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2-D Birefringence Measurement System

Presentation of PA/WPA Systems

Basics of Birefringence Measurement

Structure of Polarization Imaging Sensor and Principles
Basic Structure of the Systems and Measurement Examples
About Range Limitations and our Solution (WPA Series)
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1. Basics of Birefringence Measurement
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€ The 3 components of light € Polarization & Polarizers

Input Direction = Polarizer Direction

Amplitude = brightness I I When

Wavelength = color i 100% transmitted

Direction of the Vibration: polarization

Wavelength
When
<> Input Direction L Polarizer Direction
Direction of the )
) . .. 0% transmitted
vibration : polarization
When 45deg. ---

N

50% 31518

[Basic Principle of Polarization Measurement)
In contrast to amplitude and wavelength, polarization cannot be

recognized by human eye, making it difficult to apprehend intuitively. Rotating a polarizer and observe the change of intensity
transmitted through the polarizer.
O
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Polarization and Birefringence

€@ Refractive index = how easily light passes through the material

High index
W @
Low index The higher.the.refractive indc?x is,
the more time is needed for light to
MW pass through the material.

% Optical length=Refractive Index X Length

Example: for glass with index n = 1.5, light is slowed down by a factor 1.5

@ Birefringence = when refractive index depends on light polarization

[Example refractive indices)

Birefringent material Ordinary  Extraordinary Birefringence (/n)
Calcite 1.6584 1.4864 0.172
I \ Quartz 1.5443 1.5534 0.0091
| Sapphire 1.768 1.76 0.008
\(\/\/EV ; lce 1309 1313 0.004
\ _’ <_F’hase
4 > ‘ shift

Length through the material

% Phase shift = Birefringence X Length
Here, we assume that different polarizations are passing through the material at the same point.
Thus, length is the same = Phase Shift oc Birefringence

>,
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Impact of Birefringence on Light Polarization

v,

@ Phase Shift between Each Polarization Component and Total Polarization Resulting

Every state of polarization existing is the result of a combination of 2 perpendicular components

N |
(DIn Phase / / ?l |

Linear Polarization

(2 Quadrature / / !J |

Circular Polarization

% Depending on the phase shift between the 2 components, a different state of polarization results

@ ®X A :wavelength
Phase Shift 0 A /4 90° ) A /2 as0° ) 3A/4 @) A @60° )
Linear (Right-Handed) Linear (Left-Handed)
Circualr Circular

3¢ Combined with the information of previous page, we understand that
birefringence makes polarization change by introducing a phase shift between the two components
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Impact of Birefringence on Light Polarization

€ Material exhibiting birefringence makes polarization change

[nhon birefringent material]
Crossed polarizers completely shut down
the light trying to go through

No change in polarization I '
l

Crossed polarizers (cross Nichols): dark A non birefringent material placed between
no light is detected does not change the situation
l
A birefringent material placed between the
[birefringent material) crossed polarizer appears bright

Change of polarization I .

Even with crossed polarizers, light
is detected due the change of polarization
induced by the birefringent material
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WAICKDERBITORE

Stress applied

No stress

. . . . . . t — t —-12
Even in non birefringent materials, internal stress can induce Material Photo~elastic constant (1072/Pa)
birefringent behavior Quartz 35
Polycarbonate 75
- This phenomenon, called “photo—elasticity”, imply that observed Acrylic 6
. . . . . . Glass 0.5
birefringence is proportional to the stress applied to the material. Lead glass 0,005
The proportionality constant, referred as the “photo—elasticity constant”, — ,
. . *Natural birefringence of rock crystal quartz is approx.
is a property of each material. 0.01(1.55-1.54). The amount of force to obtain this value by
) ) photo—elasticity is 0.003TPa=3GPa, which is very big.
blrefrlngence == B X stress [force] (1 O‘ZPa) In general, birefringence exhibited by the photo—elastic effect
is much smaller than in naturally birefringent quartz.
phase shift 6 (nm) = 8 X thickness d (cm) X stress [force] F (10°Pa) 3 The major part of the birefringence observed in plastic

molded object is thought to originate from molecular
orientation, rather than from photo—elasticity.

For example, Thus, for this type of object, it is not reasonable to calculate
an amount of stress from the birefringence observed.
However, differences of birefringence still can be linked to
differences of the molding process, thought as a whole.

35 X 01 X 1 0 - 35nm That is why birefringence analysis is a good evaluation

technique for plastic molding process.

A Photonic Lattice 7
A 7+ b=vI5T4A

~ B is the photo—elastic constant for the particular material [ 10'2/Pa ]

a force of 1MPa applied to a Tmm quartz plate results in a phase shift of:



Summary: Polarization, Birefringence, Phase Shift, Photo—elasticity
L

Evaluating the distribution of birefringence enables the access to
information about internal stress and molecular orientation in transparent materials.

*Birefringence in material modifies the polarization of the light going through

{1

" Thus, comparing light polarization in and out allows measuring birefringence in the material

\ 4
Birefringence Measurement = Polarization Measurement + Difference Computation

XA birefringence measurement system must be, as long as we talk about hardware, a polarization measuring device.

() Polarization Measurement

Part usually implemented

Birefringence=Change of POlarlzatlonl —(2) Phase Shift Computation (from change of polarization) T in measurement device

Out Iighi

%3

ko)
_ _ %, —(3) Birefringence Computation (from phase shift and sample thickness)
Birefringence 5

(Sa’A“p'e) —(@) Internal Stress Computation (from birefringence and photo—elastic constant)
: Theoretically, computation of birefringence and internal stress is possible. However, because of the following
reasons birefringence measurement device usually provide data
for (2 phase—shift only:

a. sample geometry data is not easy to manipulate in a universal manner

b. phase—shift data is often more relevant than birefringence for most applications

c. the cause of birefringence is rarely internal stress only, but a combination of factors
The user is then free to keep further the computations based on its own knowledge about his sample geometry

and material.

o>

Cause: internal stress or molecular orientation

S
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Basic Principles of Polarization Measurement
I

Looking at the variation of intensity while making polarizing filters rotate is the basic way of measuring polarization.

[Basic tructure)

@ Rotating polarizer method

Rotation \

) Light sensor
Light ray

Polarizer

@ Rotating phase plate method
Rotation

Light sensor

Light ra
& 2 Polarizer

Phase plate

[New structures)

Problems:

= Actual hardware is not as simple as in the
drawing in the left (motors, angle encoding units,
need as a rigid casing etc.)

=Some time is needed for a rotation to complete
— measuring rapidly evolving objects is impossible

*Hard to obtain surface data
SEven now, most system on the market utilizes this structure

@ Filter axis and optical axis
slight misalignment

“Optical rotation” using electric signal, using liquid
crystal, instead of mechanical rotation

instead of rotation of a unique filter

Dispose spatially differently oriented polarization filters,

Liquid crystal, PEM etc.

Light beam

—

Electric signal

A Photonic Lattice
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X Axis orientation repeatability is key
to measurement accuracy

Polarizing filter

Light sensors

Light sensors are implemented as a CCD image sensor
l

The technology to put a small filter in front of each

CCD pixel is key for this method

PA,WPA Series systems use this method



2. Polarization Imaging Sensor :
Structure and Operation Principle
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Basic structure of Polarization Imaging Sensor
I

Microscopic size polarization filters are integrated and placed in front of a CCD image sensor

Integrated
polarizer CCD SEM picture of the polarizer array
array T+ : i e o
*.;xx*
i

7,

N

Picture of an actual polarization imaging sensor

=
N

S\ SSNKRZ
mo. =

4—direction array

>,
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Polarization imaging sensor principle

I
* Computation of polarization information from intensity at 4 neighbor pixels

[ Relation between input polarization and intensity pattern]

[Linear polarization] [Ellipticall [Circular]
0° — 45° / 70° / O
= v v v v v
¥ Polarizer axis  Intensity pattern
\\\ CCD o
BHRFTLA ~

[ Computation principle ]

Fitting curve

Intensity is supposed to describe a sinusoid
By knowing only 4 points of the curve, it is possible to
recover the whole set of information for any input polarization

Intensity

Odeg. 9 45deg. 90deg. 135deg.

Polarizer angle

A Photonic Lattice
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Polarization imaging sensor principle
I

Image recorded on the CCD

Intensity pattern linked to the
state of polarization at each
location

>,
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Computation & display image

Birefringence data (phase shift and
axis orientation) is present at each
point as quantitative data.

13



Measurement example: lens
B

Phase shift distribution Axis orientation

Yy S

» oy 0
SR v 0 ¢ ¢
whvooovod
L R
SRR T T T T T T T
L T T T T T T T
130nm T T O T T T
= o e A B cu ) B, S e

IOnm

*Detailed quantitative evaluation and comparison is

100

w0 possible between multiple sets of data
E ol
i
3% —ﬁ-ﬂ“—‘\}h\ P *The slightest differences between two sets of data

20 [ . .

0 are easy to Sp0t on dISplayed Images 2-D birefringence measurement system

o 30 60 90 120 150 180 210 240/ 270 300 330 360 PA Series
AE

Position of inject pin
Gate position
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3. Basic Structure of the Systems
& Measurement Examples
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Basic Structure of Birefringence Measurement System and Measurement Method

(D Acquisition of state of polarization over light source 2 Acquisition of state of polarization with sample

Polarization Imaging Sensor w w

Objective Lens

Wavelength Bandpass Filter

Circular Polarizer Film

Panel Light Source

Actual system picture

A - @ Birefringence (phase shift & axis orientation) at each point
. Irefringence measurement system . . R
PA Series by comparison of the states of polarization

Why using circular polarizer film
If we used a linear polarizer, the regions of the sample having the same axis

orientation as the film would not be correctly evaluated (no sensitivity).

Circular polarizer film allows to obtain the same sensitivity to birefringence

independently from axis orientation.

A Photonic Lattice 16
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Optical quality glass : phase shift distribution

Plastic Molded Lens:
Distribution of Axis Orientation
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2-D birefringence measurement system

PA Series

17

PA System : Measurement Example (1)

Photonic Lattice
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PA System : Measurement Example (2)

PA Series include a model for microscopic applications, enabling evaluation of very small samples.

Cross—section of optical fiber: birefringence evaluation

=

e
fF A e = 0.1 mm
s e T —»
T A it
AR - e
i
H
F
boh Ty
Y o
™. - .
B 2 LI
£ S
4 LR
IR
P
FEE
. P A
N
N
2-D birefringence measurement system
PA Series 50
Micro Type

o \
o \ N [

0 50 100 150 200 250 300

Graph along straight line

[
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http://ja.wikipedia.org/wiki/%E3%83%95%E3%82%A1%E3%82%A4%E3%83%AB:Fibreoptic.jpg

PA System : Measurement Example (3)

Plastic molded part (test piece) : evaluation of the differences between materials

PC PMMA Polyolefin Compression

Phase shift along transversal line

90
80 |
70 |
60 |

50 —FPC
——PMMA
Polyolefin

2-D birefringence measurement system

PA Series

40 1

Compression

30 |

Retardation (phase shift) nm

20 |
10 [
0
Position

Differences of material & molding parameters appear clearly

as differences in the birefringence profile.
O
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Range limitations of PA Series systems
L

The maximum birefringence that can be measured by PA system is A /4.
Samples exhibiting greater retardation will be displayed with wrapped around values.

Evolution of recorded retardation for growing applied force on test piece (photo—elastic)

Small force Intermediate force Big force

Phase shift along transversal direction

130nm Phase shift along transversal direction  130,m

2-D birefringence measurement system

PA Series

Values over % of operating wavelength (520nm) are wrapped around.
It can result in ripples that do not exist in reality.

PA Series is limited to the evaluation of samples of less than 100nm of birefringence

A Photonic Lattice 20
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4. Range Limitation and its Solution (WPA Series)
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Range extension (1) Rotating Polarizer vs. Rotating Phase Plate
I

[ Sensor Structure Comparison ]

& PA Series @ WPA Series

Integrated Polarizer array + CCD sensor

e . i Integrated Phase—Plate array + uniform polarizer + CCD sensor
— Same principle as Rotating Polarizer method

<3-layer unique sensor technology>
— Same principle as Rotating Phase Plate method

LT
&

9 CCD

Uniform polarizer

Integrated Polarizer array Integrated Phase—Plate array

— Rotating Polarizer method _ — Rotating Phase—Plate method —_
Rotation Rotation  Rotation
Chi Y- Phase—Plate Polarizer Sensor

\ J \ y,

Due to the difference of principle, measurement range of WPA is twice bigger
(see next page)

>,
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Range extension (1) Rotating Polarizer vs. Rotating Phase Plate
L

Principle: compute polarization from the brightness profile obtained when rotating filter

|
*When filter = polarizer, left—handed and right—handed states look the same

*When filter = phase plate, both left and right—handed states can be measured

l
[ Measurement range for Rotating Phase—Plate is bigger [

L the Same T\ X For wavelength A =520nm
[Rotating Polarizer]) Phase shift: Onm 65nm* 130nm* 195nm* 260nm*
(A/4) (A1/2)
Rotati i
otation /_\ 100% - Circular O Ellisptical (’J Linear 100% Elliptical ﬂ 100% - Circular O
® (Right-Handed) (Left-Handed)
Light 3
s
_—gn 50% 4
Polarizer Sensor @
D% L E— | L E— |
0 180 180 180 180 0 90 180
Filter rotat|on angle F|Iter rotat|on angle Fllter rotat|on angle F|Iter rotatlon angle Filter rotation angle

[Rotating Phase—Plate]
3¢For phase—plate retardation (phase shift) = A /4

}R/Ot_a% Rotation 100% 100% 100% 100% 100%
Light m m
W W 50% 50% 50% 50% 50%
Phase—Plate Polarizer Sensor 0% 0% 0% 0% 0%
0 % 180 0 % 180 0 % 180 0 % 180 0 % 180

Filter rotation angle Filter rotation angle Filter rotation angle Filter rotation angle Filter rotation angle

N not the same —

Brightness

rvv‘
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Range extension (2) Multiple Wavelength Measurement

In addition to the improvement in the measurement principle, as a modification of the polarization sensor,

using multiple wavelengths allows another improvement in the measurement range.

‘ Reason of measurement range extension [Measurement with multiple wavelengths]
With only one wavelength, phase shifts greater than one wavelength . A
(modulo wavelength) look the same. | €---S--

—Comparing data at multiple wavelengths allows making the difference
[See figure on the right])

Let’ s assume that we want to determine the value on the horizontal axis using one A nm A nm
value, &, on the vertical axis. It is easy to convince ourselves that there are .
several solutions, A, A+ A A+ 2], - between which we cannot choose.

However, if we have several values for two different curves (for example the red
curve and the green curve on the figure), we can now choose one unique correct
solution.

& System structure

PA System uses one single wavelength selection filter centered at 530nm, while
WPA uses a revolving filter allowing switching between multiple measurement wavelengths.

PA Series System WPA System System

Polarization Sensor

p—

Wavelength Selection Filter

(Single Wavelength) Switchable Wavelength Selection Filter

(Multiple Wavelengths)

Lens Lens

A Photonic Lattice
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Actual system: PA Series and WPA Series
B

[

A Photonic Lattice
A 7+ b=vI5T4A

PA Series

Camera Unit

Light source stage
[ e |

WPA Series

Camera Unit

Selectable wavelength filter

Light source stage
[ T R e |

25



Wide range measurement with WPA

Measurement of retardation > 1 wavelength is available

Evolution of measured value with increasing applied force.
Medium force

Weak force

Strong force

1000nm
Onm
Line profile
=Ml 1002
) /r
N .2
WPA system = ) \\\ A k
i Y Sl UYL N
0 : s |
v 0 =z (p . 137
s ¥ ax  a
=) - 0z 1460 622 46 0o
7-higis

e - 05 10026 2549 2734 0o
F‘m&. a3 468 [1104 [1214 0o

BE | B s
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Measurement data example: difference between PA and WPA

@ Plastic lens, birefringence ranging from 0 to approx. 800nm
[Data acquired with WPA]

900
800 |
700
600 |
500 |
400

Phase Shift (nm)

[

A Photonic Lattice
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[Data acquired with PA]

300 | 4
200 [°
100 |

P 130.00nm]

. Olnml

Line profile for both data sets

0 20 40 60 80 100 120

Position along the line

1216.

*With PA, data is wrapped around 100nm, while WPA allows

acquiring correct values.

*Even areas with much greater values on the periphery

are captured correctly with WPA.
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WPA

PA

Position along the line

Phase Shift (nm)
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WPAデータ

		サンプルNo.13-2009/06/16

		6/16/09 22:23

		コメント

				リターダンス（nm）				4.3

		位置		カーブNo.1

		0		222.5813205609				0		14.7		4.3

		1		198.7424632242		223.3767558744		0.42		14.7		4.72

		2		248.8064838382		224.8205338509		0.84		20.2		5.14

		3		226.9126544904		244.2829545414		1.26		26.1		5.56

		4		257.1297252955		246.1837856842		1.68		32.2		5.98

		5		254.5089772667		259.6241173535		2.1		38.2		6.4

		6		267.2336494981		269.5255528658		2.52		43.9		6.82

		7		286.8340318324		285.6064240218		2.94		49.8		7.24

		8		302.751590735		297.6527625576		3.36		54.7		7.66

		9		303.3726651054		302.8010483406		3.78		59.3		8.08

		10		302.2788891815		309.203100128		4.2		63		8.5

		11		321.9577460971		309.1176807209		4.62		66.4		8.92

		12		303.1164068842		312.3118152258		5.04		68.9		9.34

		13		311.861292696		316.3625933		5.46		71.9		9.76

		14		334.1100803198		318.9234193746		5.88		72.6		10.18

		15		310.798885108		316.0381026011		6.3		75.2		10.6

		16		303.2053423756		307.9586955488		6.72		75.6		11.02

		17		309.8718591629		290.2469004199		7.14		75.6		11.44

		18		257.6634997212		291.2667245381		7.56		76.6		11.86

		19		306.2648147302		273.084205505		7.98		75.9		12.28

		20		255.3243020636		273.7413474295		8.4		75.4		12.7

		21		259.6349254948		259.5796240934		8.82		74.1		13.12

		22		263.7796447217		255.3211294876		9.24		72.8		13.54

		23		242.5488182463		249.905398339		9.66		71.4		13.96

		24		243.3877320491		237.1990975276		10.08		68.6		14.38

		25		225.6607422874		226.1192903912		10.5		66.6		14.8

		26		209.3093968369		211.6156136713		10.92		64.7		15.22

		27		199.8767018895		206.7443876121		11.34		61.7		15.64

		28		211.04706411		198.175792809		11.76		58.5		16.06

		29		183.6036124274		189.9713166067		12.18		53.4		16.48

		30		175.2632732827		177.6840627171		12.6		50.2		16.9

		31		174.1853024413		165.1524086268		13.02		47		17.32

		32		146.0086501563		156.4401394915		13.44		43.4		17.74

		33		149.1264658768		142.8533947532		13.86		39.8		18.16

		34		133.4250682264		143.9690670966		14.28		34		18.58

		35		149.3556671866		139.9730401503		14.7		30.3		19

		36		137.138385038		137.4468343404		15.12		26.2		19.42

		37		125.8464507965		120.1764557421		15.54		21.8		19.84

		38		97.544531392		112.8947432834		15.96		17.4		20.26

		39		115.2932476617		97.7828386849		16.38		13.2		20.68

		40		80.5107370012		96.4956478533		16.8		9.2		21.1

		41		93.682958897		84.8438378203		17.22		4.7		21.52

		42		80.3378175628		82.7510067457		17.64		3.7		21.94

		43		74.2322437772		74.5646203862		18.06		7.5		22.36

		44		69.1237998187		73.0609422293		18.48		12.6		22.78

		45		75.8267830921		69.5264231419		18.9		16.9		23.2

		46		63.628686515		62.4944395272		19.32		21.2		23.62

		47		48.0278489745		52.5044537874		19.74		25.4		24.04

		48		45.8568258727		50.4673649436		20.16		30.6		24.46

		49		57.5174199837		52.3245427155		20.58		35.8		24.88

		50		53.5993822899		56.2404333611		21		40.5		25.3

		51		57.6044978095		51.5647293329		21.42		45.4		25.72

		52		43.4903078991		43.5316944938		21.84		50		26.14

		53		29.5002777726		34.3744299681		22.26		54.7		26.56

		54		30.1327042327		31.3386180621		22.68		59.6		26.98

		55		34.3828721811		35.016427611		23.1		63.7		27.4

		56		40.5337064191		35.8129965768		23.52		68.3		27.82

		57		32.5224111301		35.6206680861		23.94		73.1		28.24

		58		33.8058867091		36.1480753008		24.36		77.9		28.66

		59		42.1159280631		37.9545208686		24.78		81.2		29.08

		60		37.9417478335		42.6059799901		25.2		85		29.5

		61		47.7602640737		47.0350171035		25.62		89.1		29.92

		62		55.4030394032		52.592937447		26.04		93		30.34

		63		54.6155088641		54.6629842944		26.46		95.9		30.76

		64		53.970404616		56.8624300269		26.88		99.6		31.18

		65		62.0013766005		58.909096565		27.3		103.4		31.6

		66		60.7555084786		64.6820008118		27.72		105.4		32.02

		67		71.2891173563		59.3469800252		28.14		108.2		32.44

		68		45.9963142408		64.0833843462		28.56		110		32.86

		69		74.9647214414		68.7974122654		28.98		110.6		33.28

		70		85.431201114		80.363073657		29.4		111.4		33.7

		71		80.6932984155		82.0391909084		29.82		112.6		34.12

		72		79.9930731956		86.8574520721		30.24		111.6		34.54

		73		99.8859846051		97.0534837339		30.66		112.2		34.96

		74		111.2813934011		105.6504256697		31.08		110.4		35.38

		75		105.7838990029		113.8990292075		31.5		108.9		35.8

		76		124.6317952185		122.6486829607		31.92		106		36.22

		77		137.5303546607		130.1733892533		32.34		104.6		36.64

		78		128.3580178805		139.7559725509		32.76		102.2		37.06

		79		153.3795451113		147.1790200444		33.18		99.9		37.48

		80		159.7994971413		165.5979781522		33.6		98.9		37.9

		81		183.614892204		177.2166490474		34.02		94.7		38.32

		82		188.235557797		195.8495775052		34.44		93.5		38.74

		83		215.6982825145		203.7718049931		34.86		90.4		39.16

		84		207.3815746677		221.5767210682		35.28		87.8		39.58

		85		241.6503060226		248.5679335122		35.7		85.6		40

		86		296.6719198464		265.0480335357		36.12		83.9		40.42

		87		256.8218747381		275.2885829187		36.54		81.5		40.84

		88		272.3719541716		270.3443864081		36.96		79.6		41.26

		89		281.8393303147		289.2280817035		37.38		76		41.68

		90		313.4729606242		303.8193885871		37.8		74.4		42.1

		91		316.1458748225		320.8258730095		38.22		72.5		42.52

		92		332.8587835819		336.9637668121		38.64		69.6		42.94

		93		361.886642032		353.2326760407		39.06		67.6		43.36

		94		364.9526025083		372.9037740466		39.48		64.9		43.78

		95		391.8720775994		384.9402226436		39.9		64		44.2

		96		397.995987823		406.5901510912		40.32		60.9		44.62

		97		429.9023878513		433.0836002348		40.74		59.1		45.04

		98		471.3524250302		461.9749008601		41.16		57.6		45.46

		99		484.6698896988		480.8773588624		41.58		55.6		45.88

		100		486.6097618583		505.7689066003		42		53.9		46.3

		101		546.0270682438		523.535099387		42.42		52.4		46.72

		102		537.9684680589		558.2022232633		42.84		50.9		47.14

		103		590.6111334872		587.7943213907		43.26		49		47.56

		104		634.8033626261		633.1620501586		43.68		48		47.98

		105		674.0716543626		667.8662265649		44.1		46.4		48.4

		106		694.723662706		693.4028800826		44.52		45.1		48.82

		107		711.4133231793		714.3733689682		44.94		43.9		49.24

		108		736.9831210194		748.279252586		45.36		42.6		49.66

		109		796.4413135594		780.5860447112		45.78		41.4		50.08

		110		808.3336995549		793.0411732658		46.2		40.6		50.5

		111		774.348506683		708.5501494264		46.62		39.3		50.92

		112		542.9682420412		634.815751379		47.04		38.8		51.34

		113		587.1305054128		565.049373727		47.46		38.1		51.76
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Summary
N

3D display of lens birefringence

"Principle of birefringence measurement was exposed

*The design of its key part, the polarization sensor, its
structure and its operation, was explained

*We presented PA and WPA system, with sample data
for comparison

Please feel free to contact us for further details!
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