Today in Physics 218: review 1

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

d Generally useful things

4 Electrodynamics

d 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

L Vector and vector-

27 27
calculus prOduCt cosmxcosnxdx = | sinmxsinnxdx = 7o
; mn
relation from the 0 0
inside covers of the 2z
book j cosmxsinnxdx =0 , so
. 0
 Properties f)f the 22/
delta function <c052 a)t> _ 22 J‘ cos? wtdt
Q Orthonormality of 70
sines and cosines 1 T ) 1 < o t>
. . . = — COS XdX =—=(SINn
0 Ae'™ 4 Be'™ = Ce'¥ 27 2

0
= A+B=C, a=b=c
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Electrodynamics (as opposed to statics or

quasistatics)
d Beyond magneto-
quasistatics cgs units:
d Displacement current, V-E=4np V-B=0
and Maxwell’s repair
>\< s p VXEZ—la—B VXB:4—7Z-]+18_E
of Ampere’s Law c Ot ¢’ cot
A The Maxwell MKS units:
equations V.E=X V.B=0
d Symmetry of the “0
. . OB oE
equations: magnetic VxE = - VxB = uy] + 1&g —
monopoles?
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Electrodynamics (continued)

d The Maxwell V-D=4np; V-B=0
equations in matter Vo E - 1B Vo H —]f 10D
c Ot c ot
d Boundary B, and E; are continuous;
conditions for D is discontinuous by 47o ¢ ;
electrodynamics

H is discontinuous by (47/c)K FX1.
In linear media (D =¢E,B = uH):
gaboveEJ_,above - gbelowEJ_,below = 4rno f

BJ_,above - BJ_,below =0

E||,above - E||,be10w =0

1 1 A R
Bl above =~ By below =~ |K i

Habove Hbelow
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Electrodynamics (continued)

1 Potentials and fields

d Gauge transformations,

especially the Lorentz
gauge
d Energy conservation in

electrodynamics:
Poynting’s theorem

F__yy_104
c Ot

B=VxA

v.art% o

c ot
AWmech. _ _

= (ExB)-da
dt 4%8

—éév(lsz +E2)dr

0
( Umech. +UEB)+V .S=0

C 1 /02 2
S=—ExB, urpp=—-/|[E“+B
47 LB 8ﬂ( )
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Electrodynamics (continued)

- Momentum T, = EiE-+BiB-—1(E2+BZ)5i-
conservation in A J ] 9 ]
electrodynamics and ;4 - d
the Maxwell stress fmech. _ Cﬁ T-da—— j SEepAr

dt dt
tensor S 1Z
o -
E(gmech. +gEB)_V'T =0
1
47c

1
£EB :ngEB :4—7Z_C1"><(EXB)
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Waves

2 2
4 Electromagnetic v2p = M 0°L  V2B-= pe 0°B
waves ) c? a@ c? ot
- o"f _(m\9f
d Waves on a string _
ox> \T) ot
d The s.1mp1e f=g(xtot)=g(z)
solutions to the
wave equation
O Sinusoidal waves j?( x,t) = A’ei(kx—wt), A= ApiS

O Polarization
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Waves (continued)

O Reflection ¢, = A, pikz-ot) |
and L o[ FSOF=fi fr
transmission fgr = Age" )
of waves on ~ izt
a string fT:ATeZ( > w)} z220:f = fr
J Impedance of of
— . + ) — _ ) +
f(o ,t)_f(o ,t), 8Z(o ,t) 62(0 ,t)
A =227Y 5 _ 21 -2 A,
Uy + 71 Z1 -I-Zz
~ 202 ~ 221 ~
At = Ar = A, Z=T/v=T
d 01 + 09 ! Zl -I—ZZ ! / “
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Plane electromagnetic waves in linear media

d Plane electro-magnetic E=Ege , B=kxE
waves 2 B2 2 . .
U= E = B , S= ik = cuk
d Energy and momentum in 4z 4r Ar
plane electro-magnetic _ E? p_S _up
waves &~ dnc 2 c

J Radiation pressure )
o . B=.\/uczXE
d Waves in linear media ) -
S=—ExH=——UZExB
4r 4ru

u:i(E.DJFB.H):i Ez+132
871 87 u

g:gﬂsz gﬂ EXH:—g EXB
o2 4rc 4rc
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Plane electromagnetic waves in linear media

d The impedance
of linear media

4 Spacecloth

d Boundary
conditions for
reflection and
transmission of

(continued)
7 _ A7 |H
C &

&1k 1-&E p=0 B 1-B, =0
1 1
E1-E2=0  —B1-——52=0
H Ho
or

electromagnetic == - = = -
5 &1 (EOIZ + EORz) =&kor;  Borz + Borz = Borz
plane waves at
: N N . 1 /.~ N 1 -
interfaces Eorx + Eorx = Eorx _(BOIx + BoRrx ) =—Bory
H HD
. N N 1 /.~ . 1 -
Eory +Eory = Eory _(BOIy +bBory ) =— Doy
H HD
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Plane electromagnetic waves in linear media
(continued)

d Snell’'s Law 6, =6

d The Fresnel  E Lkj,kg,kr: Egr = , Egr = Eor
: 1+ap 1+ap
equations oF
~ ~ a —_ ~
Ellky kg kr: Egp === , Egg = s Eor
a+ p a+ p

cosf;  cosby

B =\mer e =21]Zy =&y ]e1 =1y [m

2
a:COS(gTZ L \/1—(”—15in¢91j
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Plane electromagnetic waves in linear media

(continued)
4 Total 1pterna1 b1 > arcsin |4
reflection 1
Jd Polari;ation on tan g = f = 2
reflection n
d Interference in layers _ 2dncos 6, B
of linear media A = - (m=0,1,2,...

[ Transmission and
reflection in stratified
linear media, viewed
as a boundary-value
problem

26 April 2004 Physics 218, Spring 2004 12



Plane electromagnetic waves in linear media

(continued)
J Matrix c Az 1
. Y j— —1 e
formulation of VTE 7y i c0s Ory c 7 cos rq

the fields at o 1
the interfaces Y1,7M = \/: cosbr
in stratified . ! ! 3

linear media Bia | _ { cosop  —isind; / Yl}{ Ej2 } = M, { Ey 2

Hjq —1Y7 sin 07 COS 01 H > H »
(Eq | Ey pi1
| MMy M, i
Hya Hypi1
myp m
M:MlMZ”'Mp:|: 1 12}
a1 Mo
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Plane electromagnetic waves in linear media
(continued)

[ Characteristic matrix
formulation of
reflected and
transmitted fields
and intensity

J Examples:
* Single interface

* Plane-parallel
dielectric in
vacuum

* Multiple quarter-
wave stacks

myq Yo +m1pYoY, 1 —mpy —mopYp

.
MY + 112 YY1 +Mp1 + 1Yy

2Y,

f—
M1 Yo + 112 Yp Y1 +Mp1 + 1Yy

_ (kL)

" )

S > Y
z':< T,p+1,J_ _ p+1 |t|2

(S1,1) Yo
T+p=1

=|f
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Plane electromagnetic waves in conductors

J Electromagnetic 6*E  su 0%E  4nou OF
waves in > =5 <5 T 5
conductors 0z~ ¢~ ot c” ot

O Attenuation of the
waves, and an . & _ pE
electronic analogy 2o 2

d Penetre}tlon of , 12 \-1/2
waves Iinto 1 7 ¢ Ao 2
conductors: skin d=—= \/:— [1 +( j J -1
depth K LUE a)\ EQ )
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Plane electromagnetic waves in conductors

(continued)
d Good and bad o > 20 good, o< 20 bad.
conductors 4 Ar
0 Relative phase of j— Y2792 (1+1), k=x = J2ropo good,
E and B of waves ¢ ¢
in conductors  Fok+ix, k= Jug Lk, x2e 220 |4 :%Z bad.
C C &
(ki) o R
BO = CEO = EO
(0] (0]
2
(s5)=2-" K 2,20
87 w
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Plane electromagnetic waves in conductors

(continued)
J Reflection from B LE Enp = 1-5 E
. 0T =———=Lor » Eor = —=Eo1
conducting 1+ 1+p
surfaces ~ ck : 270
5 [ cky _ >y(lﬂ),y:\/ i \/
&1 o 800 &1 @

1 The characteristic Y = 1M ond 5 =kyd
. H @
matrix of a (

: 2

conducting layer V27011101 (1+i)  good

]21 = A ¢ ’
H1 &1 Q-I—l o1 |4 bad
\ ) &1
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Plane electromagnetic waves in dispersive media

d%x dx

2 q —1t
. -1 F
d Motion of bound dr2 TR m, 0°
electrons in matter, ) 4 N q f].
and the frequency = Z 2\ .
( - ) —17:@
dependence of the “J J
dielectric constant  Dilute gas: I (z) =Ilpe %%
. . . 5
M Dispersion relations o 22Ng? (w s )
d Ordinary and ==L Z ‘
@ e ]l(a) —a)z) +72 2
anomalous ] J
dispersion e 47Ng2w %/I: fivj@
= 2 /4
DT
. C
=n+i1—«a
20
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Plane electromagnetic waves in dispersive media

(continued)
. . 2
Q Semiclassical theory . _No1~ 1
of conductivity M, yo—l@
. 2 2
0 Conductivity and o= NI als o =i V0T cases.
dispersion in metals Me}0 Me®
anddin very dilute . P 1_@_5 o \/4an0512
cc?n uctors o 2 2| er ,
d Light propagatlon in o .
very dilute v=-=—= = >
conductors: group \/ 1 —(a)p / a))
velocity, plasma do
_do _ 2/ 2
frequency Y8 _ﬁ‘c\/l_a’p Jo? <c
Q@ do c

. <c , always, in nondispersive media.
TV CrT Vv W

26 April 2004 Physics 218, Spring 2004 19



Guided waves

0 Metallic waveguides B, - i [ . OE,, Lo 0B, j
X
d Light propagation in o 2L ooy
hollow conductive c?
vyaveguides By 1 [ r oEy, o OBy, j
d Ey, =0= TE waves ! a)_z_kz oy ¢ Ox
- 2
By, =0=TM waves ‘ . .
B _ 1 I @BOZ _Q 8EOZ
Ox 2 ox ¢ 0
@42 Y
2
Boy . 1 I aBOZ +2 6EOZ
o 2 oy ¢ Ox
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Guided waves (continued)

d The TE modes of rectangular metal waveguides

Mwx nry
cos—=,

BOZ = By cos
a

m,n=0,1,2,... (butnot both 0)

B 1 @ OB, B —i  w 0By,
0x =73 Eoy =73
0, » C 8y ) h C OX
—5 k 5k
C C
~ —ik 0By, = ik B,
Box = 2, By, = 2
0x (02 Ox Oy (02 5y
—5 k —5 k
C C
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Guided waves (continued)

J Waveguide modes, e.g. TE:

(S) = Bg W (miz . MuX mrx o NTY .

sin COS COs”™ —=Xx
8 wz/cz_kz a a a

nmw o mmx . NIy nry .
+——COSs sin COS o ]
a

_I_

ko [WZT D MIX . o NTY
5 COS sin” —=
( 0?2 - k2) a

2
mr |~ . o MaX nrx
+[ } sin” cos? Y
a
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Guided waves (continued)

d Dispersion and cut-off
in waveguides

d Massive photons?

[ The real reason there
are no TEM modes in
hollow conducting
waveguides

J TEM modes in coaxial
waveguides

L :\/a)2 - m? > - n’r?
c? a’ b?
:2\/1_@312”
@
V=—= < > C
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