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Propagation of Light

Light is a kind of electro-magnetic wave. E(x.y, 1) = Alx. v, 2, e =0

A: amplitude vector. ¢: phase. E(r,1) = A(r, e
' i V’E = g,u,0°E / ot?
« Maxwell's wave equation = &oly
VQE « Is the partial second derivative of the
electric field with respect to position.
€\ « The electric permittivity of the medium
IUO « The magnetic permeability of the medium.
- In free space, the wave velocity is equal C, =1/t
to the known value of the velocity of light.
— Therefore, the change in the electric or
magnetic field in space is related to the
velocity and the change with respect to
time.

Light Wave

One of the solutions to previous equation is a
plane electromagnetic wave (traveling wave)

E,(x,t)=E, cos (ot -kz + ¢,) E, = E,exp(jd,)
= Re[ E, exp( j¢,)exp j(ot - k2)]

= Re[ E, exp j(ot —kz)] k=27/4

— k: propagation constant or wave number 5 Dirccton of Propagation— K

— w: angular frequency

— Phase of the wave (ot —kz+¢,) /1:_,
Wave front : A surface over which the phase * 5

of a wave is constant.
Optical field : refers to the electrical field Ex.

Traveling wave along Z




Wavefront

Wavefront: surfaces of constant phase for the electromagnetic field .

A E(r, 1) = (Ar)e™
-«
— —
— —
— —
— —
Eix, y, 2.1) = Ae=4

FIGURE 1 Examples of wavefronts: {a) plane wave: (b) spherical wave; and (c) abemated

Fundamentals

speed of light in vacuum

n= speed of light in medium - CO/C

C=ﬂ,><£; o =21V
2n

Energy Flow and Intensity
For a plane electro-magnetic wave
E=E,cos(k-r—at)
H=Hgcos(k-r—at)

Poynting vector S =ExH =EqxHgcos?(k-r—at)

The intensity of the wave is the average value of the Poynting
vector over one period of the wave.

Its average value is <S> = % EoxHg
The magnitude of <S> is
2

. 1 n
| = power/unit area= 5 EH,=cgE, = TZU‘E”‘

Unit of Intensity

1 _ e
| —2E0H0 _ZZO\EO\

Zo=\Juole,=377Q

For E in V/m, the unit of intensity is then
W/m?. In optics, however, W/cm? is used more
frequently.




Wave Vector and Wave number

Wave Vector, k : Use to indicate the direction of
propagation. The vector whose direction is normal to the
wavefront, and magnitude is k = 2n/4.

For a plane wave, A is constant, and
Tk d=k-r—omt

- The magnitude of kK, k =2n/4, is
- also called the wave number.

Meaning what?

* We are frequently interested in the phase
difference A4¢, at a given time between two
points on a wave that are separated by a certain
distance.

« If the wave is traveling along z with a
wavevector k, then the phase difference
between two points separated by Az is simply
kAz.

« If this phase difference is 0 or multiples of 2n
then the two points are in phase. Phase
difference A¢ can be expressed as k4z or
2nAZ/.

Point or Plane source

Gaussian beam with waist radius ® and spot size 2®

No divergence Divergence Divergence
Wave fronts
(constant phase surfaces) Wave fronts
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A perfect spherical wave
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Examples of possible EM waves

A divergent beam
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Direction of Energy Flow

The direction of energy flow is not always the same
as that of the wave vector.

k (normal to the wave front)

S (normal to E and H)




Wavelengths of “Light”

nm: for near UV, visible,

" st © ™ and near IR light
efe M5 2 pm: for IR and far IR light
— A for x-ray. But in this

regime people usually use
photon energy in eV.

Ve 1240
A (nm)

Phase velocity

» The relationship between time and space for a
given phase, ¢, that corresponding to a
maximum field, can be described by

¢ =at—kz + ¢, =const

* So, during a time interval &, this const phase
(max. field) moves a distance 6z. Thus defines
the phase velocity of this wave as

_dz/ _ _
V= Atfw/kfuﬂv,
where v is freq (w=27v)

Phase Velocity and Group Velocity

Phase velocity —v= o_Cc
k n

fi
If we have two frequency A ,". <
components, @+ Awand - Ao, BN I\ [Nadl
the envelope moves with a speed L' '.II \ ||| It 'II || v R
L] "l“¥
— B
97 Ak

. do . .

In the limit, Vg = e is called group velocity.

Dispersion

Dispersion: n is a function of A.

Sellmeier equation:

2 baA* da® LS
n“(A)=a+ =+ = =
[t i e N g\

In catalogs of optical materials, the
coefficients a, b, ¢ ... can be found for
different glasses.




Dispersion and Group Velocity

Usually, the quantity dn/dA is used to describe the
magnitude of dispersion.

Since @ =ke/n

dw d(kc) c k dn
Vg=——=—| — |= | l-——
dk dk{n n n dk

Polarization

E=Eqcos(k-r—at)

We usually use the linearly polarized
direction of E as the
direction of polarization. 4

If the direction of E is
constant, the light is called
“linearly polarized.”

#UEAy {5k -Linear Polarized Light

s MY lingar polarized light

direction of

propagatiorn

Polarization

Generally, the electric field is represented as

E = Eqy cos(kz —at + ¢ )i Eou= Eoy and ¢-¢, = -m/2:

+Egy cos(kz —ot+g, )j right circularly polarized.

ulr light wawes with equal

t=»




Polarization

Eox# Egy and ¢-¢,= -m/2:
right elliptically polarized.

A

Elliptically polarized light == the electric field
vector moves like a ,deformed’ coil, ie. viewed

from end-on it describes an ellipse

A

|
54’%|—>

Jones Vector
E = Egy cos(kz —at + gy )i
+Epy cos(kz —ot+gy )]

We can write the electric field as

EOx _ ‘on‘emx
Eoy - ‘Eoy‘eiﬁfy called Jones vector.

Jones Vector
Normalized Jones vector:
1 . .
[0} linearly polarized in X

1
|:i:| left circularly polarized

Photon Migration in Tissues

Optical properties of biological tissues :
Absorption, Scattering, anisotropy

e Ballistic photon
o
. Ro_A~ Snake photon
Incident photon C". O o ( quasi-coherent )
(=]
H o
Single e ob _
backscattered - o Diffuse photon
photon & {C? °

Backscattered photon

Optical penetration depth is a function of both the light absorption and scattering




Absorption — Beer-Lambert Law

|(2) = 1y exp(—41,2)

/is the transmitted light intensity
1, is the incident light intensity
Zis the pathlength

u, is the absorption coefficient

The absorption coefficient can be further broken down into two
terms which include the concentration of absorbing species times
the molar absorptivity, which is a function of wavelength.

Optical Properties of biological tissues

When the EM wave of optical ray
encounters the biological tissue, there will
be multiple effects of reflectance, [—rr]
absorption, and scattering due to - ul s
inhomogeneity of the sample. To
characterize the properties of biological
tissue, there are four parameters of optical
properties can be derived from directed or
indrected measurement of biological
tissues, e.g. refractive index n, absorption
coefficient ua, scattering coefficient us, and
anisotropy factor, g. Even though, each
tissue has its own characteristic optical
absorption spectra, one can approximate
the optical properties of tissues with that of
water, due to the facts of water is the major
composition of human body, > 70%. Both

water and saline solution transmit well in [0
the visible range and the absorption is high [l
in the UV (I<300 nm) and the IR (I>2um). o b mpomaniec of sags st patnin @ bt

Tissue shows similar strong absorption in
the UV and the IR.

Tissue penatration

Vishie P s [ ] fair
: Approsimate depth for pematration of oplicel radiation in
Caucasian skin fo a value of 1/¢ m..rm incident energy denaity
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However in blood, there are strong absory Uon in the
visible range due to chromophores (& such as
hemoglobin and bilirubin ( . Therefore
for a tissue that contains blood, the absorpnon is
dominated by the absorption in the blood. There are also
other chromophores that absorb li the specific
spectral range, such as melanin (%‘ %) and proteins
as shown in the following figure.

Due to the in isotropic and ir

contents, different glpes of tissue do show markedly
different opllcal and thermal properties. It thus requlres
in depth 1 for the clinical f
opt\cal methods. Some of these properties may depend
on the water content of the tissue. For example, during
laser vaporization of tissue, the water content change,
causing the optical properties to vary. The fundamental

optical properties of interest are the
coefficient, ua, scattering coefficient, us, total
attenuation coefficient, ut = ua + us, scattering phase
function, p(cos6), or scattering anisotropy, g, reduced
scattering coefficient, us’ = us(1-g), the tissue refractive
index, n, and the effective attenuation coefficient, ueff.
For most of the soft tissue, reflective index is around
1.37 - 1.45. (C' = c0/n, for n=1.4, ¢’ = 0.21 mm/ps).
However, there has been an extensive review on
various biological tissues and various wavelengths [1].
Ref: Cheong et.al. “A review of the optical properties of
biological tissues”, 1990, IEEE J. Quantum Electronics
26: 2166-2184




Mean lifetime of molecules in the excited state

Photon absorption 1015 sec
Electronic transition (S — S) 109 sec
Electronic transition (T — S) 10 sec

Vibrational transition 103 sec
Rotational transition 102 sec

17.3 Wave on the Interface (Ray optics)

plane of incidence
1. The angle of reflection equals the

angle of incidence

2. The sine of the angle of refraction
bears a constant ratio to the sine of
the angle of incidence (Snell’s law)

3. No information of intensities of the
refracted and reflected rays

4. No applicable to scatter and
absorption effect.

5. Diffraction due to aperture.

Reflection and Transmission
(Wave theory)

E7 _ Mg cos B, — i, cos 6,

E! 21, cos O

e i
K E; 2n, cos 8y

1]

E, " ngcos B, +n,cos b,

E; _ M1c0s By — nocos 6,
1y cos B + g cos 6,

E, ™ nycos6,+n cos 8,

o 1, €08 By + ngycos 6,

Reflection and Transmission

With Snell’s law, —sin (8, — 8,)
sin8, _n, sin (6, + d,)
sin@, n
! o tan (6, — 8,)
r,=
" tan (6, + 8,)
_2sin 8, cos @,
sin (6, + 8,)
2 sin 8, cos 8,

L=
" sin (@, + 8,) cos (6, — 8,)




Reflectivity and Transmissivity

sin’ (6, — 6,)

R,=ri=—5
sin” (8, + 8,)

For optical intensit; 5
P ¥, R tan” (6, — 6,)
PR tan® (6, + 8y)

AndT,=1-R, T,=I-R,

For normal incidence, g =g, ="y
T (g +m)

Reflectivity and incidence angle

Reflectivity can be zero!
Brewster angle

Brewster’s angle

-t (B0 When g, + 6, = /2, R, = 0.

R,=r, 3
# A tan” (8, + 8,)
n sin 6 4 n
L=—>—0 _—tang, g =tan”!| L
ny sin(n/2-6,) Ny

Only the p-wave has Brewster’s angle. At this
angle, the reflected wave is pure s-wave.

Total Reflection

sin 6, _

. When n,>n
sin @, 1, 0~

Total reflection happen if 6, > 6., where

is called the critical angle.




Transport theory for the light matter interactions

Treated with effective medium oU/ot=-V-q-Q_
theory of different phases.
The case of pure absorption: dqz /dz = —QL
The rate of change of radiative

energy, U, with time is the =

differge);me between the QL Hal
incoming and outgoing

radiative fluxes (0, Qo) in the I = qz
element minus the rate of

energy absorption by the dr =—u,
material phase (Q,). dz

Where ua is the absorption
coefficient and | is the total
light intensity.

1(2) = lyexp(~44,2)

Transport theory

« The fundamental quantity in the transport theory

approach is the total specific intensity, L, which
is a function of position ¥ for light in the
direction given by a unit vector o and its units
are Wcm=2 S, S

SHES) (L) [ PSS E )+ 5(1,9)
res

» The sum of scattering and absorption is defined

as the attenuation coefficient.

17.4 Physical interaction of light
and physical sensing
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17.5 chemical sensing
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PERSPECTIVES: LASER CHEMISTRY AND PHYSICS
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Structural Coulomb K-ray Muclear
deformation explosion emission fusion

Alignment
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Laser field intensity (WicmZ)
Exotic behavier of molecules and clusters in intense laser fields.
1659

SCIENCE WVOL 295 1 MARCH 2002

B
Closed-oop
Transformed [E—— Laser pump-probe
chermical experiments experiments
products

c

Calculation of Calculation of
molecular quantum molecular

interactions EhmETE

Transfarmation
mechanism

Everything under control Daniel et al used a four-step procedure to achieve laser control of
a chemical transformation and reveal the underlying mechanism. (A) The molecule is subject-
ed to trial laser pulse shapes. Signals from the molecule are used to direct a laser pulse shaper
until the desired transformation is achieved. (B) The results of stepA enable a series of pump-
probe experiments to test hypotheses about the mechanism. (C) The interactions between all
atoms in the molecule and the various participating electronic states are calculated. (D) The
results of stepsA to C are drawn together ina quantum dynamical model to deduce the trans-
formation mechanism.

SCIENCE VOLZ299 24 JANUARY 2003 527

17.6 Photothermal effect
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Introduction

* Integrated optic
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* Result

— N71 D22E_1 2ARA1

08}

ity
<
3

a6

851

03

0.2

o1

a0
120 g 160 180 60 220 240

timefs

ourput 1
cutpur
sumor3

referenced intensi
H

o FPrdiE

Paper Il

— Rl E!* Ig?’??l{ﬁ; fsz‘ 33 J3p|BJphase-

sh 35 F

phase shifi %}
L
- B

=

k=
n

k=)
=

peri :a‘

anti-simazine [gG
20 pgfmt

ovalbumin
1 mgimi

150 200 250 00 330 400 430

: f . L 2 L i

150 200 250 300 330 400 450
tinte {3}

Paper Il

o IR O - i PR R

F[ﬂizr‘ﬁs,ﬂuﬁl I:Lr s QF—JHB IEFH Hixrfis,ﬁﬂ‘l I\?'. o

st
5r
-~
&)
47
e anti-simazins lgG
% ar s pgfml
AP
anti-siraszine Ta G
! / 30 pginl
—_—
ok
20 25 30 42 44 46 48 50 52

tme fminf

Paper Il

o 7 TIREIRE ﬁusimazine* ; fiﬁ“fjfﬂantl-

r:‘|¢'+ Iy L R T AT JET Eh ﬂ*ﬁ. n:l:
b(l)(‘ "
LY 100
i -
-
§_ a0
Y
=]
2
3
40 - 7
| :
20F ¥+3
, :
— a1 1 10

simazine concentretion (ppb]

20



Conclusion
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17.8 Biomedical optical
imaging

OCT

OCT in Bio-medicine

« Internal microstructure information within the
subsurface biological tissues

« Diagnostic medical imaging technology
« Optical biopsy
¢ Functional OCT

— Color Doppler OCT
— Polarization Sensitive OCT

Characteristics

¢ Advantages of OCT
— Non-invasive, Minimally-invasive
— High Spatial Resolution (~ ¢ m)
— High Sensitivity ( > 85dB typically)
— Small Size
— Safety
— Reasonable Price
» Disadvantages of OCT
— Smaller Penetration Depth
-mm ~cm
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Principle of OCT

Distance = Delay x Speed of light

Photon Migration in
Biological Tissues

Backscattering
photon detail
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Optical Properties of Tissue
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Spatial Resolution

Longitudinal resolution ocT

,_2In2-23 Focussing
T A —

Axial Lateral
Field of View =#| < Resolution

Lateral resolution

= Gate
¥

C4af
z-d

AX

B ——

. . Lateral S i
d : Spot size before the lens HH Seinaing

Two-dimensional
Scanning

OCT Image

Challenge of OCT

« Spatial Resolution
— Broadband Light Source
— Nonlinear Optical materials
Scanning Speed
— Phase Delay Line
* Real Time Imaging
— Data processing
« Image processing
* Improving SNR

Example

OPTICAI Human Coronary Dissection
InViv

OCTIN GI Tif

FSOPHAGLS
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OCT Setup

Oiptical phose delay line

)
Waveform generator | &

Optical Phase Delay line

Mirror
Lens
“ Galvomoter
7

-1 order

0 order Mirror
Grating LA
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Image processing
Space Invariance Compensation
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