Physics 218, Spring 2004 26 April 2004

Today in Physics 218: review I

You learned a lot this semester,
in principle. Here’s a laundry-
list-like reminder of the first half
of it:

U Generally useful things

0 Electrodynamics

0 Electromagnetic plane wave
propagation in a variety of
media (linear, conducting,
dispersive, guides)

“The Scream,” by Edvard Munch (1893).
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Generally useful math facts
O Vector and vector- - -
calculus product I COS 11X COs nxdx = _[ sin mx sin nxdx = 76,,,
relation from the 0 0
inside covers of the 27
book cosmxsinnxdx=0 , so
. 0
0 Properties Qf the 20
delta function cos2 a)t> A J‘ cos? wtdt
Q Orthonormality of 70
sines and cosines 2z 1
2 2
Q Aei‘m +Beibu _ Ceiw =— J[; cos” xdx =3= <sm a)l>
= A+B=C, a=b=c
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Electrodynamics (as opposed to statics or
quasistatics)
0 Beyond magneto-
quasistatics cgs units:
0 Displacement current, V-E=4np V-B=0
and Maxwell’s repair
of Ampere’s Lawp VXE:_%% VXB:%IJr%%
O The Maxwell MKS units:
equations V.E=2 v.B-=0
0 Symmetry of the “
equations: magnetic vxe--2B v.p- o] + Hogy E
monopoles? o o
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O The Maxwell

Electrodynamics (continued)

26 April 2004

equations in matter
q Ve 13 gy tr; 1D
0 c c ot
0 Boundary B, and E; are continuous;
conditions for D is discontinuous by 4707
electrodynamics H) is discontinuous by (47r/c)Kf x1l.
In linear media (D =¢E,B = uH):
gaboveEi,above ~ Ebelow Ei,below = 47[0—f
BJ.,above - BJ.,beIow =0
Ej,above = Ejbelow =0
1 4z A
BH,above I BH,below = 7‘Kf xn
Habove Hbelow ¢
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Poynting’s theorem

Electrodynamics (continued)

. . 10A
U Potentials and fields E=-VV 7?(67
U Gauge transformations, B=VxA
especially the Lorentz P
P y v.a+19V _g
gauge c ot
QE ion i
nergy conservation in AWineeh, __ € ‘ﬁ (ExB)-da
electrodynamics: dt 4w )

14 2 2

—gﬁ_[(B +E?)dr
v

0

5(”mech.+u153)+v's:0

<

4z

S=

ExB, ugp :é(EZ +BZ)
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@

O Momentum
conservation in
electrodynamics and
the Maxwell stress

Electrodynamics (continued)

- Y (EE +BB - L(E2+B2)s.
T, = [E,E]JrB,B] 2(E +B )5,])

Y 4n

dpmech _ A7 d
T*iT'dﬂ*E\“lgEBdT

tensor
0 .
*(gmech, +3EB)_V'T =0
ot
1
gep=7_—ExB
4rc
1
Lrp =rx gpgp =——1X(EXB)
47c
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0 Electromagnetic
waves

0 Waves on a string

Q The simple
solutions to the
wave equation

U Sinusoidal waves

Q Polarization

Waves

2 ,ua(?E 2 ,ugazB
V°E = , VB=—F—
5 ? 62 c” ot
of [ ]5/‘
ox? or?

f=g(xxovt)=g(z)

flx,t)= Ae'kx=et) A _ ppio

26 April 2004 Physics 218, Spring 2004 7

26 April 2004

Waves (continued)

OReflection £ = A, i(k1z-ot)

and (hyz—ot) z<0:f=fi+fr
transmission fr = Age' !
of waves on 5k f)
a string fr=Are (faz-o } z220:f=fr
0 Impedance of [+
(071)=r(07). Z{o)=Z (o)
Ag=2"" 4 :Z1_Z2A
Uy +01 Zl +Z2
~ 202 ~ 27 1
Ar = A = A ; Z=Tlv=\Tu
T 01 +0y I Z1+Z I /
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U Plane electro-magnetic
waves

plane electro-magnetic
waves

U Radiation pressure
0 Waves in linear media

u
U Energy and momentum in

Plane electromagnetic waves in linear media

E=Epe'*t) | B-kxE
E2 B? cE?

=—=—, S:—I;:culz
4r  4r 4r
2, N

_E g 8 _ug

4rc 2 ¢
B=.\/uszxE
s=—"Ex H= ExB

4z

u:—(E.D+B-H)=l cE2 41
87z 87 7

S g &
=22 - pxH="_ExB
c 4rc 4drc
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Plane electromagnetic waves in linear media

(continued)
0 The impedance ar [
of linear media T\
U Spacecloth
U Boundary 6E 1-&E =0 By 1-B>=0
conditions for b 0 1 s 1 s 0
reflection and == = PR
transmission of
electromagnetic == = 5 = =
&1 Eop, + E =&E Bo1, +Borz = Bors
plane waves at 1( 01z ORz) 2Eo1z Borz +Borz = Borz )
. - - - 1 -~ - -
interfaces Eorx + Eory = Eorx *(Bou + BORx) =—Borx
P H
- ~ - 1/~ - 1 =
Eory +Eory = Eory —(Bory +Bory | =—Bor
y Yy y P ( y 3/) 0T
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Plane electromagnetic waves in linear media
(continued)

QSnell’'s Law 6, =6
sinfr _kp _vy _mg

sing,  kr v ny

- 2F - —af -
QO The Fresnel  E Lky kg, kp: Egp =—Y R G Eo;
. 1+ap 1+ap
equations oE 5
Ellk; kg ky: Eop=—-L | Epr=2"FF
Ilkr kg, ke L OR = g0
2
=080 L 1 (Mg
cosf;  cosb; 1y
B=\mey| e =Z1|Zy = &y [&1 =y [m
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Plane electromagnetic waves in linear media
(continued)

Q Total internal
reflection m
a Polari?ation on tanfpp = f = np
reflection m

2dncosé,
Ay = t
m

Gyc > arcsin [le

O Interference in layers
of linear media Y (m=012,...)
O Transmission and
reflection in stratified
linear media, viewed
as a boundary-value
problem
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Plane electromagnetic waves in linear media
(continued)
O Matrix & iz 1
. Y, g = |21 2t
formulation of 'VTE T4, == F7 o
the fields at o1
i Yiom =, |~
.the mteflfaces , 1 cos6r1
in stratified - o - N
linear media 11 { cosdy  —isindy/ Yl} Bia | _ My Ey2
HHJ —iY; sin&; €os Sy HH,Z HH,Z
E 1 EHJM
5 s
Hyp Hy,ps1
myyp Mhp
M=MM, M =
- v ["121 mzz}
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and intensity

0 Examples:
* Single interface
* Plane-parallel

Plane electromagnetic waves in linear media

(continued)
a Eharaite.rlstlcfmatrlx . 1y Vg + 1112 Y0 Y1 — iy ~ 119 V1
rmulation =
ormulation o myy Yo + 11 YgYpp4q + 1121 + 129 Y40
reflected and
. ) 2,
transmitted fields t=
1Yo + 1Yo Ypsq + gy + 1Yy

_(Srar)
(S1,0)

_ <ST,p+1,L> _ Yl”l MZ

I

dielectric in <s,, L> Yy
vacuum cep=1
¢ Multiple quarter-
wave stacks
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0 Electromagnetic
waves in
conductors

O Attenuation of the
waves, and an
electronic analogy

Q Penetration of

Plane electromagnetic waves in conductors

O’E _eu O°E  4nou OE
oz 2ot 2ot
=& _PE

2rc 27

. Sz Y2
waves into ) 1 7 ¢ Ao
conductors: skin d=—=,[——|| 1+ -1
depth K \ue o )
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conductors

E and B of waves

Plane electromagnetic waves in conductors
(continued)

U Goodandbad Zﬁ
T
0 Relative phase of - 7\'2”“"’0(1”), ko oo N2TOHO good,
c
in conductors };=k+ik,k;\//;ﬂ>>rc,1(;:7 iy
c &

i ~ c
(k+ix) 7

(S)=2———Ege 2=

good, o—<<ﬁ bad.
4r

c
270 |4 _C 7 bad.
c

e

K

? ok
8mu @
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matrix of a
conducting layer

U The characteristic Y; =

Plane electromagnetic waves in conductors

(continued)
. ~ 2 . - 1-8 =~
a Reﬂectl(?n from ¢ r=——Eo , Eor = s Eor
conducting 1+ 1+p
surfaces = ck /
_ [k ———y(1+i), 7= 4 |20
& o ood s\ o
Ix_1-(2n)+27
I 1+(2)+2/°

Ly and & =kd ,
H @

2
R o i (1+1) good
c

k= )
}11€1£+iﬂ 4 pad
c c \e&
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O Motion of bound
electrons in matter,
and the frequency
dependence of the
dielectric constant

U Dispersion relations

Plane electromagnetic waves in dispersive media

2 .
L;erEergx: q ot

—Ege”
dt dt m, 0

. 47Ng? M
ety ”mj Z( ),
j=1|@f —o” |=iyjo

Dilute gas: I(z)=Iye ,

: n=—kz=
0 Ordinary and m S (w _wz) i

anomalous

dispersion ) 47Ng*o fivjo
a K

myc i1 (a) 7[”2) +;/]2m2
n=n+i—a
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Plane electromagnetic waves in dispersive media
(continued)
. . 2
O Semiclassical theory . _Nfos” 1
of conductivity My yo—iw
P 2 2
Q Conductivity and o= NI als o =i Nod gases.
dispersion in metals Me7o M@
anddm very dilute ) o _ai, . 17Nfog?
C(')n uctors o 2 P ",
O Light propagation in o o .
very dilute v=g = s ¢
conductors: group 1 —(wp /w)
velocity, plasma do
_ _ _ 2 2
frequency L i il [ <c
o do c . . . .
a P <c , always, in nondispersive media.
n
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Guided waves
O Metallic waveguides o [ %oz , @ 0By, ]
. Lo 0x = “or ¢ ov
0 Light propagation in et @2\ ooy
hollow conductive 2
waveguides B, = iy oEy, By,
ot 'y
Q Ey, = 0= TE waves v ai_;{z o ¢ ox
- 2
By, =0=TM waves ¢
. i 0By, @ oFy,
By =— k=
® Py ox ¢ oy
2
By =t [y O, 0 OF:
Vo w? 2l e ox
2
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Guided waves (continued)
U The TE modes of rectangular metal waveguides
= nx
By, = By cos mrx cosTy ,
m,n=0,1,2,... (butnotboth 0)
i o By, = _ i wdBy,
0x »? 2c6y’0y w? 5 C Ox
— -~k 7~k
c c
< —ik 8By, = ik 0B,
Box == = Boy =— o
- 2 Ox o 2
2 2
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Guided waves (continued)

0 Waveguide modes, e.g. TE:
Bg iw mr . Mrx mrx
) [

= — | Zsin cos——
87[{0;2/8_](2 a a a

nr mrx nrx
+— COS2 Y

b

sin—= cosﬂﬁ]

2 Ny

cos® —=x
b
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Guided waves (continued)

O TEM modes in coaxial

0 Dispersion and cut-off @ mlr? nln?
in waveguides k= 22 2

0 Massive photons? 3

O The real reason there _o 1- DOinn
are no TEM modes in c e
hollow C.(C)lnducting SO ¢ .
waveguides A o, /a)z

waveguides do 2 2
8 vgz%:c\ll—w,,m o° <c
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