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 More on Maxwell’s Equations
 Quantum Properties of Radiation
* Flux and Intensity

* Solid Angle



Maxwell’s Equations

* Changing electric field induces a magnetic field

* Changing magnetic field induces an electric field

* Does not need material medium (vacuum works)

e Quantitative Interplay described by Maxwell’s Equations



Magnetic field vector

Direction of propagation

Electric field vector



Maxwell’s Equations

D = Electric displacement

E = Electric field

B = Magnetic induction

H = Magnetic field

J = Electric Current

Py = density of electric charge

V . D = pV {Emmmm—— Gauss's Law of Electric Field
V . B —— O —Gauss's Law of Magnetic Field

oB

V % E — — Faraday’s Law

ot

VxH=@+J
ot

mms——

Ampere’s Law and
Maxwell’s addition of
displacement current
density

I Side 1
/
— “1Volume to Check
Vv L = Qvergence of
Side 2

www.maxwells-equations.com




Maxwell’s Equations

D-=¢E B=-uyH J=0E

€ = permittivity of space
U = magnetic permeability of the medium
o = conductivity of medium

D = Electric displacement
E = Electric field

B = Magnetic induction

H = Magnetic field

J = Electric Current




D = Electric displacement
E = Electric field
) . B = Magnetic induction
Maxwell’s Equations H = Magnetic fild
J = Electric Current
Py = density of electric charge

1. V-D=p, 1. V-E=Fv
£
2. V:B=0 7 V-H=0

oB
3. VxE=-—— 3. VxE=-yE

ot Y

oD
4 VxH=—+T| 4 yyH=:%10E

ot




Maxwell’s Equationsfor plane waves

* Sinusoidal plane-wave solutions are particular solutions to the
electromagnetic wave equation.

* The general solution of the electromagnetic wave equation in
homogeneous, linear, time-independent media can be written as a
linear superposition of plane-waves of different frequencies and
polarizations.
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Figure 1.2: Electromagnetic wave quantities

Figure from Tim Garrett



Maxwell’s Equationsfor plane waves

The fundamental equations that describe electromagnetic radiation are Maxwell’s equations.
The solutions to the equations are sinusoidal of form

Ezgoexp(i%'f—iwt) (1.1)
H= ﬁoexp (iE'..? - ia)r) (1.2)

where E 1s the electric field and H 1s the magnetic field, the real component of k is the wavenumber
21 /A, X is the direction of wave propagation and @ is the angular frequency of the radiation 27v.



Maxwell’s Equationsfor plane waves

Complex Vectors (real and imaginary parts)
If you need a refresher: watch Khan video

https://www.youtube.com/watch?v=kpywdulafas —

—

E‘:Eoexp(iﬁf—iwt (1.1)

|
|

Y

i = Fyexp (z‘k.r—iwr (12)

~

where E 1s the electric field and H 1s the magnetic field, the real component of K is the wavenumber
21 /A, X is the direction of wave propagation and @ is the angular frequency of the radiation 27v.



Maxwell’s Equationsfor plane waves

- Constant complex vectors
Complex Vectors (real and imaginary parts) /
E:Eoexp(ik-f—iwr) (1.1)
\ Constant complex wave vectors (here only
FI — ﬁO Cxp (lk ) i,’_ wa) consider real part) (] 2)

~

where E 1s the electric field and H 1s the magnetic field, the real component of K is the wavenumber
21 /A, X is the direction of wave propagation and @ is the angular frequency of the radiation 27v.



Wave Vector

* The wave vector, k, counts the wavenumber in a
particular direction.

» Spatial frequency of a wave

* For example, the wavenumber of the blue line is
the number of nodes (red dots) you see per unit
distance times m.

* Count 2 nodes in 4 units of distance, or 3 nodes
in 6 units of distance % nodes per unit distance.

 Wavenumber is the number of radians per unit
of distance

k=1/2m




Maxwell’s Equationsfor plane waves

— —), . —)//

k = k' +ik :
If K" =0, then the amplitude of the wave is constant
Then the medium is non absorbing!

E. = Egexp(—k” - %) expli(K - X — wt)],
H. = Hyexp(—K" - X) expli(k" - X — wt)]



Maxwell’s Equationsfor plane waves

 Index of refraction (also called refractive index)- N



Maxwell’s Equationsfor plane waves

PHASE SPEED
The phase speed of the wave is given by /'n a vacuum: \
K’ =0
b Y
K/ c =1/\/€oMo.
\_ J

K'| +i|K"| = w\/eh.
1 is the magnetic permeability

€ = permittivity of the medium
frequency w



Maxwell’s Equationsfor plane waves

In a nonvacuum, we can write

. . N
K| +i[K"| = w, | /eotis = —,
EoHO C

where the complex index of refraction N is given by

N = 8_‘u:£,
\/80#0 c’




Refractive Index

* The refractive index of a material is critical in determining the
scattering and absorption of light, with the imaginary part of the
refractive index having the greatest effect on absorption.



Real world use of Index of Refractions

Understanding the role of aerosols means

Understanding how the properties of those

aerosols...
— refractive index
— species ...afffect various aspects of
— mixture solar and terrestrial
— hygroscopicity radiation...
— size distribution — spectral (1)
— shape — spatial (x, y, z)
— angular (q, f)

— temporal (1)

ettt —
— Biomass Burning Smoke
— Air Pollutants

— Sea Salts
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Easier to measure Refractive
Index in the IR than in the
visible

OSA

The Optical Society
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A variety of values for the refractive index of BC has been used
in global climate models including the Optical Properties of
Aerosols and Clouds (OPAC) value of 1.74 — 0.44i [Hess et

al., 1998]. As reviewed by Bond and Bergstrom [2006], reported
values of the refractive index of light absorbing carbon vary
widely; the real part, n, appears to vary from that of water to
that of diamond, and the imaginary part, k, varies from that of
negligibly absorbing material to that of graphite. Bond and
Bergstrom [2006] hypothesize that strongly absorbing carbon
with a single refractive index exists and that some of the
variation in reported values results from void fractions in the
material. Based on agreement between measured real and
imaginary parts of the refractive index of light absorbing
carbon, Bond and Bergstrom [2006] recommended a value of
1.95—0.79i at 550 nm. They caution, however, that this value
may not represent void-free carbon. Stier et al. [2007] found
that this value led to better agreement with observed
atmospheric absorption, compared with the OPAC value. Moteki
et al. [2010] found that the refractive index of ambient BC in
the Tokyo urban area was about 2.26 — 1.26i at 1064 nm. The
OPAC assumption for imaginary refractive index is not taken
from combustion-generated particles, is lower than either of the
latter two recommendations, and would lead to a MAC
prediction about 30% lower if all other factors were equal.



Maxwell’s Equationsfor plane waves

* Index of refraction - N
* Flux — F (W/m?)



Flux - Poynting vector

* The instantaneous flux density of the electric field in the direction of
the wave is

S =ExH

* For a harmonic wave (average over complete cycle)

F = =cek?
ZCSO

¢ = permittivity of the medium



Maxwell’s Equationsfor plane waves

* Index of refraction - N
* Flux—F (W/m?)
* Absorption coefficient — 3,



Absorption

Consider scalar amplitude of the wave

— —
L I
E = |[Egexp(—k" - X)|
Now go back to our definition of flux

F = Fylexp(—k” - %X)]*> = Fyexp(—2k" - X).

Recall that our imaginary part of wave vector is responsible for absorption

|1—(»,,| _ zlm{N} _wn; 27tvn,;
C C C

F = Fe P



Absorption

B, = 4mn;/A

1. . ) i
B distance required for the wave’s energy to be attenuated to e! (about 37%)
a



Absorption
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Long—term trends for Barrow
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Polarization

parameter applying to transverse waves that specifies the
geometrical orientation of the oscillations

the "polarization" of electromagnetic waves refers to the
direction of the electric field.




Polarization AN
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Elliptical polarization (Hybrid of Linear and Circular)




Iwonthe &
Nobel prize &

for the ) (
Photoelectric®
Effect -

“Youve

\. "\ Drobably
““never heard
of it




Quantum Properties of Radiation

Einstein’s Photoelectric Equation:

When a photon of energy hv falls on a metal surface, the energy of the
photon is absorbed by the electron and is used in two ways:

i) A part of energy is used to overcome the surface barrier and come out of
the metal surface. This part of the energy is called ‘work function’
(® = hv,).

i) The remaining part of the energy is used in giving a velocity ‘v’ to the
emitted photoelectron. This is equal to the maximum kinetic energy of the
photoelectrons ( 2 mV?__, ) where ‘m’ is mass of the photoelectron.

According to law of conservation of energy,

hv =@+ 2mv? Bhai:
=hv,+%amv,,, i Ymve,,
Photoelectron
'/zmv2w=h(v-v‘J =
0
Metal




Wave vs. Particle

e Wave Nature of Radiation matters

* Computing Scattering and reflection properties of atmospheric particles
* Air molecules, aerosol, cloud droplets, rain drops
* And Surfaces

 Quantized Nature of radiation

* Absorption and Emission of radiation by INDIVIDUAL Atoms and molecules
* Photochemical reactions



Vellow  Magenta
* Broadband Radiation

* Wide range of frequencies i)_ | o

* Monochromatic Radiation Radiation
* Single frequency (one color)
* More commonly use: quasi monochromatic (range of frequencies)

e Coherent
 Perfect synchronization

 Artificial Source — radar, lidar, microwave e

* Incoherent Radiation incandescent (5 ¥, \O"i\/ Incoherent Light
* Not phase locked
* No synchronization G Lgnt

* Natural radiation in the lower atmosphere



Monochromatic Flux

. F(ALA+AN) W m=2 um-_
F. =
A Alirgo AA '

Broadband Flux

A
F(M,A2) = | "Fyd) W m?
1




Spherical Coordinates

SPHERICAL POLAR

Elevation or Zenith COORDINATES
g (x,%,z)
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x = rsing cos¢
y= rsinf sin¢

Z= Tcosg



Spherical Coordinates
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=Steradian ~=Q
one steradian subtends an area of
A= rz Equivalent Am:r:T
41 steradians in entire sphere - ——ii
Arcaw=re

dA=r>sin@do d¢

| wr

szd—Azsin9d9d¢

2
¥

Fig. 2.10(b) Geometrical arangements
for defining a steradian.
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Intensity

A OF

dA x cos@ = 77 -0

o 3)
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Relationship between Flux and Intensity

Upward Flux — Integrate over upper hemisphere

27 p71/2
Fl = / / 11(0, ) cos 0sin 0 d6de ,
0 JO

Downward Flux — Integrate over lower hemisphere

27T p7T
Fl = —/ / 11(6, ¢) cos Bsin 6 dOde .
0 Jm/2




Relationship between Flux and Intensity

Key fact: For the special case that the intensity is isotropic — that
is, I is a constant for all directions in the hemisphere, then the above
integrals can be evaluated to yield

F=nl. (2.60)




Relationship between Flux and Intensity

Key fact: The net flux is defined as the difference between
upward- and downward-directed fluxes:

fret =l —Fl, (2.61)

which can be expanded as

27 pTT . .
pret — / / 1(6, ) cos Osin 0 dodp = | [()h-Odw. (2.62)
0 JO 47t



