PHY 114 A General Physics Il
11 AM-12:15 PM TR Olin 101
Plan for Lecture 21 (Chapter 37):
Wave properties of light
1. Interference of two electromagnetic waves

2. Interference of electromagnetic waves in
thin films
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4th exam will be offered during the week of April 231,
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Upcoming event:
Society of Physics Students Keynote address
Friday April 20, 2012 8 PM in Brendle recital Hall

Professor William Phillips from NIST and UMD

“Time, Einstein, and the Coolest Stuff in the
Universe”

Dr. Phillips was awarded the 1997 Nobel Prize in Physics :
“for development of methods to cool and trap atoms with
laser light” The 1997 prize was shared with Steven Chu of
Stanford University and Claude Cohen-Tannoudji of the Ecole
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3rd exam solutions
¢ Solutions posted on web
¢ Exam review session??
Would you like to attend an exam review session?
(A) yes (B) no

If you would like a review session, can you meet
(A) Today at 2 PM (here)
(B) Tomorrow at 1 PM Olin 107
(C) Tomorrow at 2 PM Olin 107
(D) Other?
* Similar problems may appear on final exam
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Comment about functions and derivatives:

Current as a function of time (in units of Amps):
1(t)=0.2(1-0.01t)

a =-0.002
dt

Charge as a function of time:
qO)=ge™”
dj _ q“ef& T

dt T
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Webassign hint:

PR —" SerpsEs 5608 (1453034)
Two converging lenses having focal lengths of £, = 12.5 cm and f, = 18.0 ¢m are placed 3 distance & = 49.0 cm apart 3¢

shown in the figure below. The image due to light passing through both lenses is to be located between the lenses at the
position x = 32.0 cm indicated

Object

(a) At what valus of p shouid the obiect be positionsd to the left of the frst lens?
X 18] em

(b) what is the magnification of the final image?
X +.32]
|- EE
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h % Working backwards :
Object Final image = 1 | 1
position _ 1
f _— pog f
= Solve for p,
b S Note: g, <0
'——ﬂ - ! g,
h e fe Continuing analysis:
Object Final image
pns...(.{ g =d-p,
LI
o P2 oA

I = Solvefor p,=p
1

p—f——s
r
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Another example (#36.10 in your text):

‘f‘.‘ Lens 1 .‘A\ Lens 2
> | \
£ N [
| ) [
[ [
hi | | —
0 \ 10
| == —
\Uf \[= 6.67 cm
- |
10.0cm| 15.0cm |
30.0 cm 20.0 cm —
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From previous lecture:
Diverging lens: Converging lens:
virtual image of face smaller virtual image of face larger




Wave phenomena associated with light

Plane polarized
electromagnetic wave
at an instant of time:

Ey(X,1) = E sin(% (x—vt)+ ;a)

Superposition of two electromagnetic waves (electric field portion)
tot 1 2
EJ (XD =E,(X,) + Ej(X,1)

EV () =E,, sin(z—; (x—vt))+ E, sin(%(x —vt)+ (p]

. (2n 1 @
=2E__ sin| —(X—Vvt)+—¢ |cos| =
BETNNG

2
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Superposifon (continued)

EP (%) =E,,, sin[z—:(x—vt)] +E,.. sin[z—: (x—vt)+ (p]

. (2m 1 @
=2E E(x-vt)+~ 2
m_xsm( . ( )+2¢jco{2]

Note that this result follows from the trigonometric identity :

sin(A)+sin(B):25in(AJ2r B]cos(A’B)

2

Squared magnitude : ‘sin( A+ sin(B)‘Z =4 sinz( A; B J cos’ [%j
1
Intensity of the EM waves : Constant in time
1
2¢4,

e Time average = 1/2
= Vayg

=1?

2
‘max

SANAAAARAANDANAN
AVVVVV VY TVRUYTY
AT TEATIVIT)
ﬂ;fiU \ Ui\& \,/ \\/’ Wi Y x'\y/ \J U U UDU \/ Um

Intensity as a function of ¢:

0 = N W B

E] 0

¢/(2m)
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Summary of interference phenomena due to two or more
electromagnetic waves which combine at a give point P with path
lengths r; and r,and fixed frequency f.

E(P,t)=E,, sm(z;r' 2nft]i e s1n(27;r2 2nft)
Trig identity :

sin A+sinB = 251n A+B cos : 1 =41, cos
! l! l l ! A B)
sin A—sin B = Zcos A+B sm : | —4Imax sm
I - % —1(A-B)
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Two examples of superposed radiation:

Interference from refraction and reflection of thin films

Young’s double slit

4/12/2012 PHY 1

Young’s double slit geometry:
Mathematical analysis of bright fringes:

| D .|

Incident
wave

——

Path length difference 8

r—r,=38=dsin6
s (2@ o . (2mr,
E(P,t) = E, 4 sin T—ant + E oy S0 T—2nft

=2E .« sin(w - 2ﬂ:ft)cos(@}
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Intensity pattern at screen for double slit:

AMfAL

— dsin 8

2 ) .
! :‘s‘av :hmsz(n(n _rZ)J —@CQSZ(MJ

2u,C A 2u,¢ A

[}

max
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Diffraction pattern from a plane wave incident on a double slit:

Incident
wave

TVVVVVY

b

[
Path length difference 8

r-r,=38=dsin6
+ Epax sin(znTr2 - 2nftj

=2E, .« sin(w - 2nft) cos(@]

a(r —r.
=> intensity maxima occur for M

E(P.0ZE,,, sin(%fﬁtﬁ

~—

=mn = dsinf=mr

Summary of results:

Constructive interference :
dsin®=m\

Image on screen :
D
~MA—
y d
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Interference in thin films

Ey (%) =E, sir{% (x—vt)+ QJ)

Interfering transmitted light
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Interference between reflected waves:

Recall -- the behavior of a plane-polarized electromagnetic wave near the surface
of two materials:

Normal Periodic waves:

Reflected ray

|
i E, = Epy, sin(k, -r—ayt)
! Ei = Ep,y, sin(k -r—ait)
| ’
| GGy,
ki ki
E, =Enax, sin(k, -1 —o,t)

k.
Lo o _,
| -2
|

k,

Refracted ray
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Normal

Incident ray Reflected ray

Matching electric and magnetic
fields at boundary:

n, cosf, —n, cosH,

'
Glass 2 Uy Elx =
& T TN ) cos ), + N, cos0,
0
1v2
| k;
! or
I
Refracted ray
, n, cos0, —n, cos0,
EBhuax, = Bina, ===
n, cos0, +n, cos6,
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Plane waves reflected and refracted at surface:

lorm:
Normal Matching electric and magnetic

Incident ray Reflected ray fields at boundary:

For reflected waves:

;o n, cosf, —n, cosO,
‘max; —

", cosO, + N, cosh,
for E in plane of incidence
or

for E out of plane of incidence:

n, cosf, —n, cosH,

Elax, = Em
™1 n, cos0, +n, cosd,

‘max;
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Multiple refractions and reflections in a thin film

E(P,0)=+E,, sin(%fbrﬂ)i E, sin(z;:rz 72nft)

1

ez

180° phase change No phase change
1 2
A | 44 °
Air Pair < i
P
! r—rn =2t
Film f
14 ]
\ '
B Forn,>n E, == Ep, =+
v . 2t
M X :>sm[1[§\ )] =max at 2nt=(m+ )M
2
= min at 2nt=mi
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Example of interference with “+”
n;<n,<ng
—
n For each surface with n;<n,
1
E,=-E, for reflected beam
i

=1 =1, {cos(t(A-B))f

peaks at

L(A- B)ELZX’ ")~ mn
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Example of interference with “~”

=1 =1 bin(t(A-B))

—
np>n, B\/é/ n peaks at
o, —n
1(A-8)="2 "0 (mo )

a5

AR

Example of interference with “+”

= 1= Ly feosle(A-B)F
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peaks at
%(A*B)zn(ﬁTim:mn
Summary
ny g Ny
.
- b
(DZZIT&:ZH&HZ : e
A7 -
2 Q B ﬂ,
| =41, cos 3 => maximaat 2L=m—
2

I =4I, Sinz(f) => maxima at 2L:(m+l)i
2 2)n

2
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Example:

Suppose you want to prepare a surface so that it has minimal reflection such as
in a solar cell where it is desirable to optimize refraction and minimize reflection at
A=550nm.

180° phase change

1\ ., 1807 phase change
| 4 4-
2ngot =(M+ BN

Air

el t_(m+%)>\_(m+%)550nm
sio 1 2Ngio 2-1.45

it =94.8nm (for m=0)
Si n=35 Y




Example:

Suppose you see a rainbow pattern for oil on a pavement. What is the the
approximate thickness of the oil in the red (,=700nm) region. Assume that n,;=1.4.

2ngit=(m+ 0
] 1
t:(m+4)k (m+A)700nm:125 nm, 375 nm, etc.

2ny 214

12/2012 PHY 114 A Spring 2012 -- Lecture 2

4/12/2012

10



