PHY 712 Electrodynamics
9-9:50 AM Olin 105

Plan for Lecture 19:

Chap. 8 in Jackson — Wave Guides
1. TEM, TE, and TM modes

2. Justification for boundary conditions;
behavior of waves near conducting
surfaces
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Steven Erwin, PhD

Head of the Center for Materials
Physics and Technology
The Naval Research Laboratory

“Theory of Nanocrystal Growth”
4 PM in Olin 101

The mechanisms which control the growth of nanocrystals are
difficult to investigate because nanocrystals occupy  position

awkwardly Intermediate between molecules and solids. Two case
studies highlight these difficulties and their solution.

(1) Cation exchange is a chemical reaction in which all the cations
of a material are replaced by different cations, thus creating a
new material. In semiconductor nanocrystals, cation exchange
happens extremely fast - many orders of magnitude faster than
for macroscopic crystals and far faster than simple size-scaling
would suggest. | propose a theoretical mechanism for cation
exchange in nanocrystals that reveals a surprising consequence of
Coulomb interactions acting at nanometer length scales.

(2) semiconductor nanostructures take a wide variety of physical
forms. One of the most active areas of this research focuses on
semiconductor "nanoplatelets,” the name given to
nanostructures that are very thin and very wide. An early

qUéktioR 84ked by résatcherd was, what causes materials to form

WFU Physics Career Advising Events —
2018-2019 Academic Year

o Sept. 19, 2018, at 12:00 pm, Billy Nicholson and Professor Dany Kim-
Shapiro

e Sept. 24, 2018, at 12:15pm — Professor Dava Newman

+ Wed. Feb. 27, 2019 — 12:00PM, Dr. Steven C. Erwin, Naval Research
Laboratory, Olin 102

* Wed. Mar. 6, 2019 — 12:00PM, Dr. Charles W. Miller, Consultant in
Nuclear and Radiological Environmental Health, Olin Lounge

e Wed. Mar. 27 2019 — 12:00PM, Professor Heather Bedle, School of
Geology and Geophysics, University of Oklahoma and WFU alum, QOlin
Lounge
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13 Wed: 02/13/2019 |Chap. 5 Magnetic dipoles and dipolar fields #10 ]02/15/2019
14 Fri: 02/15/2019  Chap. 6 Maxwell's Equations #11 ]02/18/2019
15 Mon: 02/18/2019 |Chap. 6 Electromagnetic energy and forces #12 ]02/20/2019
16 \Wed: 02/20/2019 |Chap. 7 Electromagnetic plane waves #13  ]02/22/2019
17 |Fri: 02/22/2019  |Chap. 7 Electromagnetic plane waves #14 [02/25/2019
18 Mon: 02/25/2019 |Chap. 7 Refractive index
19 Wed: 02/27/2019 |Chap. 8 EM waves in wave guides |
|20 |Fri: 03/01/2019 | Chap. 1-8 Review
Take
Mon: 03/04/2019 | No class IAPS March Meeting Home
Exam
Take
\Wed: 03/06/2019 | No class \APS March Meeting Home|
Exam
Take
Fri: 03/08/2019 o class \APS March Meeting Home
Exam
Mon: 03/11/2019 |No class 'Spring Break
\Wed: 03/13/2019 |No class Spring Break
Fri: 03/15/2019  |No class 'Spring Break
121 Mon: 03/18/2019
122 Wed: 03/20/2019
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Maxwell’s equations

For linear isotropic media and no sources: D=¢E; B=uH
Coulomb's law: V-E=0
OE

Ampere-Maxwell's law: VxB— ;155 =

0

Faraday's law: VxE+%:O

No magnetic monopoles: V-B=0

PHY 712 Sprir

Analysis of Maxwell’s equations without sources -- continued:
Coulomb's law : V-E=0

Ampere-Maxwell'slaw: VxB-— ys% =0

Faraday's law : VXE+ ((;—B =0
t
No magnetic monopoles: V-B=0
VX[VxB—yga—E):—VZB—yeM
ot ot
2 o’B
=-V'B+us =0
r

Vx(meQ]:vamM
ot ot
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- vE+uslE o
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Analysis of Maxwell’'s equations without sources -- continued:
Both E and B fields are solutions to a wave equation:

2
VZB—iza?:O
v Ot
2
VZE—iza—IZE:o
v: Ot
2
where v =¢? /105050_2
us n

Plane wave solutions to wave equation :

B(r, t) = iR(BOeik‘r_mt ) E(r, t) — m(EOeik-r—iwt )
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Analysis of Maxwell’'s equations without sources -- continued:
Plane wavesolutions to wave equation:

B(r, t)= ER(BOeik-r—iwz ) E(r, £)= SR(EOeik-r—iwt )

2 2
K =(2) =["2) wheren= [
v c Ho&y

Note: ¢, 4, n, k can all be complex; for the moment we will
assume that they are all real (no dissipation).

Note that E and B are not independent;
from Faraday'slaw: VxE+ 6"71[3 =0
0
_kxE; nk x E,
c
alsonote : R-EU =0 and R-BU =0
P R
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For real

=B, &Nk

Analysis of Maxwell’'s equations without sources -- continued:
Summary of plane electromagnetic waves :

B(l',t): g{[nkxEoe‘k ri(w] E(l‘,t): ER(EOeikrﬂwt)
c

2 2
‘k‘z = (gj = [@j wheren = |45 andlA(-EO =0
v ¢ Ho&y

Poynting vector and energy density:

<S> :”‘Eo‘zl;:l E‘E
“ 2uc 2V’

1
(W), =3¢k,

'k

Eo
‘2
B,
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Transverse electric and magnetic waves (TEM)
KxEy s _
B(l‘,l‘) =§R[”X03’k'r”"'J E(l’,l‘):m(Eoe‘k'r””‘)
c

2 2
‘k‘z =(gj =(@j where n= |2 andﬁ-EU =0
v ¢ Ho&y

TEM modes describe
electromagnetic waves in lossless
media and vacuum

For real
& n k
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Effects of complex dielectric; fields near the surface on an
ideal conductor

Suppose for an isotropic medium: D =¢,E J=0E
Maxwell' s equations in terms of H and E :
V-E=0 V-H=0

V><E=—,ua—H V><H=GE+€,)6—E
ot ot

2

[Vz—yag—ygbaa?JF=0 F=EH

Plane wave form for E :

E(r,t)= ER(EOe""”“’) where k = (n, +in, )2k
C

= E(l‘, t) = e’ﬁ'r/‘ss‘){(Eoel”R(w/L‘)f( r—iot )
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Some details:

Plane wave form for E :

E(r,t)= W(Eoe"k'r”"”’) where k =(n, +inl)gl:1
c
0 ol
VoL e, < E=0
( alr #gbaﬁ]
2
—(ng+in, ) +i2% 4y, =0
(g +in;) HEy




Fields near the surface on an ideal conductor -- continued

For our system:
1/2
2
® £, I
—ny=o L i A
c 2 we,

1/2

2
L /7Y 1{1] "
c 2 we,

For Z>>1 gnRan[z How _ 1
® ¢ . B 5
= E(r,1)= ek r’ng(EOelﬁ-rm_m )
n 1+i»
H =" kxE L)
= H(r,z) o xE(r,z) o <E(r,1)
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Some representative values of skin depth
Ref: Lorrain2 and Corson

@, @, . [Hoe_1
c c 2 )
S0Sm | wk, | 0S| e

Al 3.54 1 10.9 84.6
Cu 5.80 1 8.5 66.1
Fe 1.00 100 1.0 10.0
Mumetal 0.16 2000 0.4 3.0
Zn 1.86 1 151 117

Relative energies associated with field
Electric energy density: ¢, \E\z

Magnetic energy density: ,u‘H‘z

2
L . R & |E 252
Ratio inside conducting media: "‘ ‘2 =% 5= EpHD
H| 1+i 2
Suw
=27 iﬁ‘i
&ty A*
) E‘z . .
For W <1 = magnetic energy dominates
7

. £
Note that in free space, 5=
ﬂo‘ ‘
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Fields near the surface on an ideal conductor -- continued

Forg>>1 gnRzgnlz le
[ c c 2 o

e 1
In this limit, He e /,zg=nR+in,=£f(1+i)
Ho&o ox)

E(r,t) _ e—R.rmm(EOe,g.,/‘;_m)
Kk i~ r
L e S B
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Fields near the surface on an ideal conductor -- continued

E(r,t) _ e-R-rmm(Eoe,k-r/a‘-m ) n
H(r,t):il}xE(r,t):ﬁf{xE(r,t)
0 z
Note that the H field is larger than E field so we can write:

H(r,r)= o riog (Hoe"; o/S—ian )

E(r,t):ﬁyw%f(xH(r,t)
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Boundary values for ideal conductor
At the boundary of an

Inside the conductor : ideal conductor, the E
_ -kl ir/5-ior and H fields decay in the
H(r,t) =e m(HOe ) direction normal to the

E(r,t) = 5;@%12 x H(r,t) interface.

Ideal conductor boundary conditions:

lAle‘s=0 lAl-HL=0 Ho




Wave guides — dielectric media with one or more metal boundary

Ideal conductor boundary conditions:

nxE =0 n-H =0 Ho
s s

Waveguide terminology
« TEM: transverse electric and magnetic (both E and H
fields are perpendicular to wave propagation direction)
« TM: transverse magnetic (H field is perpendicular to
wave propagation direction)
« TE: transverse electric (E field is perpendicular to wave
propagation direction)
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Analysis of rectangular waveguide

Boundary conditions at surface of waveguide:
Etangen(ial=or Bnormal=o

Y
X
zZ ——
Cross section view !.
N 2
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Analysis of rectangular waveguide
Y
X

B =%{B,(x.y)k : ;@ V) + B v,y |
E=R{E,(x, y)R+ E, (v, 0)5 + E. (x, y)a )’ }

Inside the dielectric medium: (assume ¢ to be real)

V-E=0 V-B=0

VxE+a—B =0 VxB—aa—E=O
ot Ol
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Solution of Maxwell’s equations within the pipe:

Combining Faraday's Law and Ampere's Law, we find that each field

component must satisfy a two-dimensional Helmholz equation:

2 2
[57"’;; —k2+,ué'cu2] E (x,y) = 0.

For the rectangular wave guide discussed in Section 8.4 of your

text a solution for a TE mode can have:

E (x,y)=0 and B (x,y)=5, cos( mﬂxjcos(mTy),
a

2 2
with &> =k, = uew’ _|:(m7r) +(ﬂj :|
a b
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Maxwell’s equations within the pipe in terms of all 6 components:

OB For TE mode with £. =0
ai+—y+z’kB =0. ’ i ’ '
ox Oy : B=—F,
E_ O, _k
L+—}+i<1§2:0. B=0k
ox Oy
E
%, —ikE, =i®B,. %BZ —ikB, = —iucok, .
vV
ikE, — % =iwB,. ikB, — aab;cz =—ilswk,.
OE, oB
&, %, _ ioB,. » 9B, _ —iuewkE..
ox Oy ox Oy
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TE modes for rectangular wave guide continued:
E_(x,y)=0 and B.(x,y)=B,cos (m—mjcos(%j,
a

—io OB, —i® niw

B, cos X Gin | 27V S
b a b

E =%p =
k

e e ]

E - _9p io 0B, i® mr B, sin mrx ) [
k a a b

Check boundary conditions:

E, i =0 because:  E (x,0)=E (x,b)=0
and E,(0,y) =E (a,y) = 0.
B =0
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Solution for m=n=1

B, ( =B, cos[ ]cos

) B wnz/b
IE‘(x,y)— BD[(M)Z +(M)Z
nla

()= [(m?m e

iE (x,y)
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Solution for m=n=1

2 2
e (2] 2

1]
1]
"
P
0]
.
s
.
; : ) 5 %
[0
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Resonant cavity
0<x<a
<y<
y 0<y<b
0<z<d

X

Z —>

{( (x y.z ) (x y,z)y+B(x V.2 ) )euut}
- e B o 5 e R

In general : y,z)=E,(x,y)sin(kz) or E,(x, y)cos(kz)
( ,2)= ( y)sin(kz) or B,(x, y)cos(kz)

_p7
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Resonant cavity
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Wave guides — dielectric media with one or more metal boundary
Com

Coaxial cable Simple optical pipe
TEM modes TE or TM modes

Kl E

Waveguide terminology
* TEM: transverse electric and magnetic (both E and H
fields are perpendicular to wave propagation direction)
+ TM: transverse magnetic (H field is perpendicular to
wave propagation direction)
+ TE: transverse electric (E field is perpendicular to wave
propagation direction)
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Wave guides T .
i op view:
z Inside medium,
p € assumed to
be real
Coaxial cable ] .
TEM modes (following problem 8.2 in
Jackson'’s text)
Maxwell's equations inside medium: fora< p<b
VxE=iwB V-E=0
VxB =—iwueE V-B=0
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Electromagnetic waves in a coaxial cable -- continued
Top view:

Examplesolution fora < p<b

E= % @em-m’ Find:
P k= us

B= @m[ﬂeikz—i(w] EO — BO

P Jue

p=cosgX+singy
G=-singX+cosgy

Poynting vector within cable medium (with z,¢):

| A B[ U
S) =—R(ExB)= £
), = ExB )2 B ]
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Electromagnetic waves in a coaxial cable -- continued
Top view:

Time averaged power in cable material :

fof ok 3Bl

02/27/2019
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