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Light Models and Interaction of Optical Photons with Matter

Light is the portion of electromagnetic radiation that is visible to the human eye and
IS an energy propagating in space as photons.

Table 1: Light Models

Name Field of Science Description

Wave Model  Wave Optics Light is an electromagnetic wave

Ray Model  Geometrical Optics Light travels in a fixed direction in
a straight line called ray

Photon Physical Optics Light is a kind of particle carrying momentuim.
Reflection Refraction Transmission Absorption Diffusion Scattering
, § 28
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Ray and Wavefront

= The propagation of waves can be described by wavefronts. Amplitude:

= In 1D Plane wave equation is: Y(x,t) = Asin(kx — wt) = Ae!k*¥~®D) Wave number:

_ Frequency:
In 3D Plane wave equation is: Y(r, t) = Asin(k - r — wt) = Ae!KT~®8  Pphase:

= Wavefront is the surface across which the phase is constant.
= The path of a point on a wavefront is called a light ray.
= Rays are perpendicular to wavefronts.

wavefronts

point source ray /\

Rays

wavefronts

k=2m/A
w = 217f
@ = kx - wt
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Geometrical Optics

The field of Geometric Optics involves the study of the propagation of light with the
assumption that:

the light travels in a fixed direction in a straight line called ray.

= Rays are defined to propagate in a rectilinear path as they travel in a
homogeneous medium.

= Rays bend (and may split in two) at the interface between two dissimilar media.
= Rays may curve in a medium where the refractive index changes.
= Rays may be absorbed and reflected.
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Optical Axis

In an optical system, the direction of ray propagation passing through the center
of optical components are called the optical axis.

Direction is usually selected in +z axis.

Optical axis

L pee

) —

Rays, symmetrical
to optical axis
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Clear Aperture

= [tis the limited opening of a lens for the light collection.

= |tis not the mechanical aperture. Clear aperture is a few mm less than
mechanical diameter of the lens.

Housin
] V ;
Diameter Qear i
Aperfure Optical
l (omponent
Y
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Index of Refraction (Refractive Index)

= |n optics, the refractive index of an optical medium is a dimensionless number that gives the
Indication of the light bending ability of that medium. It is defined as:

C
n=-
v

c = speed of light in vacuum
v = speed of light in optical medium
For optical glasses n > 1.

=  White light contains many wavelengths (colors). Each color will refract in different direction in a
lens. That is, index of refraction is function of wavelength,

n =n(l)

= Variation of index with wavelength is called the dispersion. It is evaluated as:

dn

di : ="
1ISspersion a1
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Abbe Number

If a white light falls on prism, each color deviate a different direction due to disper-

sion, Figure(4.10]. As a dispersion measure, three reference colors (called Fraunhoffer
F.d,C line:ﬂ) are defined as follows:

white light

Table 4.2: Fraunhoffer F, d, C lines (all visible

(wavelengths) and corresponding colors wavelengths) 1
rec
Name Wavelength Color air / glass green
F 486.1 nm Blue blue
D 589.2 nm  Yellow
C 656.3 nm Red Figure 4.10: Dispersion of a prism.
Abbe value of a glass is defined as:
— 1
(L (4.22)
NnEp —nNg

Using the dispersion curve in Figure [4.9] the Abbe value of BK7 can be found as
Verr =~ 64.2. See also https://refractiveindex. info.

!These colors are observed first in the absorption band of the Sun spectra.
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Optical Path Length

Optical Path Length for a light beam is defined as follows:
OPL = index of refraction x path travelled by light

=nSs

If there are a number of mediums then
k

OPL = nys; +n9sSg + -+ - + NS = Z N;S; (4.13)
i=1

Finally, if the medium consists of continues materials then:
OPL = fTJ,(.q)(i,s (4.14)

Distance traveled in time ¢ by light in optical medium, whose index of refraction is
n, 18
s =t

or time traveled by light in the same medium
S ns OPL

p_ 8
v ¢e/n c c

(4.15)
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Fermat’s Principle

Fermat's Principle of Least Time states that:
light takes the path which requires the shortest time.

Fermat's principle is related to optimum time. That is, Fermat's principle is equivalently
related to optimum OPL since t = OPL/c. Therefore, last form of the Fermat's principle can
be written as:

light travels in medium such that its total optical path length is optimum.
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Reflection

The law of reflection: g, = 6.

rarroy

P TFITTTFTE
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Refraction

= The refractive index determines how much the path of light is bent, or refracted,
when entering an optical material.

= The rule for a refraction for a ray Is

described by Snell's law: Incident Ray
MNormal
n, sin0; = n, sin G, €11 Angle
”‘,T - of incident
’ . n2' !
= Snell's law can be derived from :

; e Refracted Ray
Fermat’s Principle.

Angle of refraction {’}92
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Snell’s Law in 3D

tz\/l—jm.2 [1—(n-i)2]n+,u[i—(n-i)n]

i+r):n =0
pH=ny/n,

| = incident ray (vector)

t = transmitted ray (vector)

r = reflected ray (voctor)

Vf
n = VA = surface normal vector
f=flxyz)=c

l.e. f = x? + yz + (z — 5)2 = 144 nysin 6y = ngsin 6y (nXt) = p(nxi)

7"2\

t

n
L=
2



Total Internal Reflection (TIR)

TIR happens when a ray strikes a medium boundary at an angle larger
than a particular critical angle given by:

sinf, = n,/nq

Air o
P . Total internal
AL Critical angle :
6, /3° reflection
"
- >

n,

Water

TIRs in a block of acrylic ==>
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Focal Length

= The focal length (f) of an optical system is a measure of
how strongly the system converges or diverges light.

= |nverse of focal length is called the optical power (P).

pP=1/f

= Sl unit of focal length is meter, m.
Sl unit of power is diopter, D=1/ m




Focal Length of Thick Lens

There are six cardinal points which are widely used to approximate the behavior of real optical

systems.

» the first and second system focal points; F, and F,.
» the first and second principal points; H; and H,.

» the first and second nodal points; N, and N..
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Hy Hy :
paraxial

Effective Focal Length (EFL) focus
of a lens in air is calculated from: \/
1 ( 1)[1 1 +(n—1)t]
_ n — — |
f Ri R, nRiR, !
R,, R, are radius of curvatures : BFL
t is the center thickness EFL

n is the refractive index of the lens.

EFL is measured from second principle plane.
Back Focal Length (BFL) is measured from the second vertex.
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Focal Length of Spherical Mirror

Effective Focal Length (EFL) of a mirror is calculated from:

N | =T

CONCAVE MIRROR CONVEX MIRROR
(CONVERGING) (DIVERGING)
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Numerical Aperture

The numerical aperture is simply the sine of the half cone angle coming from the axial
object point. This term is one of important the system parameter in microscope designs.

the NA is the sine

Numerical aperture is defined as: of the limiting ight f;?,,?;;
ray angle 6 distance
. - LLLC LR L
NA = ngysin(0)
ngy is index of medium
(usuallyny = 1)
__________________________ e
focal
length

Focal length implies light from infinity
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F-number (f/#)

_ Effective Focal Length
~ Entrance Pupil Diameter

Paraxial f/#: f/# = D

| =

1 1

Working f/#: W = 2NA ~ 2ngsin( 0)

R N
o

NOTES:

> If the angle 6 is small, definitions are equivalent.
» In application, we usually use paraxial f/#.

NA

0.5
0.3333
0.25
0.125
0.0625
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F-Number vs Depth of Field

Large aperture « » Small aperture
f/l2.8 /5.6 f/11 fl16
Half as much Half as much Half as much Half as much Half as much Half as much
light as 1728 Bght as 1/4 light as 156 light as 1/8 light as t/11 Sght as 1116
Twice as much Twice as much Tence as much Twice as much Twice as much Twice as much
light as 14 light as 156 light as 18 fight as t'11 light as 1/16 light as /22
Shallow Depth of Field <« > Deep Depth of Field
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Field of View (FOV)

It defines angle ‘seen’ by an optical Obiect at Infinity

system. The sensor size and focal
length of the lens determines FOV:

FOV = 2tan~! <HT/2>

We will use the following notation:

FOV = Full Field of View
FOV/2 = SFOV = Semi Field of View

e.g. FOV =20° (FOV = £10°)
SFOV = 10°.
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Example 1:
If sensor size is H=5 mm and focal length is f = 50 mm, then

FOV = 2tan™! (%) = 5.79

Example 2:

In same applications, FOV is defined in terms of distance units. For instance,
‘the field of view can be expressed as 350 m at a distance of 2 km’.

What is angular FOV?

FOV = 2tan™ ! (325000/02) = 10° 000m e /U
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FOV and Size of Image

The scale of the image formed in the focal plane of an optical system can be
geometrically determined. When the object is seen at the angle FOV, it forms

an image of height s:

s = ftan(FOV /2)

Numerical example:
f=17 mm and FOV = 0.5° =>s = 0.074 mm.
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Basic Parameters in an Optical System

- focal length >
________________________ Fiull field of view
T—-w- - __“_':__é“:'?::-:
clear
aperture
dig%eter , &

CCD or CMOS
Sensor

-
1-"'—- -
-
""""""" —"‘—‘ |
W i, lll% .
-
-
_______ /

S full field
focal length of view
f/# = .
aperture diameter
0.6
\\ field
0.8
field
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Stops and Pupils

= Aperture Stop (AS): controls number of rays from object to image plane.

= Field Stop (FS): do or do not obstruct rays entirely.

= Enterance pupil (EnP): The image of the aperture stop as seen from object
space is called the Entrance Pupil (EnP) of the system.
For telescopes or binoculars EnP = diameter of objective

= EXxit pupil (ExP): The image of the aperture stop as seen from image space is
known as the Exit Pupil (ExP) of the system.
Exit Pupil of telescopes and microscopes are usually selected as the size of
human pupil (~ 2-8 mm).
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Fields O, 2 and 4 degreess

| | Lens Data v - 0O X
Update: Al Windows» @ @& + @ Kl -, L & P e O-£ ¢ @ S eec=h @

~ | Surface 4 Properties < > Configuration 1/1  ~ >

4 Surface Type | Cl.'lll'll'l‘lentl Radius | Thickness | Material | Coating | Clear Sem | Chi | Mech Semi | Conic | TCE x ]..E-ﬁ..'
0 OBJECT Standard - Infinity 30.000 4.000 0.0. 4.000 0.0... 0.000

1_ 5TOP  5Standard = Infinity 0.000 5.000 U 0.0, 5.000 0.0... 0.000

2_ (aper) 5tandard ~ -17.500 3.000 M-BK7 5000 U 0.0. 5.000 0.0... -

3_ (aper) 5Standard » -6.364 23.500 5.000 U 0.0, 5.000 0.0... 0.000
___4_]I'*.-'1AGE Standard ~ Infinity - 2.000 U 0.0, 2.000 0.0... 0.000

AS

——— )

\}',
‘0

i
il

Z::ﬁi '. \ _ |

OBJECT

STOP IMAGE

i 20 mm Sayfa 29



Marginal and Chief Rays

Marginal Ray: are rays from object and passing through the edge of AS.
Chief Ray: are rays from object passing throgh the center of AS.

' Object plane Image plane
Aperture stop |

Marginal ray | .

Chief ray i B Ciold

stop
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ldeal Thin Lens Ray Tracing (y-u method)

ray propagation
direction f1 2 f3
Yg
Yy Tl
¢ \ t U t \ t
0 | 1 | 2 4
= r !
Zn z, Zs Z,q Z4
Using paraxial rays (tanu ~ u) in Figure the ray transfer equation from one
lens to another is given by:
Yk+1 = Yk + Uklr (5.1)
slope angle equation can be obtained from
U1 = Uk — Yr+1Pk+1 (5.2)
and ray position along z-axis:
Zk+1 = 2k + Uk (5.3)

Starting with an initial ray position (zg,yo,ug), this iterative procedure is used to

obtain final ray position (2. Un. Un). Sayfa 31



Here

— k=0,1,2,--- . n

— 1 = ray height at k*® lens (surface)

— uy, = ray slope (angle in radian) at & lens (surface)

— t;, = distance between k™ and (k + 1)t lens (surface)

— 2z, = z-position of the k" lens (surface). Usually we start with 2y = 0.

— pr = 1/fi is the power of the k! lens whose focal length is f;,. Note that for
object (OBJ) and image (IMG) planes p = 0.
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Focal Length and Magnification

By using a ray which is parallel to optical axis, namely (zp, yo, uo) = (0, yp,0), the effective
focal length and back focal length of the optical system can be obtained from:

offl — f — _initial ray height _ W (7.3)
final ray angle Uy
and final 1 { height
b — nal lens surface ray height _ yy_ (7.4)
final ray angle Un
Also, for parallel incident rays, the magnification may be defined as:
m =" (7.5)

Yo
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Example

Figure shows a simple telephoto lens. Calculate effective focal length and back focal length of the
system using y-u trace.

' 2nd principle
| plane
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Solution

Summary of y-u trace:

Yk+1 = Yk + UiLg

Uk+1 = Uk — Yk+1Pk+1 Z Y
Given: £, = 20, £, = -10, t, = 14 0.0000 1.0000
Po =0, p, = 1/20, p, = -1/10, p; = 0 1.0000 1.0000

Let’s start with y, =1, y,=0, t, =1

Y:
u, =

Yo
u, =

Ys
u; =

BFL
EFFL

Yo
U,

Y:
u,

Yo
u,

+ upt,
- yi/£;

+ u;t,;
- v/,

+ u,t,
- Y3/f3

~y,/uz =
-yo/u; =

15.0000 0.3000

14+ (0)(1) = 1.0 29.0000  0.0000
0 - 1/20 = -0.05

1 + (-0.05) (14) = 0.3

-0.05 - 0.3/(-10) = -0.02

0.3 + (-0.02) (t,) 0.0 =>t, = 15

-0.02 - 0.10/(-inf)= -0.02

-0.3/-0.02 = 15 mm
-1.0/-0.02 = 50 mm

Telephoto ratio

= EFFL/ (t,+t,) = 50/ (14+15)

I
=

.7
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Thick Lens Ray Tracing (y-nu method)

"2 J13 - -’fk_ 1 ”k+1 ”‘k‘,z

VT
I R P

ot [y I1—+%£2 71‘-;— ses .: L Lpyp— een
k

As in the y-u trace, the ray transfer equation 1s as follows:

J"jd-'l

Yk+1 = Yk + upty (7.1)

Then, the slope angle (or refraction) equation is given by:

Yk+1
NE41Uk+1 = Npug — (k41 — k) R:l (7.2)
Tt

n = index of refraction
R = radius of curvature
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Diffraction

Diffraction is an effect resulting from the
Interaction of light wave with the sharp
limiting edge or aperture of an optical
system.

rays

/

wavefronts

#
\ \ <gJistant screen

) intensity profile on a

geometric

. Ms-h adow

edge iffraction
phenomena

™

Airy disc
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