PHOT 451: Microscale optical system design
LECTURE 02

Michaél Barbier, Fall semester (2025-2026)
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OVERVIEW OF THE COURSE
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Introduction to micro-scale optical components

Light propagation in free space

Geometric optics

and raycasting

Diffraction limit & Abberations

Quiz + Beam propagation

Refractive optical elements Microlenses

Blazed Fresnel lenses

Digital lenses

Diffractive optica
Quiz + Wave guic

Wave mixing

elements

es and beam propagation

Gratings, periodic structures

photonic crystals

Whole optical system optimization




Light as electromagnetic waves
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WAVES & MAXWELL'S EQUATIONS

* Maxwell’s equations
for light in vacuum

» Vector fields E(r, t) and Vx F = _2B
B(r,t) It

* Charge p(r,t) and current yx B = Eolo ok + UoJ
j(r, t) density V.B =0 &
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WAVES & MAXWELL'S EQUATIONS

* Maxwell’s equations
for light in vacuum

* \ector fields E(7,t) and
B(r,t)

* Charge p(r, t) and current
j(r, t) density

Electric field E

/ Magnetic induction B
v/

VxE=-2
ot "
P charge p
v-EB o (density)
VXB = gOuOZ—E 4 MO]<— current J
g (density)
V-B =0

1, A L
gy = 8.85 x 1012 == permittivity in vacuum
0 Vm
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o = 12.6 x 1077 \‘;\—; permeability in vacuum



MAXWELL'S EQUATIONS IN A MEDIUM

* Electromagnetic wave interact with EM - wave
electron clouds —_— +
—
—_ =

* Electric force stronger/faster than
magnetic force

o . EM - wave t(Q
* Electric field oscillates: — +
* Electrons react faster than nucleus ' /d = qr
° ° ° ° — u
* Dipole creation & polarization | -

Polarization P

6.10.2025 Lecture 00: Introduction to the course



MAXWELL'S EQUATIONS IN A MEDIUM

* Polarization P : Dipole moment per volume

* Linear/isotropic medium:
P =¢cyxE = ¢y(e, — 1)E

* Displacement D :
D=¢cE+P =¢cye.E=¢E

E - field

—_—
+ -+ -+ -+ D 1D e s
W W v v B : | | ¥ . v v
+ -+ -+ - E-field __ & ‘+ + %
o = 4 . = — 0 = = =
+ -+ -+ - + + -+ o+ 4
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ANISOTROPIC MEDIA

E- field

6.10.2025



WAVES & MAXWELL'S EQUATIONS

* Light in vacuum o
Electric field E

e Light in a dielectric medium Magnetic induction B
* Linear/isotropic medium aB/
* No Charges, no current VXE=— P
v.E=" charge p

VXB=€,uZ—f+uj<— current j
V-B =10

Permittivity in medium & = gjy¢&,

Permeability in medium u = ugu,
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WAVES & MAXWELL'S EQUATIONS

* Light in vacuum

* Light in a dielectric medium
* Linear/isotropic medium
* No Charges, no current VXE=——

V.E=(Q+«—— chargep =0

VXB=€MZ—I§ <« currentj =0

V-B=0

6.10.2025
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WAVES & MAXWELL'S EQUATIONS

* Light in vacuum

* Light in a dielectric medium

* Linear/isotropic medium
* No Charges, no current

6.10.2025

Simplified notation

r 5 der OB
V-E=0
4o OF

VXBZE,ME D .iat
V-B=0
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THE WAVE EQUATIONS B 98 [ OF

t’ t
* Wave equations AE o V2 — 02E  9%E | O%F
* E and B “decoupled” ; 0x* = 0y* = 0z°
* Velocity depends on medium - 1 1 _ %o

VeEU - \/Eogr//lO.ur n

VXE=-—B g 1
AE——ZE=
V-E=0 C
< ) e ~
VXB=€,L[E 1 .
V-B=0 AB — 5B =
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TOWARDS THE WAVE EQUATIONS

e Start from Maxwell’s equations

Apply V X |
VXE=—-B —+——+ VXVXE=-VXB
V-E=0
VX B = ¢cuE

V-B=0

6.10.2025
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WAVES & MAXWELL'S EQUATIONS

e Start from Maxwell’s equations

Apply V X .
VXE=-B ———+——+ VXVXE=-VXB
bE=0 - Apply% 0VXB 0B - z
VXB=¢cutk ——— P» :VXE=V><B=£,uE

V-B=0

6.10.2025

14



WAVES & MAXWELL'S EQUATIONS

* Start from Maxwell’s equations From vector calculus:
VXVXE=V(V-E)—V*E

Apply V X .
VXE=—-B ———+ VXVXE=-VXB
VoE=0 : Apply % 0VXB OB . X
VXB=¢cutk ——— P» =V><E=V><B=£,uE
V-B=0

== VXVXE=V(V-E)—V?E=-VXB=—cuE == —V?E = —cuE
=) V’E — cuE =0
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EXERCISE: DERIVE WAVE EQUATION FOR B-FIELD

o Start from Maxwell’s equations ;rOmvvechOr C;'(Cv‘“”;‘) o2
XVXE = . E) —
* Similar procedure for the B-field

Apply V X .
VXE=—-B ———+ VXVXE=-VXB
VoE=0 : Apply % 0VXB OB . X
VXB=¢cutk ——— P» :VXE=V><B=£,uE
V-B=0

== VXVXE=V(V-E)—V?E=-VXB=—cuE == —V?E = —cuE
=) V’E — cuE =0
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Solutions of the wave equations
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SCALAR WAVE EQUATION

* Vectorial wave equations

AE—LE=0
C

* First calculate E-field
* Assume E-field has constant E

E = EO U(r, t)
AU ——[J =0 == Scalar wave equation

c2

6.10.2025
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Plane waves

SCALAR WAVE EQUATION E=E,U(rt)
AU ——=U =0
C

E(r,t) = Ege'kT-@0)

Planes:

k - r = constant

<
>

k

£
| 'AA k
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<
>

SCALAR WAVE EQUATION: EXERCISE E = Ey U(r, 1)

1 .
Plane waves AU — -2 U=0

E(r,t) = E etlkr-wt) Exercise: show this is a solution of the
wave equation with w = ck

Planes:
k - r = constant

. A
| 'A‘ k
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PLANE WAVES: TEM MODE

* Transverse ElectroMagnetic waves

* Linear polarization

, E=E,(zt)e, = Ejeti(kz-0l)¢
* Propagation along z y(zt)ey = Eq Y

B = B,(z,t)e, = Byjetikz-wb)e

%
- . y
AE — —E = E
C
1 > /
AB_C_ZB: X .// / 7
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e Start with electric field
1 -
AE — _ZE — O
C
e First assume solution

F — Eoei(kz—a)t) e

6.10.2025

y

PLANE WAVES

E =E,(z,t)e, = Ejettkz=0be

B = B,(z,t)e, = Byjetikz-wb)e
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PLANE WAVES

e Start with electric field

1 . |
AE — < E =0 E =E,(zt)e, = Ejetikz-ole
e First assume solution B = B,(z,t)e, = Boeii(kz_wt)ex
E = Ejetkz=@be y 1 .
* Apply then
. = /
VXE=-B * / / Z
| / >
__ OE, 9B

9z ot
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PLANE WAVES: EXERCISE

e First assume solution

E = Eoei(kz—wt) e

y
* Apply then
VXE=—-B
— aEy _ 0B,
0z ot
Exercise: Show that
1
B, = —Ey

C

6.10.2025

E =E,(z,t)e, = Ejettkz=0be

B = B,(z,t)e, = Byjetikz-wb)e
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* For a general direction k

6.10.2025

Elk and B 1l k

"k X E = wB

k X B=weuB

— F1lRB

PLANE WAVES

E =E,(z,t)e, = Ejettkz=0be

B = B,(z,t)e, = Byjetikz-wb)e

25
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SCALAR WAVE EQUATION

Spherical waves

P ik(r+ct)

E(T,t) :EO N 1

Spheres: r = constant

E:EO U(T,t)
AU ——=U =0
C
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SCALAR WAVE EQUATION

Spherical waves

P ik(r+ct)

E(T,t) :EO N 1

Spheres: r = constant

E:EO U(T,t)
AU ——=U =0
C

27



Geometrical Optics
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GEOMETRIC OPTICS & RAY-TRACING

* Phase local wavefront (eikonal)

r)=k-r
o(T) y Rays follow

* Wavefront: line constant phase local k vector

* Light rays perpendicular:
requires isotropic medium

* Ray-tracing: find light paths Z

* Require: isotropic medium

6.10.2025
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Paraxial Approximation
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PARAXIAL APPROXIMATION: SPHERICAL WAVES

P ik(r+ct)

E(r,t) = Eg———

ik x2+y2+22 o lwt

~ e

2

: Ty _
~ ok 2z  pilkz-wt)

w = ck
k_Zn
2
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PARAXIAL APPROXIMATION: SPHERICAL WAVES

* Light stays close to the propagation axis z

* Distancez > xand z > vy

1, r
* Decay — IS small for z large

6.10.2025

32



	Slide 1: PHOT 451: Microscale optical system design LECTURE 02
	Slide 2: Overview of the course
	Slide 3: Light as electromagnetic waves
	Slide 4: Waves & Maxwell's equations
	Slide 5: Waves & Maxwell's equations
	Slide 6: Maxwell’s equations in a medium
	Slide 7: Maxwell’s equations in a medium
	Slide 8: Anisotropic media
	Slide 9: Waves & Maxwell's equations
	Slide 10: Waves & Maxwell's equations
	Slide 11: Waves & Maxwell's equations
	Slide 12: the Wave equations
	Slide 13: Towards the Wave equations
	Slide 14: Waves & Maxwell's equations
	Slide 15: Waves & Maxwell's equations
	Slide 16: Exercise: derive Wave equation for B-field
	Slide 17: Solutions of the wave equations
	Slide 18: Scalar Wave equation
	Slide 19: Scalar Wave equation
	Slide 20: Scalar Wave equation: exercise
	Slide 21: Plane waves: TEM mode
	Slide 22: Plane waves
	Slide 23: Plane waves
	Slide 24: Plane waves: exercise
	Slide 25: Plane waves
	Slide 26: Scalar Wave equation
	Slide 27: Scalar Wave equation
	Slide 28: Geometrical Optics
	Slide 29: Geometric optics & Ray-tracing
	Slide 30: Paraxial Approximation
	Slide 31: Paraxial approximation: spherical waves
	Slide 32: Paraxial approximation: spherical waves

