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In this lesson you will...

» Explain the double slit experiment

» Calculate the double slit diffraction pattern

OpenStax High School Physics 17.1-2
OpenStax College Physics 2e 27.1-27.3



12 1The*DoubI€*S 1t Experiment_

* Wave Character of nght
* When interacts with object several times it's wavelength, it acts like a ray
* When interacts with smaller objects, it acts like a wave




12~ Q1~The Doubl
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. Huygens Pr1nc1ple
* Every point on a wave front acts
as a source of tiny wavelets that
move forward with the same
speed as the wave; the wave front
at a later instant is the surface
that is tangent to the wavelets.
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Sl t Experlm.nt
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* In 1801 Thomas Young showed that
two overlapping light waves
interfered and was able to calculate
wavelength.

Dark fringe Bright fringe

Screen

! Bouble siit

Single slit

Light source
(single wavelength)

Have laser and double slit for demo (optics bench?)



_ 12:01 The Doubl® Sijt Experiment
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| Dark fringe
(destructive
interference)

Bright fringe
B (constructive

Bright fringe
(constructive
interference)

(a) (b) (c)

* Bright fringe where £, - £, = mA
* Dark fringe where £, - £, = (m + ¥2)A

* Brightness of fringes varies
* Center fringe the brightest and decreases on either side
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* A) Rays from slits S; and S,, which make approximately the same angle 8 with
the horizontal, strike a distant screen at the same spot.

* B) The difference in the path lengths of the two rays is A€ = d sin 6.

* C) The angle 6 is the angle at which a bright fringe (m = 2, here) occurs on
either side of the central bright fringe (m = 0)




t Expenm.nt

l

« A? =dsin 6

* Bright fringe A¢ = mA
e dsin 6 =mA

* Dark fringe A€ = (m + ¥2)A
*dsin 0= (m+ %)\

0 = angle between fringe and center
= integer

A =wavelength

d = distance between slits
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* A laser beam (A = 630 nm) goes through a double slit with separation of 3 pm.
If the interference pattern is projected on a screen 5 m away, what is the
distance between the third order bright fringe and the central bright fringe?

*4.06m

5m

laser 0501° m=0
X
m=3
) A _ 630x 107 °m _
sinf =m— —-sinf =3 — —sinf = 0.63 - 8 = 39.0501°
d 3xX107°m

X
tan 39.0501° = ™ — 5m (tan 39.0501°) = x = 4.06 m
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* Read
* OpenStax College Physics 2e 27.4
* OR
* OpenStax High School Physics 17.1-2

* Don't let your other Work 1nterfere Wlth these problems.
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In this lesson you will...

« DisBuss the pattern obtained from diffraction grating.
« Explain diffraction grating effects.

Explain Single-Slit Diffraction

OpenStax High School Physics 17.1-2
OpenStax College Physics 2e 27.4

13
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. Arrangement of many closely spaced
slits

* As many as 40,000 slits per cm
* Produces interference patterns

1@ 02 Multlpleglt lefractlon .

— Incident plane
wave of light

Diffraction
grating

First-order
maximum
(m=1)

Central or
zeroth-orde]
maximum
(m = 0)

First-order
maximum
m=1)

Have a couple diffraction gratings to play with
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* The light rays are esse

ntially para
* The principal maxima occur when light from one slit travels mA more to meet
light from a 24 slit producing constructive interference.

* Principal maxima

; A
>t 9 —my First-order

d maximum _

Second-order
maximum
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* A laser which produces 650 nm light shines through a diffraction grating. An
interference pattern is produced on a screen 50 cm away. The distance on the
screen between the second order maxima and the center is 13.5 cm. What is
the slit separation in the grating?

©*499 %107 °m
13.5cm
15.11°
50 cm
tan 0 13.5cm 9 = tan-1 13.5 15 11°
= - = _ = .
an 50 cm an 50
o A i 15.11° 2650><1O‘9m p 2650><1O‘9m
= — - . = 4 =
Sy =myg s d sin15.11°
=499%x 10" °m
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. lefractlon gratlngs produce
narrower, more defined maxima, but
have small secondary maxima in
between.

Light intensity

Light intensity

Grating
(5 slits)

m=2 m=1 m=0 m=1 m=2
Double slit
m=2 m=1 m=0 m=1 m=2

17



1@ 02 Multlple%’It Diffractionw,

. Spllttlng colors
» Each color of light is a different

wavelength, so each color bends a
different angle.

* Which color bends the most?
* Red

* Which color bends the least?
* Violet

m=3

TSunlight

18



1@,02 Multlple"'é‘ilt lefractlon .-

A A Ve “' ,‘ AAT < = b
. Apphcatlon Determlnlng Elements in Stars

* Each element in a hot gas emits or absorbs certain wavelengths of light.

* By using a diffraction grating the light can be split and the wavelengths
measured.

(a)

Q1 |

A{nm) 400 500 600 700

Top is an emission spectra of Neon
Bottom is an absorption spectra of Hydrogen

19



I hope you don t flnd these problerns gratlng

* Read
* OpenStax College Physics 2e 27.5-27.6
* OR
* OpenStax High School Physics 17.1-2

20



OpenStax High School Physics 17.1-2
OpenStax College Physics 2e 27.5-27.6

D

ffraction

In this lesson you will...

» Explain Single-Slit Diffraction

* Find the limits of resolution

21



Single'

. P

(o> Smaller value for x/ WV, /B> Larzer value for n/uW.
less diffraction. more diffraction.

w

> Smaller value for x/1V, > Larger valuc A/
less diffraction. more diffraction.
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) _A'Ie; ‘ i't k|;)|ffract|on\|n

. Slngle sht produces a dlffractlon pattern

* The Huygens wavelets interfere with each other
* The center bright band is twice width of the other bands.

(a) Without diffraction (b) With diffraction

23



wave First

* First order dark band occurs when

left edge and right edge path lengths Hii“//:j o e
differ by 1 wavelength. e |
—

* The center wave path length differs
by %2 wavelength leading to the
destructive interference.

Midpoint of
central bright
fringe

* The wavelet slightly below #1 will
cancel with wavelet slightly below
#3 and so on.

The screen is far from the single slit so that wavelets are parallel. We are looking
at the part of the wavelets that are traveling at an angle to the normal.



e I.ef§ﬁt Diffractions

Incident

& P L A plane

B -
A\ X 'y ; o\
/1 wave

- / -

sinf@ = W F i

—nt ;
. . 3 L’;{E _______
* For multiple dark fringes . t'//

Sln 9 = m— 0 Mi?pcri;t.or:t

W fringeg

(@)

* Where

* 0 = angle between wave and
normal to slit

* m = dark band order
* A = wavelength
* W = width of slit

First
m dark
fringe

The screen is far from the single slit so that wavelets are parallel. We are looking

at the part of the wavelets that are traveling at an angle to the normal.
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A laser shlnes through a smgle SlltiofWIdth 3 25 x 1076 m. The first order
dark fringe is 10.2 cm from the center and the slit is 50 cm from the screen.
What is the wavelength of the laser?

* 650 nm
10.2 cm
11.53°
50 cm
g2 102em o (102) o
= - = —_ ) = .
an 50 cm A\ 50
inf A in11.53°=1 A 6.496 x 1077 A
= —_— = e d =
Sin mW Sin . 325 x 10-6m . m

26



. Appllcatlon Mlcrochlp Productlon
» Very small electrical components are used.
* Make masks similar to photographic slides.

* Light shines through the mask onto silicon wafers coated with
photosensitive material.

* The exposed portions are chemically removed later.

* If too much diffraction occurs, the lines will overlap.

* Currently UV rays which have smaller wavelengths than visible light is
used to minimize A/W ratio.

* To improve could use X-rays or Gamma Rays with even smaller
wavelengths.
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* Light gomg through a c1rcular
aperture has diffraction
* Also true for light from lens and

mirrors
* 15t minimum at
6 =1. 22
* Where
* @ is in radians

* A is the wavelength

* D is the diameter of aperture,
lens, mirror, etc.

| .° The dlffractlon hmlts the amount of

detail or resolution

* Two images are just resolvable when
the center of the diffraction pattern
of one is directly over the first
minimum of the other.

- .-
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* (a) What is the minimum angular

spread of a 633-nm wavelength He- i
Ne laser beam that is originally 1.00 / v

mm in diameter? (b) If this laser is 1

aimed at a mountain cliff 15.0 km

away, how big will the illuminated N
spot be? v

- 23.2m | -

-9
(@6 =1225=122"220 " = 7.72 x 10~ radians

_JY -4 _ Yy _
(b)tan 8 = ~—tan 7.72 X107 rad = oo Y=

(15000 m)tan 7.72 X 10~* rad = 11.58 m
Y =2y+D=2(1158m)+1x 103 m =232m
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* Read
* OpenStax College Physics 2e 29.1
* OR
* OpenStax High School Physics 21.1

* Don’t let frlvolltles 1nterfere Wlth your learnlng

30



OpenStax High School Physics 21.1
OpenStax College Physics 2e 29.1

In this lesson you will...

* Explain blackbody radiation

» Explain the quantization of light

31



6,000 K
(white hot)

12&0_4 Quantum’ﬁ

V R

e [tis hotter to wear black clothes in
the sun than to wear white

* Black absorbs all light

* [t also re-emits that light
* Blackbody

 Absorbs all light

* Re-emits all that light [

* The color that a hot object 0
(blackbody) emits depends on its

temperature. X
Visible

rangc

intensity
T
=
=
S
2

EM radiation

o
o
~ O
S
>
~
o
3
h—g

The peak shows what the most common wavelength that is emitted for a given
temperature.

32



12&0_4 Quantum’ﬁ

* As the temperature increases, the
total amount of energy increases

* While all the wavelengths are
emitted, there is one peak
wavelength

* As the temperature increases, the
peak wavelength gets shorter
* The increased temperature atoms
move faster and the frequency of
the light increases.
* By v = f, the wavelength
decreases

6.000 K

(white hot)

VR
S
=
= 2
s 5
=
2
—\T
UV~ / 2,000
IR
Visible
fange
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12&0_4 Quantum’ﬁ

* This graph does not match cla351cal
physics which is based on
continuous energy

* Planck invented the idea that the
frequencies emitted are based on
probabilities

* Energy is quantum

* Only exists in certain amounts
* Like the number of electrons in

something must be a whole
number

* E=nhf

6.000 K

(white hot)

VR
S
=
= 2
s 5
=
2
—\T
UV~ / 2,000
IR
Visible
fange
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6,000 K
(white hot)

 A2:04 Quantu’N

. Ener is qantu'm

V R

~

*n=0,1,2,3, .. (# of photons)
*h=6.626x1073*]-s
* f=frequency of light
* Low frequency (long A) light is low
energy
* High frequency (short A) light is high _ T T T -
energy 0 / 2,000 A(nm)

* Low temperature has low energy so
Visible

more low frequency light
more higher frequency light range

intensity
T
=
=
S
2

EM radiation

=

» High temperature has higher energy so

h is Planck’s constant



12@;04 Quantum’ﬁature of nghh

- The idea of quantlzed energy earned
Planck the Nobel Prize in physics
* Other things that are quantized
» Atoms and molecules
* Charge
* Electrons

36



12@04 Quantum’ﬁature of nghh

* How many photons per second does
a typical 10W LED lightbulb produce
if 80% of the electrical energy is
turned into useable light with an
average wavelength of 520 nm?

E = nhf
c
= A = —
c=fi-f=5
_ nhc
2
E  hc
n A
E (6.626%x10734] - 5) (3.00 X 108%) J
— = — =3.82x1071
n 520 x 10~ m photon
1]
1w=—
S
80%(10 W) = 8£
J R Ji ] photon photon
s photon s Ji s
<8£> + <3.82 x 10719 J > = 2.09 x 101° photons/s
s photon

37



12@;04 Quantum’ﬁature of nghh

. Compare the energy of one photon
of UV light (A = 250 nm) with IR light
(A =890 nm).

C
= f2 - _
c=fA-f=-
c
E = h —_ =
n f—> 7
uv
E  (6626x10734] %) (3,00 % 108 m) ]
—= — S/ —7095x 10719
n 250 x 10~9m photon
IR
E (6626x1073*]5)(3.00x 10°Z) J
—= — —223x%x1071
n 890 x 10~ m photon

38



. Radlate the love of ]esus to the World

* Read
* OpenStax College Physics 2e 29.2-29.3
* OR
* OpenStax High School Physics 21.2

39



tric Effect

In this lesson you will...

» Explain photoelectric effect

«..Find the maximum kinetic energy of electrons ejected from a material
struck by light

OpenStax High School Physics 21.2
OpenStax College Physics 2e 29.2-29.3

40



- When a photon ofllght hlts an
electron, the electron absorbs the
energy and jumps to a higher orbital

* If the photon has enough energy, the
electron can completely leave the
atom

* If there is a wire for the electrons to
move through, then there will be a
current

* This the is photoelectric effect

Photon gamma
incident

o A A sl

b o

(# ] 0. eh_ﬁ Q

Jump of L-shell

I / L!u.tmn t(J the K shell

(] 0\3

Ejection of a K-shell
electron

It is easier to eject electrons from the electron sea in a metal surface

41



. E1nste1n dlscovered
* Light waves are not continuous streams
* They are made up of discrete quantum particles of energy called photons

* Energy of photon from photoelectric effectis E = hf = %

42



: For a glven materlal there isa threshold frequency fo for the EM radlatlon
below which no electrons are ejected, regardless of intensity. Using the
photon model, the explanation for this is clear. Individual photons interact
with individual electrons. Thus if the energy of an individual photon is too
low to break an electron away, no electrons will be ejected. However, if EM
radiation were a simple wave, sufficient energy could be obtained simply by
increasing the intensity.

. Once EM radiation falls on a material, electrons are ejected without delay.
As soon as an individual photon of sufficiently high frequency is absorbed
by an individual electron, the electron is ejected. If the EM radiation were a
simple wave, several minutes would be required for sufficient energy to be
deposited at the metal surface in order to eject an electron.

43



. The number of electrons e]ected per unlt tlme is proportlonal to the
intensity of the EM radiation and to no other characteristic. High-intensity
EM radiation consists of large numbers of photons per unit area, with all
photons having the same characteristic energy, hf. The increased number of
photons per unit area results in an increased number of electrons per unit
area ejected.

. The maximum Kinetic energy of ejected electrons is independent of the
intensity of the EM radiation. Instead, as noted in point 3 above, increased
intensity results in more electrons of the same energy being ejected. If EM
radiation were a simple wave, a higher intensity could transfer more energy,
and higher-energy electrons would be ejected.
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. The k1net1c energy KE of an e]ected electron equals the photon energy

minus the binding energy BE of the electron in the specific material. An
individual photon can give all of its energy to an electron. The photon’s
energy is partly used to break the electron away from the material. The

remainder goes into the ejected electron’s kinetic energy. In equation form,

this is given by KE, = hf — BE where KE, is the maximum Kinetic energy
of the ejected electron, hf is the photon’s energy, and BE is the binding
energy of the electron to the particular material.
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@12-05 Photaé"lzctrlc Effect W

* What is the energy in ]oules and | . What 1sthe maximum Kinetic energy

electron volts of a photon of 250 nm of electrons ejected from cesium by
ultraviolet light? 250 nm UV light, given that the

binding energy of electrons from
silver is 3.894 eV?

E = hf
C
c=fA-f=2
3.00 x 108 ™

_ S _ 15
- = 1.2 x 10
f = 250x10°m /s

E=(6626x1073 J-5) <1.2 x 1015 ?> =795% 10719

Convert to eV

leV
7.95 % 1071 = 497 eV
J <1.60 X 10-19 ]> ¢
KE, = hf — BE

KE, = 497 eV — 3.894 eV = 1.08 eV
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_12-05 Photdéglgctrlc Effect .

* Uses of thephotoelectrlc effect 7
* Photovoltaic solar cells
* Light knocks electrons off metal which are then stored in a battery

* Electric eye
* Lights turn on in the dark

* When it is day, the light knocks electrons off a piece of metal which is
then filled with a new electron from a circuit. This make current.
When the current goes away, the light turns on.

» Automatic faucets, paper towels, toilets, etc.

47



* Read
* OpenStax College Physics 2e 29.4-29.6
* OR
* OpenStax High School Physics 21.3

. nght can change matter Be a llghtito the World and change it.

48



OpenStax High School Physics 21.3
OpenStax College Physics 2e 29.4-29.6

In this lesson you will...

49



1%06 The Duaf’atUre of Lights,

. P " \ : W/ PN
* Light behaves as a wave . nght behaves asa partlcle
* Diffracts * Discrete energy
* Reflects * Blackbody radiation
* Interference * Photoelectric effect

* Momentum

50



* 512:06 The Dudl Nature of Lights
43R, J ,;\" “;"'ﬂ 7\ \ f ' | --.‘:-U:!V T ; " i ),
* Momentum of light ___ ———— i
« Light from the sun pushes a (R s T
comet’s tail away

S comel's
motion

© 2005 Pearson Education. Inc.. publishing as Addison Wesley
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* Momentum of light

* NASA is developing a sail
spaceship that is pushed away
from the sun using a sail that is
hit by the sunlight

* 412,06 The DudfNatirre of Lights,

Left: NASA sail ship
Right: Bajoran lightship from Star Trek: Deep Space 9

52



. Momentum ofllght

* When X-rays are shot through

atoms, then they scatter from
hitting electrons

* The scattered electrons have
less energy than before
because they gave some to the
electron like a momentum
collision

h
0p=z=_

E - M!()C“2

=0

Incident photon

E=hf
P = f)f/t‘

Iargct/< KE. = hf = hf'
SN

electron
at rest

Scattered
electron

1%06 The Dual‘/att‘;re of Lights

Q\\O@\
x\e"ejé '
o8 E =} f
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1%06 The Duaf’atUre of Lights,

Lol Lt fc

photon that has a wavelength of red
light 680 nm.

. Calculate the momentum of a Vlslble |

. F1nd the velocity of an electron with
the same momentum.

p =
6.626 X 10734 ] - s

p:

NS

680 X 10~ m

m
=9.74x 107 kg —

p =mv

m
974X 107 kg—= (911 x 107 kg)v

This is nonrelativistic

m
v=1070—
S
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125-06 The Duaf’att‘;re of Lights

* What is the energy of the electron
and how does it compare with the
energy of the photon?

Electron
KE = L ow?
= zmv
1 m\2
E= 5(9'11 x 10731 kg) (1070 ?> =521%x10"2 J
5.21 x 1025 ] 1eV —3.26x 106 eV
' 1.60 x 10-197)
Very small
Photon
E=hf = hc
= f = )
(6.626 x 10734 ] - 5) (3.00 x 108%)
E = — =292x10719)
680 X 10~° m
2.92x 1071 Lev = 1.83 eV
' 1.60x 10-19) )

About a million times more energy than the electron
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1%06 The Duaf’athe of Lights

VRTN)
AA ) \ ‘," N 1% B N
« Particle- Wave Duality

* Light waves can act as particles
* Particles can act as waves

e Electrons can interfere with
each other

* Electron currents can cancel
out

* All matter is both waves and
particles
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e W 12-06 Pragﬁ‘ce Work

* We are called to a duallty Be in the
world, but not of the world.
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