in front — fs
behind —
fs
The wave speed
relative to L is - v , .
d 'L ) 'L v+ o h .
+ = = =—f change in
v VL Ab&:]li.rld (U + US);}IS \!",,Z‘:,,’{S‘ frlequency
/r
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Sound — Doppler effect

f =g always works if the positive direction is defined
e S

v+vg as going from the listener to the source.

Formelsamling

posmve direction posn‘rlve direction

9
—©

. v+tv
fiL = Lﬁ;

v+vg

fo=T=tf

—©
O—
—U

G— =
o= fo =%,

©- &
- 6
L 6
O- -

V—=vsg
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Sound — shockwave

Shockwave

Vincent Hedberg - Lunds Universitet 89

Sound — shockwave

Shock waves

n— L‘S

‘\in front — f

v: Speed of sound

vs: Speed of the plane

Vv,>Vv  Shockwave is created (not only whenv, = v)
v¢>Vv  No sound in front of the plane
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Sound

A conical shock wave is produced if a plane flies faster than the speed of sound.

A series of circular wave crests from the plane interfere constructively along a

line that is given by an angle o

S.ﬁ st

Shock wave

v: Speed of sound
vs: Speed of the plane

Speed of the plane in
Mach number:

Ny =Vvs/Vv

- vt v
SHECY ===
Ugl Ug

Formelsamling
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Vagrorelselara och optik

Kapitel 32 - Elektromagnetiska vagor
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Electromagnetic waves
Maxwell’s equations

The implications of Maxwell's Equations for magnetic and electric fields:

1. A static electric field can exist in the absence of a magnetic field e.g. a
capacitor with a static charge has an electric field without a magnetic field.

2. A constant magnetic field can exist without an electric field e.g. a conductor
with constant current has a magnetic field without an electric field.

3. Where electric fields are time-variable, a hon-zero magnetic field must exist.
4. Where magnetic fields are time-variable, a non-zero electric field must exist

5. Magnetic fields can be generated by permanent magnets, by an electric
current or by a changing electric field.

6. Magnetic monopoles cannot exist. All lines of magnetic flux are closed loops.

Vincent Hedberg - Lunds Universitet 93

Electromagnetic waves
Maxwell’s equations

The speed of light from Maxwell's equations

E=c¢cB from Faraday's law
E=B/(somoc) from Ampere's law
g is the permittivity in vacuum = 8.85 x 102 F/m

Mo 1s the permeability in vacuum = 1.26 x 106 N/Az2 _
Formelsamling

1

S = 3.00 X 108m/s E=cB Gy
E€plo

v Ho€o

Permittivity: A mediums ability to form an electric field in itself.
Permeability: A mediums ability to form a magnetic field in itself.
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Electromagnetic waves
Maxwell’s equations

The electromagnetic wave

(’&-\_ PHYSICS-ANIMATIONS.COM
== P~ A Electromagnetic
= \‘I Wave
—

r Magnetic
Discharging eld
OSp?I {:ﬂor Vectors z
SC|
Molecular Electrio
Dipole Vectors
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P Electromagnetic waves
L Maxwell’s equations

Electromagnetic waves are produced by the vibration of charged particles.

An electromagnetic wave is a wave that is capable of transmitting its energy
through a vacuum.

The propagation of an electromagnetic wave,
which has been generated by a discharging

i illati i . .
capacitor or an oscillating molecular dipole As the current oscillates up and

i dpwn .in the spark gap a magnetic
( field is created that oscillates in a
— horizontal plane.

The changing magnetic field, in
turn, induces an electric field so
that a series of electrical and

Discharging

eld
Spark or Vectors z . . N .
Osclliating E ol magnetic oscdla’rlgns combine to
Mofacar; Field produce a formation that

propagates as an electromagnetic
The field is strongest at 90 degrees to the moving wave.
charge and zero in the direction of the moving charge.
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Electromagnetic waves

Electromagnetic waves

Electromagnetic waves

Vincent Hedberg - Lunds Universitet
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The electromagnetic spectrum
A=c/f

Wavelengths in m

Visible light . Frequencies in

'.F(I}G nm 6?0 ()(I!U 550 500 450 400 nm

RED ORANGE YELLOW  GREEN BLUE VIOLET

10 1 107! 1072 107 107 1000 100 10007 107% 107% 1071 1071t 10712 10713
| 1 | | 1 1 | 1 1 1 | | 1 1 |
Radio > <— Infrarcd——>] < Xmys ——>
v < Mi > e~ Ultraviolet > < Gamma rays
I Ll T T T T T T L] T T T T T T
¢ 10° 10" qot 10" 10'* 10¥ l0BEEMal® 107 108 10" 10*® 0 102
Hz
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Electromagnetic waves

Wavefronts: surfaces with constant phase

Electromagnetic waves

Vincent Hedberg - Lunds Universitet
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Wavefronts depends on the distance to the
source

—~
Initially spherical

Vincent Hedberg - Lunds Universitet
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Electromagnetic waves

A plane wave is a constant-frequency wave whose wavefronts are infinite parallel
planes of constant peak-to-peak amplitude normal to the phase velocity vector.

At a particular point and time all E and B vectors in the plane have the same magnitude.

No frue plane waves exist since only a plane wave of infinite extent will propagate as a
plane wave. However, many waves are approximately plane waves in a localized region
of space.

In a plane electromagnetic wave the E and B fields are perpendicular to the direction
of propagation so it is a transverse wave.

PHYSICS-ANIMATIONS.COM

Electromagnetic waves
The wave function

The wavefunction
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Electromagnetic waves Electromagnetic waves
The wave function The wave function
. . E(_\‘, 1) = JEmaxcos(kx — wt)
The electromagnetic wavefunction -
(x,1) = kBm&u}s (kx — wt)
Amplitude: E, ., = ¢ B, o
E(x, 1) = JEpaxcos(kx — wi)
B o) = gw“ - Wavenumber: k = —'
not the same k c=A/T 2m
Angular frequency: W = —
f=1/T ’ Heney 4
c=A/T=@nk)/(2CH/®) = © / k
104
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Compare wavefunctions

Mechanical waves Electromagnetic waves

Formelsamling

E(x, ) = JEpaxcos(kx — wt)
v(x, 1) = Acos(kx — wt) o
B(_\', 'E) = anmeOS(r{l’C = m{)

Amplitude: A Amplitude: E, .= ¢ B

27 21
Wavenumber: k = — Wavenumber: k = %
F t

21 21

Angular frequency: @ = —- Angular frequency: @ = -

c=A/T=0/k

v=A/T=0/k
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Electromagnetic waves
The wave function

In a dielectric medium the speed of light is
smaller than c !

Electromagnetic waves in matter:

ity

e='v Dielectric constant
Ho — 1L B
il K=¢/¢,
Rl 1 Relative permeabil
T o =——
Vegpo \_.-"fep Km = !J, / l,,l,o

Vincent Hedberg - Lunds Universitet
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Electromagnetic waves
The wave function

Electromagnetic wave in vacuum

E=¢B from Faraday's law 1
.

=
E=B/(sopoc) from Ampere's law Veopo

Electromagnetic wave in matter

E=vB from Faraday's law 1
. ; S
E=B/(suv) from Ampere’s law Vep
1 1 \

Permettivity Permability

$=n="0% - VKK, = VK

v e \\

Refractive index Dielectric constant Relative permeability

K=¢e/¢g, Ko = W/ g
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Electromagnetic waves
Power & Intensity

Power & Intensity

Vincent Hedberg - Lunds Universitet
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Mechanical waves:
Power & Intensity

(instantaneous rate at which
force F does work on a particle)

The power in general: P=F-%
Wave power (P):
The instantaneous rate at which energy is transfered along the wave.

Unit: Wor J/s

Wave intensity (I):

Average power per unit area through a surface perpendicular to the wave
direction.

Unit: W/m?

Electromagnetic waves
Power & Intensity

Total energy density (u):
Energy per unit volume due to an electric and magnetic field.
Unit: J/m3

Power (P):
The instantaneous rate at which energy is transfered along a wave.
Unit: Wor J/s

The Poynting vector (g):
Energy transferred per unit time per unit area
Unit: W/m2

Intensity (I):
Average power per uhit area through a surface perpendicular to the
wave direction

Unit: W/m?
Vincent Hedberg - Lunds Universitet 109 Vincent Hedberg - Lunds Universitet 1o
Electromagnetic waves Electromagnetic waves
Power & Intensity Power & Intensity
B2 PHYSICS-ANIMATIONS.COM

L. - —_—
The total energy density | “£ = 2%E° up=go
(energy per unit volume)
due to an electric and u=LleE? + %;32

magnetic field is 20

E=cB from Faraday's law 1

E=B/(sspoc) from Ampere’s law

1 i ;
u=36E* + T(\/eu#m':}" = gF> where  E (x.1) = Epaccos(kx — i)
=)

\

Energy E-field Energy B-field

Conclusions: The electric and magnetic fields carry the same amount of energy.
The energy density varies with position and time.

+ II:V’:#“ ‘:> Bz-:gouoEZ

S=—EXB (Poynting vector in vacuum)
= e drt Ko
/\_*]6__
o g Formelsamling
% IL)E Povnting
veclor E B,
o T Se(x, 1) = TR 0082 (kx — wt)
4 N 7 Fo

Vincent Hedberg - Lunds Universitet
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Energy transfer = energy fransferred per unit time per unit area.

S = Power per unit area = Energy transfer = Energy flow

v

E . .
//<‘ B)j‘ T Amplitude = maximum energy transfer
Stationary Wave front at time

plane df later
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Electromagnetic waves
Power & Intensity

Intensity = the average value of S

E ax B
Se(x, 1) = %cnsz{kr — wt)

The average of cos?(x) = 1/2

Vagrorelselara och optik

_ Al B s B ik _ Em-_\xz _ EmaxPmax _ Ema_‘fz _ 2 r 2
=8, = 20 _T dpoc Sﬂ'i) - 21t - 2p0C - ZSOLEmax
E= ¢B Formelsamling
Ho— |
Electromagnetic waves in matter: 1 1

C=—— —— > p=

Veopo \/;
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Kapitel 33 - Ljus
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The nature of light

Source of electromagnetic radiation
is

electric charges in accelerated motion

Thermal radiation:
Thermal motions of molecules create electromagnetic radiation.

Lamp:
A current heats the filament which then sends out thermal radiation
with many wavelengths.

Laser:
Atoms emits light coherently giving (almost) monocromatic radiation.

Vincent Hedberg - Lunds Universitet 115

The nature of light

Wave front: surface with constant phase. Py oje
sphencal, the mys

radiate from the

Plane wave: is a wave whose wave fronts s
are infinite parallel planes.

Ray: an imaginary line along the direction Somiros _
of the wave's propagation. Wave fronts

‘hen wave fronts are planar, the rays ane
Wi fromt I A
perpendicular to the wave fronts and parallel
to each other.

Rays

Wave fronts
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The nature of light

Reflection and
refraction

Vincent Hedberg - Lunds Universitet
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The nature of light

Reflection & Refraction

Vincent Hedberg - Lunds Universitet 18

The nature of light

Conclusions:

At the surface between air and glass the
angle is always 90 degrees and then the
reflected and refracted light is also at 90
degrees.

At the surface between glass and air some
of the light is reflected and some is
refracted.

The angle of reflection is the same as the
incident angle.

The angle of refraction is larger than the
incident angle.

Vincent Hedberg - Lunds Universitet
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The nature of light

n n The plane of incident:
a b The plane of the incident ray and the
b normal to the surface.

Normal The reflected and refracted rays are in
"""""""" the plane of incident.

Refracted
ray

x i 8,= 6, (law of reflection)

Reflected

c " < 2
n= - (index of refraction)

Snell's law:

n=1 invacuum n,sinfl, = nysinfl,  (law of refraction)

n>1 in a material

Formelsamling
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The nature of light

Material b
n, = n,

Snell's law:

Incident

n,sinfl, = npsinf (law of refraction)
Normal

Refracted

0, 0 =
Incident ———e 2 > Normal na > nb
Reflected | Refracted
Incident " ,
Norma
Rule:

Large n = Small angle -
elracted

Material @ | Material b

Vincent Hedberg - Lunds Universitet 121

The nature of light

Light intensity

Vincent Hedberg - Lunds Universitet
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The nature of light

Intensity

The intensity of the reflected
light increases from
almost 0% at 6 = 0°

to
100% at 6 = 90¢.

The intensity of the reflected |
light also depends on n and on
polarization of the incoming
light.

The sum of the intensity of
the reflected and refracted
light is equal to the intensity
of the incoming light.

Vincent Hedberg - Lunds Universitet 123

The nature of light

Total internal
reflection

Vincent Hedberg - Lunds Universitet
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The nature of light

Total Internal Reflection
when light goes to a medium with smaller n

) !
| 9}1
¥
iy !
n, |
A |
a;
2 3 of incidence, 0 . the
_ 4= angle of refraction 8, = 90°,
Any ray with 8, > 6 shows a

total intemal reflection.

(0]
90°__

n,s8inf, = n,sinfy, 2

. np .. . . .
Sinf.q = = (critical angle for total internal reflection)

The nature of light

Total Internal Reflection

optical fiber

Porro prism

Ot = 41.1°

Vincent Hedberg - Lunds Universitet
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The nature of light

The nature of light

Optical fibers

Principle Structure
Light ray

':Sd s nz < n1

—

Cladding o g ‘

Core

Dependency on
frequency and
wavelength

Vincent Hedberg - Lunds Universitet
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The nature of light

Reflected
ray

¢
=5
v

N Frequency and wavelength
a'b
! v: The speed is larger in a material with a
small n.
Norhal
Refracted | * f: The frequency does not depend on n.

ray

A The wavelength is longer in a material
with a small n.

(index of refraction)

n=1 in vacuum
n>1 inamaterial

Vincent Hedberg - Lunds Universitet 129

The nature of light

Dispersion

Vincent Hedberg - Lunds Universitet
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The nature of light

The nature of light

Vincent Hedberg - Lunds Universitet 131

How is this
possible ?

Dispersion

Index
L7

n,sinf, = n,sinf, (law of refraction)

Answer: n must depend on A ! 16

n=c/v

so the speed in a material must
then depend on A

of refraction (m)

Vincent Hedberg - Lunds Universitet

1.4 :
400 500 600 700
Wavelength in vacuum (nm)
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The nature of light

Vagrorelselara och

Rainbow

Light from sun

A = 50.1° (red)
to 53.2° (violet)

Light from sun

A = 40.8° (violet)
to 42.57 (red)

Kapitel 34 - Optik
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Geometrical optics

Mirrors

Vincent Hedberg - Lunds Universitet
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Geometrical optics

Virtual Images: outgoing rays diverge

ng; >ny

'\

I

Object point:
source of rays
Ohbject point: Image point: apparent

source of rays source of refracted rays

Plane mirror

Real Images: outgoing rays converge to an
image that can be shown on a screen
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Geometrical optics

-g'.**" Sign rules:
°

) ) B Object distance (s) - positive if

Point object § same side as incoming light.
0T~ Image distance (s') - positive if

o P -1 P’ - Lo
positive — - 7 v same side as outgoing light.
Fs ﬁ-(—s'—)l

& N s —
Object distance Image distance negative

Geometrical optics

Object Image . .
0 Vv Q-/ Virtual image
[0 W
Yy @ Ko &Y V'
Ex;r)e_nded P v P m=— (lateral magnification)
object ¢
J fe—s—e—s'"—3]
Formelsamling
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Flat mirror

Vincent Hedberg - Lunds Universitet 138

Geometrical optics

Spherical mirror 'ﬂ\

il

. 7
Focal p-/ulN
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Geometrical optics

An infinite number of rays can be
drawn from an object to its
image.

But only two rays are needed
to determine the location of
the image.
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Geometrical optics

How to find the image in a concave mirror

The bottom of the object is on the optical axis and so the bottom of
the image will also be on the optical axis.

The top of the image can be found with any two rays. Use for example
two rays that goes through the focal point.

Object \ s \
Center  Focal

X
o ro 1 =1 ="

Geometrical optics

L e

Vincent Hedberg - Lunds Universitet

http://simbucket.com/lensesandmirrors/
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Geometrical optics

Summary spherical mirrors
Sign rules: y' negative

y,s. s, f positive R ?
f
Object distance (s) - positive "
if same side as incoming light. y T /
- Y=

y
Image distance (s') - positive / ﬁ7

if same side as outgoing light. S

Radius of curvature (R) - |
positive if center is on same —+—==
side as outgoing light. s_ s f

Magnification (m) - positive if ' r
direction of object and image ~ Fermelsamling fm = — = ——
is the same. :

Vincent Hedberg - Lunds Universitet 143

Geometrical optics

I

y' negative 1 1 1 14 'nega‘rivg .
y.5.5.f positive \ L 2 s y.s, s, f positive
A 5 8 ¥
T [
¥

er
/

y' negative

s' negative
y.s,s', f positive

y.y'.s, f positive

i

144
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Geometrical optics Geometrical optics

Convex mirrors

Virtual
[} [ ~~_ Focal Point

i | Y s s', f negative
s f v § y. Y. s positive

http://simbucket.com/lensesandmirrors/

145 146
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Geometrical optics Geometrical optics

Spherical surface

147 148

Vincent Hedberg - Lunds Universitet Vincent Hedberg - Lunds Universitet




Geometrical optics

Geometrical optics

Spherical surface -Summary

Special case: flat surface
Sign rules: ’ :
My .y £
Object distance (s) - s, pos:_T |.ve n
positive if same side as S pOSITIVZ .‘
incoming light.

R positive
Image distance (s') -
positive if same side as

= 133 Y
: P (water) p
outgoing light. P v ) Y i s
| 0 /, l
Radius of curvature (R) - : o lelaaiis i
positive if center is on L . ! 5 a r
same side as outgoing = SN ] 2
light.
n ny Hp — R n /S = -n /S'
d a __
) n, np o np—ng, v n,s' L4 Z2=——2r =) a b
Formelsamling —=fr—=e -—-—R m=—=—-—— & s R
s s ¥y n _a'/a =
- bS " 7 s'/s = ny/n,
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Geometrical optics

Geometrical optics

Different type of lenses

Converging lenses . .
i Diverging lenses

Lenses

Meniscus  Planoconvex  Double convex

Vincent Hedberg - Lunds Universitet 152

Meniscus  Planoconcave Double concave
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Geometrical optics

e

Geometrical optics

Useful rays

F Y =
y
F I« F 2
@
a
y'
S f f > |
3 5 < 5’ >

—f—t—f—
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Geometrical optics Geometrical optics
I
. OI ’ >
N F| I at lﬂﬁl‘llly
L L ] . L
2f f 2f 1
2
An object placed at the focal
point appear to be at infinity
http://simbucket.com/lensesandmirrors/
155 156
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Geometrical optics

Convex lenses -Summary

Geometrical optics

Gauss' formula

Newton's formula

Sign rules:
Object distance (s) -
positive if same side as 1 ) i
incoming light. ol 2 F, f .
r Formelsamlin
Image distance (s') - . i fi v i ormelsamiing
positive if same side as ‘; I': gg:i'ﬁ'\‘l’z |2
A py
outgoing light. m is hegative | 1 _ l l
Focal length (f) - f s s
positive for converging
lenses (convex lenses) f"”.-_..____
IH o "'h‘
1 1 1 . : ar " Fa S
— == 4~ | Formelsamling : - 24 | 2 ;
f s s s F ~ S — f
- : | 3 -\| y ' s ' f
- s' is negative 2 Mem=——= - m=—
Yy _ s f is positive y S s—f
== "= m is positive
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Geometrical optics

Geometrical optics
Two lenses EXAMPLE s s
. Known: sy, f;, f, and L
Sz S2 Calculate s', and m
5 ST s :
5= ’f_ = - ﬂl=£=—i el I .
e s—f y s 2l NG
Fy \
L=5s'y+s,
; sifi I s'y'8 8!
32:;{.—'51:{.—5 —f m:—:m]mzz-—l—'—zz fl 2{
101 1 1 1+1 1,71 0 518 si—fil-5s
i e e sifif;
1 51 8y fz 52 s Sof; Lf; —&L_“;i I fi s fi ,
. . ', = m=—= = 59
54 ! s’y 55 2 s sihfi 0 si—fi L______Slfl (si—fL—s:fi 7
my = —— =—-— === =—= L- — -
q = m, : I:> m===mm s T f; 5 -h
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Geometrical optics

Meniscus

Lenses

Converging lenses

Diverging lenses

Planoconvex  Double convex

1

Meniscus  Planoconcave Double concave

Geometrical optics

Vincent Hedberg - Lunds Universitet
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Geometrical optics

h"T'rp:/ /simbucket.com/lensesandmirrors/

Geometrical optics

Vincent Hedberg - Lunds Universitet
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Lens formula for concave lenses

- =
0 e
-"‘

et
L
i
e

f is negative for

1
e + —
= ]l. / diverging lenses

s’ is negative for
s diverging lenses
N

§ m is positive

Vincent Hedberg - Lunds Universitet
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Geometrical optics

Lenses

Converging lenses . .
Diverging lenses

Meniscus  Planoconvex  Double convex Meniscus  Planoconcave Double concave

Rule:
A lens that is thicker at the center than the edges is converging (positive f)

A lens that is thinner at the center than the edges is diverging (negative f)

Vincent Hedberg - Lunds Universitet 165

Geometrical optics

Q"

The lensmaker's equation

11 [n_])(l_L)=% %Z(n_l)(R_l_Riz)

__i__’:
h Ay

1

R Ry

Formelsamling

Vincent Hedberg - Lunds Universitet
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Geometrical optics

I T ])( I ) s y
-4 —== —=(n — Pt = —— = -
s s f 7 R Ry "= B

Sign rule: Radius of curvature - positive if center is on same side as outgoing light.

f = positive R, = positive R, = positive s’ = positive or negative

f = negative R; = negative R, = positive s’ = negative

{ f = positive R; = positive R, = negative  s'= positive or negative
\

Geometrical optics

The eye

Vincent Hedberg - Lunds Universitet 167
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Geometrical optics

Normal eye Myopic (nearsighted) eye

Rays from
distant object

'

Near point: Closest distance to the eye at which
people can see clear (7cm at age 10 to 40cm at Hyperopic (farsighted) eye
age 50 for normal eye).

Normal reading distance: Assumed to be 25 cm
when designing correction lenses.

Lenses for corrections are given in diopter.

Lens power = 1/f (unit diopter = m)

Geometrical optics

The near point of a certain hyperopic eye is 100 ¢m in front of the
eye. Find the focal length and power of the contact lens that will
permit the wearer to see clearly an object that is 25 cm in front of
the eye.

Vincent Hedberg - Lunds Universitet 169

Lmagc =

When the person puts an object at s = 25 cm from the correcting lens we want the image
to end up at s’ = 100 cm because this is the nearest point the eye can see sharply.
| 1 1 1
- -
£ x ¥ +25¢cm —100 cm
+33 cm

S
Il
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Geometrical optics

The far point of a certain myopic eye is 50 cm in front of the eye.
Find the focal length and power of the eyeglass lens that will per-
mit the wearer to see clearly an object at infinity. Assume that the
lens is worn 2 cm in front of the eye.

Geometrical optics

Diverging lens o

Object at e
infinity ____-‘:________ N
I,—"‘, _____________
i ¢ 1
| i e
| ] b
: I“.‘.—s' =f=—48 umg)& X,

§== d

The lens should move the actual far point from 50 cm to infinity.
The correcting lens should therefore have s = infinity for s’ = 50-2 = 48 cm.

1 1 1
. R P
F & F 00 =48 ¢cm
f=—48cm
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The magnifying glass
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Geometrical optics

A magnifying glass is a convex lens.

Geometrical optics

If you hold a magnifying glass
far away from the eye (arms

lengths distance) you can see
a magnified and up-side down

;, v \];\‘
image.

The magnifying glass

Near point: Closest
distance an eye can focus e
(approximatively 25 cm) ""“L““‘i* N

-

oy
The normal use of a s
magnifying glass is to put the 't ”-t:rAAN_
object between the focal : - e
point and the lens to get a s F \I
magnified up-right image.

When the object is at the focal point

Vincent Hedberg - Lunds Universitet
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e one uses angular magnification (M) B = b
25 cm instead of lateral magification (m). f

0’ ' f 25cm (angular magnification

T y/25em  f for a simple magnifier)
Vincent Hedberg - Lunds Universitet 174

Geometrical optics

- observation tube

noseplece

neck
oaxial stage
controls

objective =
lens “-—-.._\,y/
W

stage

TSN

condenser
ong T

irks
diaphragm

[ S—
source

The microscope
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Geometrical optics

Eyepicee

Magnifying glass
(f is a couple of cm)

Eyepiece

A
\\\
A
W Creates magnified
/‘ﬁ\/ image close to the
Objective %, focal point of the
- Y eye piece (f <1cm)
kY
3
Y
251
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Geometrical optics

Sy Eyepiece
FIi L F2 T Angular magnification of
- . = magnifying glass
F2
I,’l,// M=; where o = 25 cm
%™ Eyepiece ‘ ‘
Objective Microscope
1 1 1 sf P o i Magnification
—_—=—t—=[ )5 == '~ f+1L
f s s s'=f d - ” s'yo Lo
= ml S e e
' 4 ; ) s
5 o ,f f e fes ,f L 1 fz flfz
Py s=omeg == - 7 ~F o is the nearpoint which is

typically 25 cm

177
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Geometrical optics

The telescope

Vincent Hedberg - Lunds Universitet 178

Geometrical optics

Objective ,,/f‘,:’,” /Eyupiccc
The first image will be in the I at //,/:,:/,f" The eye piece works as
focal point of the first lens. infinity _~2>" a magnifying glass with
, " T inits focal point.
—y %
tan(0)= f# = — tan(0) = 6" = =
fi Ja
The angular magnification of a telescope _ U; o Y'/f2 _ _f_|
is defined as the ratio of the angle of M = 0 y'/f - £
the image to that of the incoming light. z ' e
Vincent Hedberg - Lunds Universitet 179

Geometrical optics

Comparing microscopes with telescopes

Object at a
close distance y " s' o i
=m e —— T — —
YT s fif
o is the nearpoint which is
typically 25 cm
Object at
infinity
Formelsamling
fi
M=-=
f2
Objective ,f,’/”z/’ IEyupiucc

Large f; & Small ,
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Vagrorelselara och optik

Interference

Kapitel 35 - Interferens

Wave fronts: crests of the wave (frequency f)
separated by one wavelength A

ZN

S
i m———

|

P ———

7%
\

;k__'.___'__

Interference: Wave overlap in space

Coherent sources: Same frequency
(or wavelength) and constant phase
relationship (not necessarily in
phase).

The principle of superposition states:

When two or more waves overlap, the resultant displacement at any point and at
any instant is found by adding the instantaneous displacements that would be
produced at the point by the individual waves if each were present alone.

Vincent Hedberg - Lunds Universitet
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e

Interference

Interference

Contructive interference ———

§=1r,—1, =mi | Formelsamling

b

rp—rp=2A

r == mi (m=0, %1, %2 £3,...

\\\SS=777

Destructive interference ———

0=1,—n =(m+§)}.

m=rn=(m+3A (m=0%1,%2 *3...)

Antinodal curves =
Contructive
interference

A path difference of
one wavelength
corresponds to a phase
difference of 2n

Formelsamling

Contructive interference
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Interference Interference

Coherent wave

Cylindrical fronts from two slits -u-,_____.__ S‘.{ | dsin 6 Screen S——— Geome.rr,y:
wave fronts I [ - ~ (— .
Monochromatic [~ \ ' \ — | . 1 T }\8 _mh1 r—r= d Sln(e) = d e
light | = | by d m=0
55
s S eenttl . v | | _ _ __ _____ IS ______ -
e 5“\ - .: V| S] T . =IZC - 59 -
T — Lo :
: w— LTI /
. Yy y=Rtan(0)=RO=R (r—r)/d
Actual geomeiry (seen from the side) Approximate geomeiry -
(N P $ Sl gsing —--oeeeooeemmem T d=1r,—1 =dsin(8)
- N sm Screen < o smn
- T ry .
i B i 5 i = Contructive
Lo . ]
: ¥ . o
- : s, m Contructive interference: A
g i o ¥ r‘\} —T1=mh 4 ym =R d
R o Destructive 21

dsinfl = (m + l,),l

Vincent Hedberg - Lunds Universitet 185 Vincent Hedberg - Lunds Universitet 186

Interference Interference :
S0l dsine . Introducey in the formula
C~N Screen Path difference _
rp — r; = dsinf 28 deino heresn
2md
¢ = —sinb
A
A path difference of one y
wavelength corresponds to Sl T
a phase differenceof 2n |~/ 2ard . tan(@) =y / R = sin(®) ¢ == sinb = F
B i ¢ = ——sinb
o A T o 5
2
2m A small 0 Formelsamling ¢ = 2
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Interference Interference

52| | dsin@ Screen I ity:

W — ntensity: Summar'y
T - "’-\ 8 o

<

I = Iocosz% = !ﬂcosz(-j—cgl) Contructive interference:

IR TN n-r=dsin(0)=m i

I=1] L'l!s:zg I, = intensiteten rakt fram

Ym=ms+(RA/d)

Formelsamling Intensity:

P

NAVAVAVAVAVAVAWS TiwE=

Ight source.

& HRM — ’&Rf’d —ARM ARM n\R.n'd 'i-AR.I’d _ el - lwd.v
| A AR
_ﬁr _4“ J" 0 3“‘ 41r (rr
| 1 | 1 1 | 1 F
3A 24 A 0 A 2 ) d sin
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Interference Interference

The Michelson Interferometer

M, Movable mirror
Y

v
Ay

The Michelson :
Interferometer

The observer will see

an interference
The compensator plate ith ri
compensates for this pattern with rings.

ta

The fringes in the
M, pattern will move when
the mirror is moved.

Monochromatic light
A =

Fixed )
mirror  Yhe number of fringes
(m) can be used to

c calculate y or A
Beam Compensator l
splitter plate
[ L > A 2y
s 3 y=m_ A
- 2 m
\ Eye
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Interference

@ Moving the mirror changes
the positions at which the
light constructively and
destructively interferes
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Vagrorelselara och optik

Kapitel 36 - Diffraktion
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Diffraction
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Diffraction

Interference:
Double slit
experiment

Diffraction:
single slit
experiment

FRRR, AAAAMARAL A4 a e
destructve starerence //mmm ;-. _--I

consirucive Interierence interlerence

sireen with destructive

a single st wave Interierence
1 front '
o | \ ity
4 v 3 N
grin e -
n \A
A

O 2006 Ercyclepadis Britsnics, i

diffraction pattern  infensity
on screen  distribution curve

© 2006 Eneyslepasia Britinics, e
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Diffraction Diffraction

For every point in the top half of the slit there is a

We divide the slit into di e T T St [l
imaginary strips parallel Collie = POURILE eL i L e SO el
to the slit’s long axis. /

Slit

width

a
Each strip is a source of
Huygens’s wavelets.

Plane waves

incident on the slit

197 198
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Diffraction Diffraction
U c T Formelsamling Bright bands:
i _____,___—,-——'—’—:—’———'iri ‘
IH “| asinf=mi (m=0) g S R?
Enlarged view of the top half of the slit m= 0, + l, 12,
Destructive
Interference: Geometry:
i f
EI ] : L = ﬂsin() = ii m lan{@) =Yy /x Dark bands:
i F 2 2 "
Esinn m
\ / Ym = X——
A a
m
tan(6) = © Y = X (f‘Ol' Ym <K x)
Small angles: ) I a m=*1, *x2,
sin(B)= 0 %
m==*x l s x 2, interference © 2004 Eneyvhapadia Britinnics, e

199 200
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Diffraction Diffraction
‘ ’ r, A path difference of one P
wavelength corresponds to | T‘
a}‘ 0 K ry a phase difference of 2n ;,I - ///\/—’W >
| (7]
::!it: B =N H
21 A
Path dlfferjence: tan(0) = y /X~ Sm(e)
r,-ry = asin(6)
27 . 2may
B =—asin = ——
/ Xj A AX
r,-ry is the path difference B = ——asin6 B = —asinf
between a ray at the top and A A
bottom of the slit. Formelsamling
202
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Diffraction Summary
. vl e A vl o AP 8 ]
InTenSITy Intensity:
. . = I ol
I = 0.00831, ’ . pebr .y [sm(ﬁ/Z)}— I = Iycos )
m=: - =& _mga
1= 001651, 8= 4 B/2 ¢ = B8 i
m=2 = 4an A
e = U.[l4?"2f]’ m=1 P=2n where tan(6) = v / R = sin(0)
_:. s -0
— I=1 4 B 271— . 2#3}'
—»—” Y m=-1 p=-2n B = —asinf|= —— sin(B8/2) 12
A AX I=1, [7}
m= -2 B=-4rn B/2
m= -3 B=-6n Formelsamling

2
B= Tﬁ-asin()

tan(0) =y / x = sin(0)

cerance. © 2004 Eneychpmtia Britinnis, e
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Diffraction

Two broad slits

Diffraction

In the analysis of interference from two slits it was assumed
that they were very narrow. What if they are broad ?

Two narrow slits: One broad slit:
¢ sin(3/2) 2
[ = Ipcos®— 1=:[——}

\ /

Two broad slits:

27md
2¢ sm(B/Z) ¢ = Tsmﬁ
I = Iycos ST gn 72 where 5
B B = ﬂsim‘i
A
Formelsamling
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Diffraction

Two narrow slits:

I = Iycos®—

One broad slit:

_[sin(B/2)
o “[ B/2

Two broad slits:

I
Calculatgd “Envelope™ of

- . | . . . "d’ \In(ﬁ)qu}
intensity intensity function I= .";,Lus 52
i
k 0 :
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Diffraction

Multiple slits
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Diffraction

The path difference between
adjacent slits that gives maximum

intensity with many slits is always: = =
dsinfl = mA (m=0, £1, £2,...) 2 0
slits
0
m =
i
8 slits
N-2 small peaks

m= - m=10 m=1
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Diffraction

L

L i 1 7] ¥
m=-1 m=0 Nm=1 / m=10 m=1 " [

N-1 minima

Formelsamling

Principal maxima: | dsinf = mA | (m =0, *1, £2, +3,...)
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Diffraction

In diffraction grating one uses devices with thousands of slits or
reflecting surfaces.

This gives very narrow principal maximum that can be used to determine
the wavelength of light.

Transmission grating Reflection grating

u/' dsina-dsinp= A

e s sfes e e sens|

v
|
ZC Grating Equation:

m). = d (sin a + sin p)
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Diffraction

Spectrometers
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) Diffraction

Spectrometer for astronomy

Light incident on a grating is dispursed into a spectrum. The angles of
deviations of the maxima are measured to calculate the wave length.

Diffraction
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Chromatic resolving power:

The minimum wavelength difference (AA) that

can be distinguished by a spectrograph.

A
R= AX (chromatic resolving power)
R A N F Isamli
e m S
AN ormelsamling

R is higher for many slits and higher orders |
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) Diffraction

Pinhole diffraction

Diffraction
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e Diffraction

e Diffraction

Diffraction limits the angular resolution of
optical infruments.

Airy disk

@, is the angle between the center of
the pattern and the first minimum.,

Rayleigh's criterion:
Two point objects can be resolved by an optical

. ; . _ A
system if their angular separation is larger than 6; where  sing, = 122>

The limit for two objects to be
resolved is when the center of
one diffraction pattern is in the
first minimum of the other.

Formelsamling

C

.= 1—12—’ (runt hal)

A . :
sinfl) = 1.225 (diffraction by a circular aperture)
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