PHY 712 Electrodynamics
10-10:50 AM in Olin 103

Discussion for Lecture 19:
Complete reading of Chapter 7 (Sec. 7.1-7.5, 7.10)

1. Comments on reflectivity of plane waves

2. Summary of complex response functions
for electromagnetic fields

3. Comment on spectral properties of
electromagnetic waves
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THURSDAY

4 PM Olin 101
FEBRUARY 29TH, 2024

PHysics CoLLoQuiuM

Mother Nature and the unexpected materials science
of advanced optical fiber lasers and amplifiers

This Colloguium will overview the glass science of optical
fibers and fiber-based amplifiers of interest for scaling to high
output power levels. A particular focus will be on all-glass
routes to internal thermal management and intrinsically low
nonlinearities that may permit marked reductions in laser
system size, weight, and power-consumption. Specific topics
to be discussed will include low quantum defect core
compositions, anti-Stokes fluorescence cooling in silica, and
the numerous considerations that must be considered during
the processing and fabrication of the preforms and fibers to
permit the realization of these phenomena.

Bio: John Ballato is a professor of materials science and
engineering at Clemson University where he also holds the
Sirrine Endowed Chair of Optical Fiber. The author of over 600
technical articles, Ballato's work has historically focused on

light-matter interactions, with a particular focus on novel Professor
optical fibers. A Fellow of the AAAS, APS, IEEE, Optica, SPIE

and ACerS, he has also received the William Streifer Scientific JOhI] Ballato
Achievement Award from the IEEE Photonics Society and the Clemson University

George W. Morey Award from the American Ceramic Society.
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Mon: 02/05/2024

=l
o

02/12/2024

Chap. 3 &4 Spherical geometry and multipole moments #8

10 Wed: 02/07/2024 Chap. 4 Dipoles and Dielectrics #9 102/12/2024
11 |Fri: 02/09/2024  |Chap. 4 Dipoles and Dielectrics #10 102/12/2024
12 Mon: 02/12/2024 |Chap. 5 Magnetostatics #11 102/19/2024
13 Wed: 02/14/2024 Chap. 5 Magnetic dipoles and hyperfine interaction #12 102/19/2024
14 |Fri: 02/16/2024  |Chap. 5 Magnetic dipoles and dipolar fields #13 102/19/2024
15 Mon: 02/19/2024 (Chap. 6 Maxwell's Equations #14 102/26/2024
16 Wed: 02/21/2024 Chap. 6 Electromagnetic energy and forces #15 102/26/2024
17 |Fri: 02/23/2024  |Chap. 7 Electromagnetic plane waves #16 102/26/2024
18 Mon: 02/26/2024 |Chap. 7 Electromagnetic plane waves #17 103/01/2024
19 Wed: 02/28/2024 Chap. 7 Optical effects of refractive indices #18 103/01/2024
20 |Fri: 03/01/2024  |Chap. 1-7 Review
21 Mon: 03/04/2024 Chap. 8 Short lectures on waveguides Exam
22 \Wed: 03/06/2024 |Chap. 8 Short lectures on waveguides Exam
23 Fri: 03/08/2024 |Chap. 8 Short lectures on waveguides Exam

Mon: 03/11/2024 |No class Spring Break

Wed: 03/13/2024 |No class Spring Break

Fri: 03/15/2024  |No class Spring Break
24 Mon: 03/18/2024 Chap. 9 Radiation from localized oscillating sources

02/28/2024
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PHY 712 -- Assignment #18

Assigned: 2/28/2024 Due: 3/01/202
Continue reading Chapter 7, particularly Sec. 7.4 in Jackson .

1. This problem concerns the phenomenon of total internal reflection. Imagine that plane polarized monochromatic light is
relected and refracted at an interface between two media which have real refractive indices n=2 and n'=1.1. Draw a
diagram of the incident, reflected, and refracted beams. What is the range of incident angles / for which total internal
reflection occurs?

For Friday, 3/01/2024:
« Please turn in any outstanding HW
« Suggest your preferred review topics

For 3/04/2024-3/08/2024:
* |ndividual work on take home exam
« Shortened class lectures on Chapter 8 of Jackson



Review of Fresnel equations --
Electromagnetic plane waves in isotropic medium with
linear and real permeability and permittivity: p e.

E(l‘, l‘) = ER(EOei%(nk'r_a)) n’ = Czu?, Note that special
X care is needed when
B( ) — —k % E( ) 1ek x E(r,t) these quantities are
complex.

Poynting vector for plane electromagnetic waves:
L E
() =2
avg

Energy density for plane electromagnetic waves :

1
<”>avg ~ EE‘EO‘z
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Some comments on the Fresnel Equations

1. Different behaviors of s and p polarization
2. Brewster’s angle
3. Total internal reflection



Review:
Reflection and refraction of plane electromagnetic waves at a
plane interface between dielectrics (assumed to be lossless)
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Review:

Reflection and refraction between two isotropic media

'Z
|

Reflectance, transmittance :

N

S, Z

EOR

R = ~
S. -z

l

Note that

EOz‘
R+T=1

E',

2
n' 1 cosd

n ' cosi



For s-polarization (E perpendicular to plane of incidence)

ncosi—'u'n'cosé? ' _
E, 7, E', 2ncosi
’u'n'cosé’ £y, ncosi+’u'
H H

Note that : 7'cos@ =+/n—n?sin?i

0/ pCcoSi+ n'cos@

For p-polarization (E in plane of incidence)

ﬁn'z cosi —nn'cos@ ' L
E,, u E', 2nn'cosi
E. . 2 : E . 2 .
0 ﬁ'n' cosi+ nn'cos@ 0 ﬁ'n' cosi+nn'cos@
y2 M

Note that: 7n'cos@ =n"—n?sin’i



Special case: normal incidence (=0, 6=0)

ﬁn'—n
Ep U E_'o ~ 2n
Ey ﬁ'n'+n Ey ﬁ'n'+n
H . H
Reflectance, transmittance :
2
2 ﬁ'n'—n
R = Ly, _|H
Eq ﬁ'n'+n
u

T:E'O n',u: 2n n' u

EOi n ,Ll' ﬁnq_n n /u'




Fresnel equations for reflectivity in general --

Reflectance for s-p

R:h
S| E

0i

2

olarization )

ncosz——\/n —I’l SlIl [

u'

ncosz+—\/n —n sm [

u'

Reflectance for p-polarization

U
u'

—I’l COSZ——\/I’Z —I’l SlIl [

n'

)7,

lLl'

. n . 9.
n'cosz+—'\/n'2—n2 SIN” I
n




Example for u=4'; n=1 andn'=1.5

1-
0.8-
0.6-
0.4- s-polarization
0.2- :
- ation
| | ——— —
0 10 20 30 40 S50 60 70 80 90
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Analysis --

Reflectance for s-polarization

2 ncosz——\/n —n sm I

u'

2
ncosz+—\/n' —n’sin’i

)7

Reflectance for p-polarization

2
2 ﬁn cosz——\/n' —n’sin’i
R — EOR — lu n
P E n 5
0i ﬁn'coszjt—\/n'z—nzsmzz
! |
u n

2

= R #0 for typical angles i

— Rp =(0 when

n
tani, =— foru=u'
n

= Brewster's angle



n=1

surface
k normal

Polarization due to reflection from a refracting surface

Brewster's angle: fori = i;, R (i;)=0

2
. N 2 2 . 2.
P 2 ﬁ'n'cosz——'\/n' —n°sin‘i
n
R — OR — lu
p E n
. . 2 2 - 2.
07 ﬁn'cosz+—\/n' —n°sin‘i
ILl' n!
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Reflection and refraction between two isotropic media --
continued

'Z
|

For each wave:

W E(l‘,t) _ ER(Eoei%(nl}-r_ct)) n? = 62“8

0

X B(r,t)zzlsz(r,t): ﬂgﬁxE(r,t)
ke ¢

Matching condition at interface:

2 2 o 2 .
n'cos<9=\/n' —n-sin” i

. o A
Total internal Ifn>n', fori>i, =sin 1(—],

reflection: &
refracted field no longer propagates in medium z/' &'

Fori/i>| . 2.
0 . N _ sIn” I
n'cos«9:zx/rz2sm21—n'2 =Iin —1

. 0.
sin” i S 4
13 sin2i0 P iﬂ(nﬁ -r—ct)
E'(r,t)=e RIE' e




Example of total internal reflection
n=1 and n=1.5 = j,=sin"(1/1.5)=41.81°

-

AN

)

o

Relative transmitted intensity
= = = =

z/\
Transmitted illumination confined within a few wavelengths

of the surface.
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TIRF (total internal reflection fluorescence)

www.hikon.com/products/microscope-solutions/bioscience.../nikon note 10 Ir.pdf

- Evanescent wave at the
Low refractive '“def coverglass-specimen interface,
(specimen) : ¢ typically less than 100 nm

High refraction index
(coverglass)

Reflected light Incident light

Figure 1: Creation of an evanescent wave at
the coverglass-specimen interface
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http://www.nikon.com/products/microscope-solutions/bioscience.../nikon_note_10_lr.pdf

Design of TIRF device using laser and high power lens

Specimen
Coverglass

Objective [ssair
V L\ illumination

Figure 2: Through-the-lens laser TIRF.
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PMC full text: Curr Protoc Cytom. Author manuscript: available in PMC 2015 Au
Published in final edited form as:
Curr Protoc Cytom. 2009 Oct; 0 12: Unit12.18.
doi: 10.1002/0471142956.cy1218s50
Copyright/License » Request permission to reuse

Figure 1

Standard Epifluorescence




Extension to complex refractive index n=ng + i n,

Suppose = ', n=real, n'=n',+in',

Reflectance at normal incidence :

2
K
R — Ly 2 _ ﬂ'n ) _ (n'ze_n)2 "'(”'1)2
B |y (grn) + (')
i
Note that for n', >> |n', J_rn‘ :
R ~1

The general Fresnel equations can be similarly
adapted for complex refractive indices.



Origin of imaginary contributions to permittivity --
Review: Drude model dielectric function:

8((()) _ 1_|_NZf ql 1
& —" gm0 - —iwy,
— gR (C()) _|_l° 6'] (0))
€ ‘90
( ) q a)2 — COZ
=1+N) f—
2 Z (a) —w )2 + o’y
8]( ) qZ C()j/l-
=N/,
2 Zz: Egm, (a) —w )2 +o’y



Drude model dielectric function:

H K

LLLLLLLLLL LI I I | I 14 UVIIIIH VLT T LLCuUWUICT 11U




Extensions of the Drude model for lattice vibrations

In principle, the ideas of the Drude
model apply both to the ionic vibrations
which occur at low frequency (~10% Hz)
contributing to the so called static
permittivity function ¢, and to the

= ]
DD g il i (HLEH
L]

'f.' & electronic vibrations which occur at high
frequency (~10'° Hz) contributing to the
so called high frequency permittivity

‘h

function ¢_.
In this model at high frequencies, only the electrons contribute to the polarization: €, =¢, + e’eE“”’”
1 1 . : ; Pelectron ion
At low frequencies both electrons and 1ons contribute to the polarization: € =¢, + = + ‘E

on| __
= ‘E =€ — €,
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In terms of the Drude model form:

(o) Ny g’ 1

2 2 .

This form applies to classical lattice vibration modes and also to quantum treatments

2
of electronic transitions in which case, the prefactor f, 9 should be reinterpreted
EyM,

l

as an "oscillator" strength calculated as a transition matrix element.

goo(a)) _ 1.1 Z fiq"z 1

2 2 .
80 i € electrons g()mi C()l- - — la)yi
2 2
Elw . 1 . 1
S():1+N2fiq’ SRR D S —
go i € electrons gomi a)j — —1loy i i € vibrations gomi C()l- — O —1lwy i
W, =271V, o =27V,

v. ~10°Hz v, ~10*Hz



Comment: The Drude model allows us to “derive”:

Kramers-Kronig transform — for dielectric function:

'

5R(a))_1:lp]gdw'51(w') I
Q —o0

&, E, O-0
gl(w):—lp]?da)' gR(a)')_l 1
&, T &, @'-w

with ER(_(O):ER((‘)); 51(_0)):_‘91(0))

Practical applications -- It is often possible/more
convenient to calculate the imaginary response and use
KK to deduce the real response or visa versa.



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

B(l‘, t) _ m[ nk x EO eik-ria)tj E(l', t) _ ER(EOeik-r—ia)t )

C

2 2
‘k‘z = (gj = (@j wheren= |-+ andk -E, =0
v ¢ Ho&

Poynting vector and energy density:

2 1
<S>avg - nz‘EO‘ 12 - _\/E‘EO 2 lz
pc 2\ u E,

|
<”>avg = ‘9‘E0‘2

2 V\k;

>




Transverse electric and magnetic waves (TEM)

B(l‘,t) _ SR[nk X Eo eik-ria)tj E(l‘,t) _ m(EOeik-r—ia}t)

C

2 2
‘k‘z = (ﬁj = (@) where n= |25~ and k- E, =0
v ¢ Ho&

A

TEM modes describe E,

electromagnetic waves in lossless
BO/\
Kk

media and vacuum

For real
g 1, N, K



Effects of complex dielectric; fields near the surface on an
iIdeal conductor

Suppose for an isotropic medium: D =g, E J=0E

Maxwell's equations in terms of H and E :

VXE=—ya—H VxH = oE + gba—E

ot ot

9, o*
Vi-uo——-ue, — |F=0 F=E,H
( e “baﬁj
Plane wave form for E :

iIkK-r—iot . a ~
E(r,7)= ER(EOe ) where k = (n, +in, ) —k
C

= E(r,7)= e TOR (Eoei”R(w/c)l%-r—iwz)



Some details:

Plane wave form for E :

E(r,t)= m(EOe"k""i‘“"‘) where k = (n,, + in])glz
C
0 0’
% — — E=0
[ R j
. uoc’

—(nR +in, )2 +1 + ug,c’ =0

Q



Fields near the surface on an ideal conductor -- continued
For our system :

( 2
QnRza)w/ﬂ—gb 1+ 2| +1
C 2 \ we,

( 2
Qn[:a) ’u_gb \/1+£i] —1
C \ 2 OE,
Forg>>l QnRanlz /'UG(OEI
0, C C 2 o)

— E(l’,t) _ e—l}-r/ém(EOeif(-r/é—iaﬂ)

\1/2

\1/2

= H(r,¢) :il}xE(r,t) _ 1 k xE(r,t)

7 ) oUW




Some representative values of skin depth
Ref: Lorrain and Corson

© a2y [H0 1
C C 2 o)
QS [y | S |

Al 3.94 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 04 3.0
Zn 1.86 1 15.1 117
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Relative energies associated with field
Electric energy density: &, ‘E‘z

Magnetic energy density: y‘H‘z

L . . & |E & & UD O’
Ratio inside conducting media; — ‘ — = b = bt
#[H 1+ 2
“ oL@
Here wavelength 1s defined: H
g U O
4o 2mc —7 2 5b H 2
“ Eo Hy A

2

gb‘E
pu[H

For - <1 = magnetic energy dominates

&, E‘

Note that 1n free space,
Hy H‘




Various wavelengths A --

Energy

-
Wavelength [m]
-
100 10° 103 108 10711 10712
i E
i Radio waves Microwaves IR uv X-rays Camma-rays E
! |
750 700 600 500 400 [nm]
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General relationships

Comment on complex dielectric and refractive index functions

For i =, :

E E .E . . \2
=L +iL=a+ib=(n; +in,)

80 80 80

_ 22
a=n,—n,

b=2n,n,

:>n§=l(a+\/a2+b2) nf:l(—a+\/a2+b2)

2 2
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