Lecture 08:
Polarization and Application

Q/1

Wenda Cao

Big Bear Solar Observatory
New Jersey Institute of Technology

THE EDGE IN KNOWLEDGE




Outline

Nature of Polarized Light
Polarizers
Retarders

o 0O 0 O

Mathematical Description of
Polarization

U

Solar Magnetic Field
Measurement Techniques

O Example 1- DVMG
O Example 2 - IRIM

Textbook: Optics, Eugene Hecht
Solar Magnetic Fields, Jan Stenflo

N J I Big Bear Solar Observatory
New Jersey’s Science & Technology University THE EDGE IN KNOWLEDGE



1. Nature of Polarized Light

O Light may be treated as a transverse
electromagnetic wave

O Imagine two harmonic, linearly
polarized lightwaves of the same
frequency, moving through the same
region of space, in the same direction

O ¢is the relative phase difference
between the waves. E, lags E, when
¢>0; E, leads E, when £<0

E (z,t)=i E,, cos(kz—at)

Linear Polarization
Circular Polarization
Elliptical Polarization
Natural Light

E;(z,t) — T E,, cos(kz — ot +¢)
E(z,t)=E,(z,t)+E,(z,1)

U 0O 0 O
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Linear Polarization

Q Ife=2mz and m=0, #1, #2, ..., the waves are in-phase,
E(z,t) = (i E,, + | E,,) cos(kz — at)

O Ife=mzgandm= 41, 43, #5, ... an odd integer, the two
waves are 180 °out-of-phase,

E(z.t)=(i E, - | E,,)cos(kz — )

O Any plane-polarized wave can be resolved into two —
orthogonal components. v

E;(Z,t) =1 E,, cos(kz — at)

E,(z,t)= | E,, cos(kz —at + &)

N
E(z,t)=E,(z,t)+E,(z,1)
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Circular Polarization

Q IfEx=Ey=Eqand ¢=-42 +2mz, m=0, £1, #2, ..., the
consequent wave is

E(z,) = E,[i cos(kz— at) + | sin(kz — at)]

Q Scalar amplitude of E is a constant, but the direction of E is
time-varying.

Q The resultant electric-field vector E is rotating clockwise at
an angular frequency of @, as seen by an observer toward
whom the wave is moving. Such a wave is right-circularly
polarized

Q IfEy= EOy =Eyand e= 2 + 2mxz, m =0, #1, #2, ..., the
consequent wave is

E(Zat) = E,[1 cos(kz —at) - ] sin(kz - at)] E(z t)= T E,, cos(kz — at)
x L& T 0x

Q Alinearly polarized wave can be synthesized fromtwo  _. -
oppositely polarized circular waves of equal amplitude,  E,(Z,t) = ] E,, cos(kz -t + &)

E(z,1) =2E, i cos(kz — &) E(z,t) =E, (z,)+ E,(z,t)
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Elliptical Polarization

a Both linear and circular light may be considered as special
cases of elliptically polarized light,

E, =E, cos(kz — o)
E, = E,, cos(kz—at +¢)

\

\

Q After expanding and rearranging terms, we have

) D
E E
( Ex ) i y _2{3} RN 5 cos€=Sin28

Q This is the equation of an ellipse making an angle « with

AR

|

(Ex, Ey)-coordinate system . ) ' _
2EOx Eoy cos ¢ o2 : ' :
tan 2o = : -
EOx = Eoy p X

U

When ¢= # 72, #3742, +542... /
O Wheng¢=+2x +4rx +67... y & IHU
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State of Polarization

E, ie.aJi'sE by: /ﬂ' Twid dm/l i RE L w4 0
E, leads E, by: Ixfd S5wid 32 T4 2

Q Linearly polarized or plane-polarized light can be
represented as a superposition of right- and left-circular
states

O Elliptical light can also be represented as a superposition of
right- and left-circular lights.
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Natural Light

a An ordinary light source consists of a very large number of randomly oriented atomic
emitters. Each excited atom radiates a polarized wavetrain for roughly 10-8s.

O New wavetrains are constantly emitted, and the overall polarization changes in a
completely unpredictable fashion.

Q If these changes take place at so rapid a rate as to render any single resultant
polarization state indiscernible, the wave is referred to as natural light, or
unpolarized light, or randomly polarized light

+— E fields

v

QO Mathematically, natural light can be represented in terms of two arbitrary, incoherent,
orthogonal, linearly polarized waves of equal amplitude

Q Lightis generally nether completely polarized nor completely unpolarized. More often,
it is partially polarized
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2. Polarizers

Q Polarizer: an optical device whose input is natural light and whose output is some
form of polarized light

Q Linear Polarizer: an instrument that separates two orthogonal components,
discarding one and passing on the other. They can be divided into two general
categories: absorptive polarizers and beam-splitting polarizers

aQ Depending on the form of the output, we could also have circular or elliptical
polarizers

O Polarizers are all based on one of four basic physical mechanisms: dichroism
(selective absorption), reflection, scattering, and birefringence
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Malus’s Law

O Malus’s Law: when a perfect polarizer is placed in a polarized beam of light, the
intensity, |, of the light that passes through is given by

1(8)=1,cos* 8

where |, is the initial intensity and @is the angle between the light’s initial

polarization direction and the axis of the polarizer
O How much unpolarized light passes through a perfect polarizer ? | = l

2

Unpolarized Polarizer Photocell

Analyzer
light
90-

Ecoso
Coppright Jokn Wiley & Sony
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Absorptive Polarizer

A Dichroism: selective absorption of one of the two orthogonal linearly polarized
components of an incident beam.

Q Wire-Grid Polarizer:
Q a grid of parallel conducting wires
Q electric field into two orthogonal ones
Q one field drives the conduction current
Q energy is transferred from field to the grid
O The transmission axis of the grid is perpendicular to the wires

A Dichroic Crystal: the best known crystal of this type is tourmaline. Seldom used as a
polarizers due to limited size, strongly wavelength dependence ...

a Polaroid: is made from PVA plastic with an iodine doping
a the most common type of polarizer in use due to its durability and practicality
Q rather similar to the wire-grid polarizer
Q stretching of the sheet ensure that the PVA chains are aligned in one direction
Q electrons from the iodine doping absorb polaried light parallel to the chains

O Modern type: made of elongated silver nanoparticles embedded in thin glass plates,
achieving polarization ratios ~10°:1 and absorption of correctly-polarized light ~ 1.5%

N J I Big Bear Solar Observatory
New Jersey’s Science & Technology University THE EDGE IN KNOWLEDGE



Beam-splitting Polarizer

They split the incident beam into two beams of differing linear polarization.
They don’t need to absorb and dissipate the energy of the rejected polarization state.
Two polarization components are to be analyzed or used simultaneously.

Birefringent Polarizer: a beam of unpolaried light is splitted into o-ray and e-ray
which are in different polarization states

O Nicol Prism
O Glan-Foucault Prism

O Wollaston Prism: a polarizing beamsplitter because it passes both orthogonally
polarized components.

Q Deviation angle is determined by the prism wedge angle
O Made of calcite or quartz

U000

Light passing through a birefringent crystal
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Polarization by Scattering

Q Imagine a linearly polarized plane wave incident on an
air molecule to dipole’s oscillating

The vibrations are parallel to the E-field

Q The scattered light in the forward direction is
completely unpolarized

Q Off that axis it is partially polarized, becoming
increasingly more polarized as the angle increases

QO When the direction of observation is normal to the
primary beam, the light is completely linearly polarized

unpolarised
sunlight

U

air
molecules

scattered
light, more blue ]
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Polarization by Reflection

Q Under those circumstances, for an incoming +%
unpolarized wave made up of two incoherent % q‘%ﬂ &
orthogonal linearly polarized components, only the %7 P
component polarized normal to the incident plane ny

and therefore parallel to the surface will be reflected Ny

Q This particular angle of incidence for which this
situation occurs is designated by Brewster’s angle

n
tan <9p =t
n.

Q Many significant applications
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3. Retarders

O Retarders: serve to change the polarization of an incident  separation of Light Waves by a Birefringent Crystal
wave. One of the two coherent states is caused to lag in- i reary e
i - ! D_L\{‘eérgent <s=f= Extraordinary Wave
phase behind the other by a predetermined amount

— Co-Axial —
Trajectories
O Wave Plates: recall perpendicular entry to a calcite, the
propagation speed of o and e wave differ. o and e wave
travel through a crystal of thickness d with a phase delay

. A /  incident (f Calcite

— Polarized— - Crystal
12 Optical Axis \ Tholee =, Cry

272(AOPL) 27d(n,—n,)) 2z Figure 1

A . .
7 p) p) p)

QO Full-Wave Plate: relative retardation is one wavelength.
When Ap = 27= 360 9, the e- and o-waves are back in-
phase, and there is no observable effect on polarization

d(‘no T ne‘) i mlo

Q Half-Wave Plate: introduces a relative phase difference of
zradians or 180 °between the o- and e-waves

d(n, —n,) =(2m+1)4, /2
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Wave Plates

O Wave Plates: recall perpendicular entry to a calcite, the
propagation speed of o and e wave differ. o and e wave
travel through a crystal of thickness d with a phase delay

_ 2m(AOPL) _ 2ad(n,.—n,) _2md
A A i

A

O Quarter-Wave Plate: introduces a relative phase shift of
Ap = 712 = 90 °between the constituent orthogonal e- and
0o-component of a wave.

Q With incident natural light ?

Q When linear light at 45 °to either principal axis is
incident on a quarter-wave plate ? font axie

0 How about linear light at an arbitrary incident angle ? @Q:,-"Z-Emm;:'““"
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4. Mathematical Description

Q The endpoint of the vector E was envisioned
continuously sweeping along the path of an ellipse
having a particular shape

O The period over which the ellipse is about 10-%° s,
and far too short to be detected

O Measurements made in practice are generally
averages over comparatively long time intervals

Q An alternative description of polarization should be
convenient observables, namely, irradiances

Q It can help predict the effects of complex systems
of polarizing elements on the ultimate states.

O The mathematics, written in the compressed form
of matrices, will require only the simplest
manipulation of those matrices.

O The Stokes Parameters and Mueller Matrices
O The Jones Vectors and Jones Matrices
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Stokes Parameters

O The polarization state of a beam of light can be | S,
described in terms of these four parameters 0 S
O The most direct definition is operational, in S =
terms of four ideal filters F, k = 0,1,2,3 Ul |5
0 F,: empty, no filter at all; \ S,
Q F;: linear polarizer oriented at 0 ° (with F, F,
respect to a direction that define the Stokes
system chosen) /
O F,: linear polarizer oriented at +45° * O
QO F;: circular polarizer opaque to left-handed  unpolarized 0° s hethanded
circular polarization
O A detector behind filters F, measures intensity |,. I Q u v
If the light incident on F, is unpolaried, then |, , 5
= 0.5l,, why? =8, =1, [
0 The operational definition of Stokes parameter  Q=95, =21, -1, l,=(1+Q)/2
IS S U=s,=2I,-1, I, =(1+U)/2
ST V=S =2l-I, L, =(1+V)/2
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Stokes Parameters

Q [:is simply the incident irradiance
Q, U and V specify the state of polarization /
QO Q: reflects a tendency for the polarization to ,
right-handed

resemble either a horizontal linear polarization ~ “elarized 0° 45 iroular polarization
>0) or a vertical one (Q<O0

O What does Q = 0 stand for ?

a U:implies a tendency for the light to resemble |
either a linear polarization oriented in the
direction of +45 °(when U>0) or in the direction Si=T L — 1
of -45 °(when Q>0) or neither (U=0) U=2l.—1
O V:reveals a tendency of the beam toward right- =
handedness (V>0), left-handedness (V<0), or v 21 |
neither (V=0)

U

E.(t)= i E,,(t)cos[kz —at +&,(t)]
E,(t)= ] E,, (t)cos[kz—at + 2, (1)]
E®)=E,()+E, (1)
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Stokes Parameters

x— /)

O Recast the Stokes parameters as

| =E;, +E,,
Q = E(?x o E02y
U =2E,,E,, cos(e, —¢&,)
V =2EE,, sin(¢, —¢&,)

Q If the beam is unpolarized, the normalized
parameters are (1,0,0,0)

a If the light is horizontally polarized, the
normalized parameters are (1,1,0,0).

QO For completely polarized light,
| -0 U v

O For partially polarized light,
| @ U

Q The degree of polarization, D= =

unpolarized 0° 450 ngsthanded
/ Q U "4
s | =1
@5 ol " I, =(1+Q)/2
Jd=g =2, P =0
=5 =21 | L,=(+V)/2

E.(t)= i E, (t)cos[kz—at+e&, (1)]

E,(t)= ] E,, (t)cos[kz —at + £, (1)]

E(t)=E, () +E,(1)
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Superposition

Q Imagine that we have n quasimonochromatic waves

1
with Stokes vectors I, | = 1,2,3,...,n, which are et N
superposed in some region of space. As long as the 0
waves are incoherent, the resultant will be BN
| Z |i Vertical &-state _{5
3 Q ZQ. -_1'T
=21, 5= = |
i \L/J Zui P-state at +45° {1}
V. o
> |
0
a (1,-1,0,0) + (2,0,0,-2) =(3,-1,0,-2) ? P-state at. —457 S
O An ellipse of flux density 3 - -
1
Q More nearly vertical than horizontal 0
0 Left-handed Jostae 7
O Degree of polarization of (5)1/2/3 o
0
H-state 0
_-1
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Mueller Matrix

O Suppose that a polarized incident beam S, which passes through a medium
(or an optical element), emerging as a new polarized beam S’ .The effect of a
medium on the Stokes Si can be described by a 4 by 4 Mueller Matrix M:

S'=MS

O If the polarized incident beam S passes through a series of optical elements,
each with its own Mueller Matrix M;, then

S'=M,..M,M,S

— -)I-p ........ -pl-p =)

M, M, M.
A The individual components may be retarders, polarizers, modulators,
telescopes, stellar atmosphere ...
Q Beware, matrix multiplication is not commutative, so in general

M,M,M S %M M,M,S
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TABLE 8.6 Jones and Mueller matrices.

] Linear optical element ~ Jones matrix ~ Mueller matrix
Let’s Play ... e
. . 1 0 111 100
Horizontal linear [ 0 0 Slo 0 0 o
N . . polarizer N J 00 0 0
Q A unit-irradiance unpolarized wave pass through )
a linear horizontal polarizer ool 1131 0o
Vertical linear 5
: : fy . [U‘ 1 210 0 0 0
Q A partially polarized elliptical wave [4,2,0,3] polarizer ! | 0o 0 00
traverse a quarter-wave plate with a vertical fast )
. 1 01 0
axis, then [4,2,-3,0] 17 1o 0 0 0
Linear polarizer - -
) i ) PO 21 1 211 0 1 0
Q Moueller matrix for an arbitrary retarder is at +45 7 i 00 0 o
o _ L 0 -1 0]
10 0 0 State of polarization Stokes vectors Jones \'ector§ 11 4 110 0 0 o
o ; unciplciosios Sy ISR el 1 1] oo
] at —45° S
M, = orizontal P-state ; ! ) ° 03¢ 0-
"T10 0 cos(Ap) sin(Ag) | eI E} 0] ] -
. - - 1 0 0 0
0 0 -—sin(Ag) cos(Ap) _11 fo]  Quarter-wave plate, T R 0100
Vertical @-state 0 1 fast axis vertical 0 - 00 0 -
0 i - ) 0 01 0
- ) i )
0 e ] 100 0
Prstate al +45° : V2|1l Quarter-wave plate, e é 0] 00 0
1.0- fast axis horizontal i ! g g —Dl é
1 L J
0} J_'l] ]
P-state at —45° -1 va |1 B _ 1 0 0 1
'_0 - Homogeneous circular l I, 1" i g g g g
é VT 1] polarizer right ~ ©) __1 i 2 10 0
PR-stale 0 NZAE -
_l \/i
Homogeneous circular
polarizer left O
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Rotation of Mueller Matrices

QO When the position angle of an optical component is rotated, the Stokes
coordinate system for the corresponding Mueller matrix needs to be rotated.

Q A counter-clockwise rotation by an angle « is applied, the rotation matrix is

1 0 0 0

0 cos2a smn2a O
R(a) = :
0 —smn2a cos2a 0O

0 0 0 1

O When we know the Mueller matrix in a system where the position angle =0
and denote it by M, then we obtain it for an arbitrary position angle « through

M(a) = R(-a)MR(a)

O Rotation matrix R(«) first transforms the incident Stokes vector into the system
of M,. After M, has been applied, R(-2) transforms the Stokes vector back to
the originally chosen Stokes system.
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Measurement and Calibration

QO To determine the 4 Stokes parameters, one
needs at least 4 measurements, for instance /
through the use of the 4 filters F,
QO Alternatively each of Q, U, and V can be unpolarized 0° 450 ngsthanded
determined with two orthogonally polarized
filters. For Stokes Q, one uses a linear J Q u 4

polarizer at 0 °and 90 °:

. =(1+Q)/2 O Measurement of a Mueller matrix is

. =(1-Q)/2 called calibration of the optical system

o O Let M represent the unknown Mueller

Q This gives Q=1_-1__ matrix of some optical system. Let us
v consider this system as a “block box”

Q Similarlyweget y=| —] containing a set of optical elements of
2 unknown properties. Show how all the

Vel 16 unknown components of M can be

determined by the successive use of
linear and circular polarizers
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Jones Vectors

Q An representation of polarized light complements that of
the Stokes parameters

O Advantages: being applicable to coherent beams and
being extremely concise

O Disadvantages: only applicable to 100% polarized waves. J, :(Ewe q)XJ 3 ={O : ]

It can’t describe partially polarized light. 0 E, e
. o o Sl -l
Q Horizontal and vertical linear polarization il o = E, e
Q +45°linear polarization E,e :
QO Right-circular light E e 1 1
Q Left-circular light el =Epe™| .0 |= E0xei%£ j
EOXeI((px—ﬂ/Z) e V4 —j
O Sometimes, it is not necessary to know the exact E,e" Ll
amplitudes and phases. We can normalize irradiance to Jo= E oitein) =E 8 i
0x

unity, which is done by dividing both elements by the
same scalar, such that the sum of the squares of the
components is one Jot+dg=
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TABLE 8.6 Jones and Mueller matrices.

- Linear optical element ~ Jones matrix ~ Mueller matrix
Jone Matrices S
Horizontal linear Lo i 100
polarizer - 0 0 200 0 0 0
; . 000 0
Q A unit-irradiance unpolarized wave pass through )
a linear horizontal polarizer o ool 1lh 1 oo
. . o Veruca.l linear {G 1 210 0 0 o
Q A partially polarized elliptical wave [4,2,0,3] polarizer ! | 0o 0 00
traverse a quarter-wave plate with a vertical fast )
. 1010
aXIS, then [4,2,'3,0] [ I'fop 0o 0 0
Li lari R R 1
] ) ] 1nearp? arizer 211 >t 0 1 0
Q Moueller matrix for an arbitrary retarder is at +45 7 i 00 0 o
_ 1 0 -1 0]
140 0 0 State of polarization Stokes vectors Jones \'ector§ 11 4 110 0 0 o
S ; Sweolpiios | Sulerelon IOV e el 1 1] oooo
] at —45° R
M, = orizontal P-state ; ] - 0O 0 0 0-
"T10 0 cos(Ap) sin(Ag) | eI E} 0] ] -
: i i 1 00 0
0 0 -—sin(Ap) cos(Ap) _11 fo]  Quarter-wave plate, T R 0100
Vertical @-state 0 1 fast axis vertical 0 - 00 0 -
0 - - 00 1 0O
= ) ) :
0 e _ 10 0 0
Prstate al +45° : V2|1l Quarter-wave plate, e é 0] 00 0
1.0- fast axis horizontal i ! g g —Dl é
1 L J
0 1 [ -
P-state at —45° -1 va |1 B _ 1 0 0 1
0 R ol i1 110 0 0 0
_1 omogej-neou‘s circuiar g1 > 600 0
0 | -1] polarizer right ~ ©) i i 10 0
HR-state 0 N R =
_l \/i
Homogeneous circular
polarizer left O
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4. Solar Magnetic Field
Measurement Technique
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Zeeman Effect

QO Zeeman effect is the splitting of a spectral line into

several components in the presence of a static 55 : 4

magnetic field. When the spectral lines are absorption Energy

lines, the effect is call Inverse Zeeman effect. Transtiens [ Levels
O The normal Zeeman effect is a splitting into two or I S— . i '

three lines, depending on the direction of observation. S —

without magnetic field with magnetic field

Q The light of these components is polarized in different
states as shown.

O observation parallel to magnetic field I
Q observation perpendicular to magnetic field D

<— polarizations %O Q

QO The Zeeman splitting can be found

frequencies
22 B Vo+Av, vg vg—Av, vo+Av, vg vg— Ay,
e = .
My = o s = 467x10 2B R — ek
e observation perpendicular observation parallel to
to magnetic field magnetic field
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Solar Magnetic Field

Solar magnetic field measurement are mostly
based on Zeeman effect

We can infer the presence of magnetic field if
we observe Zeeman splitting in the spectrum

We can measure the strength of the field by
measuring quantitatively the amount of
splitting

IR have advantages in solar magnetic field
measurement

e/ing

Ay =———=4.67x10""*gB
47zm o
Ion A (A) Transition %, [eV] %q [€V] St gA>x101%(cm?)
Fel 5250.218 a’D,-- 2'D, 2471 0.121 3 83
Fel 6173.348 a°P, -- y°D, 4212 2213 2.5 95
Fel 6302.508 2°P, -- D, 5.629 3.671 2.5 100
Fel 15648.518 e’'D, -- 3d° 5.430 4.640 3 735

Big Bear Solar Observatory

New Jersey’s Science & Technology University THE EDGE IN KNOWLEDGE




Stokes Transfer Equation

O Stokes parameters are wavelength dependent: I(4), Q(4), U(4), V(1)

Q Unno’s Stokes Transfer Equation R .
??:=5r?5m ;"+1{r? +17 )1+ cos” ).
1 1. . .

C{)Sgﬁ ={1+??}[:S—_BE) By Mo Ny My Mo =|:E??—Z{?? +17 }:|5m1}’c052¢p=

dr n= ??Q s 0 0 1 1 1 . ) , i
Hy 0 om0 ??L':{E??_i—t(?? ‘HF)}SE ¥sin 1@,

QO S: Stokes parameter i
p ??;, D D -r?f -r?g - %{H+ _??_)CDSJ’

O 7z optical depth
Qo B,=[B,0,0,0]: Planck function

Assumption of LTE (local thermodynamic equilibrium)
Milne-Eddington atmosphere

A The following analytical solution to the transfer equation can be found.
This is the Unno-Rachkovsky solution for a Milne-Eddington atmosphere

1,(0)/1.(0) = [(1 = B)E + B(n+ E)~']1

Q The four equations are in general coupled to each other, but in special
cases they become decoupled: line-of-sight and perpendicular to field

(I W
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I, Q Uare o
symmetric,
Vis anti-symmetric g,
- s
= 0.6 S5
g 3
o E
<> |<— polarizations %O Q @
i 0.2
| ] T L T L T 4 T T T -
frequencies : 5250.1 52502 5250.3 5250.4 52501 5250.2 5250.3 5250.4
Vo+Av, Vg Vo—Av, «<—>Vg+Av, Vg Vg—Av, BEEEEEE————— 0.4 - T w—
1 2 1l<——relatve—>2 0 2 0.1% . I 0.3
intensities .
observation perpendicular observation parallel to 1 | I
to magnetic field magnetic field = 0.10- ' I § 0.11
'g _,,._.-’"" . . _g uto-_
-0.2
Magneto-optical — | \ ~0.31
effect 0.00 4—fpe AN\N 7% SN -
5250.1 5250.2 32503  5250.4 52501 5250.2 5250.3 5250.4
Wavelength A (A) Wavelength A (A)
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Line-of-sight Magnetic Fi

If IH(AX) is the solution of the non-magnetic transport equation, then the solutions
I+ for the two decoupled magnetic atmospheres simply become

I (AN) = Io(AXN T Adg) .

Transforming back to the original Stokes system (with the Cartesian basis vectors) we
then obtain

T=1(I,+1_)~Io+1(ANg)2 02T, /0N + ...,
V=1(I, — 1)~ —AAy [0Ig/0N+ L(ANy)2 0% /0N +...].

For weak magnetic fields (when the Zeeman splitting AX < the spectral line width)

eld

1 NA T ClE SBees. 37 L NR 1 D; 5885,23
Cerr = 1. 167 Cprr = 1.333
I = I 0 ~ 1.0 = f‘—\'r‘ql.rfl"-\,h._\ - /qu,-\.-rﬂf'\ln‘.‘l l_r“\' _"\"'“M.\ ‘ﬂ,fﬁw”‘"’ |'f VY ||f'\f\.n
ol : \ / | \ [
Va-Alg — 505 \ [ ' ' i
H 8A ? = I|I |I |I{
W u
0.0 4+—x — .
with - . N
Al = 2g\2B, |l‘ l
g1 ,
where ¢ is the Landé factor, and 2 = 4.67 x 10~13 A—1G~1. Thus . JHW_“ . __Jﬁ z’l‘ el
:;‘é { ! | |If " |
ol T | V |
V~BZ -\ | l'
(7)) coT ' ' ' ‘ '
5668 0322 la)=ls) ja00

Stokes V' therefore has an anti-symmetric profile shape that mimies the gradient of the
Stokes I spectrum.
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Examples of the symmetric
Stokes Q and U profiles
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Magnetograph

QO Magnetograph: instruments that measure the polarization of light from the Sun, as
induced by the Zeeman effect, and subsequently convert those measurements into
magnetic field values

Q Spectrograph-based Magnetograph: the combination of a spectrograph and
polarization optics, allowing us to acquire the stokes profiles precisely. However, it will
take time to scan a desired region for a 2-D magnetogram

Q Filter-based Magnetograph: the combination of a narrow-band Lyot filter and
polarization optics, allowing us to acquire 2-D magnetograms of Stokes |, Q, U, Vin a
high cadence. However, the measurement are performed at a certain wavelength with
the weak field approximation

QO Fabry-Perot Interferometer-based Magnetograph: base on tunable narrow-band
FPI system and polarization optics. It is able to provide 2-D magnetograms of Stokes I,
Q, U, Vin a wavelength range in an acceptable temporal cadence.

N J I Big Bear Solar Observatory
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Optical Layout

L2 ... Polarization Optics 1.3 L4
O PF|i |LCVRI| |LCVRY |FLC| i [ ] |[LP| BF CCD
25 cml T T
Temp| | Temp LCVR| [LCVR| |FLC | :
Ctrl Ctrl Ctrl Ctrl Ctrl Bk

71

The filter is a Zeiss He filter retuned to the magnetically sensitive Cal
absorption line at 610.3 nm and has a bandwidth of 0.025 nm. The camera is
a Silicon Mountain Design 1M15, 12-bit, 1k x 1k pixel, CCD camera with an
18% maximum quantum efficiency. When used in the 512 x 512 pixel mode,
the camera can run at a maximum of 30 frames per second. Changes in image
position between subsequent integrations, caused by seeing, will induce a false
magnetic signal into the data. To minimize this seeing induced cross-talk a
single-pair magnetogram should be taken within the correlation time-scale of
the seeing, which is a few tens of ms. Therefore, it is important to operate the

NEWEEER] camera at 1ts maximum rate.
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LCVR and FLC

O LCVR (Liquid Crystal Variable Retarder):
retardance is a function of applied voltatage

Faiid Silica
g— 1T

= Alignmaend Layer

spacer

T LE Molecules

O FLC (Ferroelectric Variable Retarder):

2.6.4 Ferroelectric Variable Retarders

The Ferroelectric Liquid Crystal (FLC) adjustable waveplate used for the DVMG was %%WEFMWI

purchased from Displaytech in Boulder, CO. This adjustable retarder has a fast axis (see ‘Q::?a.-_‘.‘t:-_n.'“::.

LT Molecules
Lippad wetks
applied voltage

Section 2.6.2) can be set to one of two angles of rotation separated by 45° by an applied —
o ) can " woang rotation separ Y ¥ anappd (B Miniriur Retardance (V > 0)

voltage. The unit that is used for the DVMG was specifically designed to operate as a -

# plate at 610 nm (the operating wavelength of the DVMG) and has a transmission of

approximately 80%. The entire unit is contained in an aluminum housing that is 3.81 cm ’ 1 i B :
(1.5 inches) in diameter, 1.27 em ( ¥ inch) thick and has a clear aperture of 2.54 e¢m (1 ) 0.50
¥ 0
inch). 2
e}
The response time of the FLC 1s much faster than that of the LCVR. The typical E 0.95 |
g |
time required to switch from one state to the other is on the order of 100 puSec. Since the & .
0.00 L ;
typical exposure time of a single image is 120 mS and the response time of the LCVR is BT P W T B R

0 5 10 15 20

on the order of a few tens of mS this 1s consider to be instantaneous when considering the
Voltage (volts rms)

operation of the DVMG.
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Measurement

T * / Q
U= I45° gk I—45"

larized o o right-handed
: 0 45°  ircular polarization

V= Iright i IIeft

/ Q U 4

Liquid Crystal States for the Three Crystal Scheme o _
O LCVR1's slow axis is defined as the

Retardance axis direction of system. So it is 0 °with
Stokes respect to system
LC1 LC2 FLC , " .

, 1 O LCVR2's slow axis is 45 °with respect
1IJ E i ? i 1 :?. Aat0 to the axis direction of system

1 5 A at 0°, 45° . .

° 2 2% D; 5,, O FLC: switch axis from 0 °to 45 °back
Q 0Xx 0x Llxatoe, 45 d forth il
U 1x 1x Laagoe,4m and forth very rapidly
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Data Processing

Step 1) — Acquire the raw Stokes components (I, Ve, Vi, Qui, Qv Usg, & Ug).
Step 2) — Correct images for flat field non-uniformities and dark signal.
Step 3) — Calculate the Stokes parameters (Stokes-V, Q & U)

Step 4) = Create the longitudinal magnetograms.

At this point, the longitudinal image is complete (Stokes-V). However, the
transverse images (Stokes-QQ & U) require additional steps for the creation of vector

magnetograms:

Step 5) = Correct the Stokes-Q & U images for cross-talk (if applicable).
Step 6) — Calculate the vector magnetic field in polar coordinates.
Step 7) — Convert the vector magnetic field into Cartesian coordinates.

Step 8) — Plot the vector magnetic field.
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Observation
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Application Il — IRIM
InfraRed Imaging Magnetograph
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Application 11: IRIM

» NIR Fabry-Pérot etalon plus Lyot
filter and interference filter

L)

o0

e

*

Wavelength coverage: 1 — 1.7 um

e

*

Band pass: 10 pm

e

*

Telecentric optical configuration
Field of view: 50” by 25"

Available spectral lines:
% Fel15648.5 A & Fe115652.9 A

* (Close to NST diffraction-limited =
resolution: 0.2"

e

*

L/
‘0

L)

2 (4

e

*

Spectral resolving power: > 10° fod ;

e

*

Zeeman sensitivity: 10~ 1 S ot :
0.2- {.J."|| ) ‘ . ..‘. “ -

4 b
I f N e 1
[0 AR SRS ._._J!..I\."_ ) l\_l PN -, S \"‘_‘d-_."!.!h._._._._._m.._
1563.5 1564.0 1564.5 1565.0 15655 1566.0

Spectro-polarimetry cadence: < 1 min Wavelength [nm]

4

K/

*

Spectrometric cadence: <35 s

e

*

N J I Big Bear Solar Observatory
New Jersey’s Science & Technology University THE EDGE IN KNOWLEDGE



Optical Setup

Collimated Mount:

Collimated  Telecentric

\ | Broadening reflectivity  reflectivity
] [ mechanisms plate shape  f-number
|’ ,1 Wavelength shift
-1 across FOV yes no
F5 L1 FP1(P3) L2 EP
Wavefront distortion large low
Telecentric Mount: Influence of Dust
| o ~ on the image low large
\ | [ . Alignment
petd ' ) ( sensitivity large low
- r, Y Blocking Ghost
e reflections difficult easy
F& L1 P51 L2 FPLEPIL) L3 P&z L4 Fpz Iﬂﬂuence of
plate shape broadening A-shift

Big Bear Solar Observatory

New Jersey’s Science & Technology University THE EDGE IN KNOWLEDGE




V. IRIM Operating Mode

% Spectrometry: spectral line profile - b ‘
% Polarimetry: Stokes I, Q, U, V profiles :"
» Dopplergram: selected spectral points i .
% Photometry: photometry WORLE SRR R e
% Spectrometric cadence: <5 s % o
% Spectropolarimetric cadence: <15s ‘.o
' : Sl — B B T T Ty T
OF
=
¥
; S &
i >
! o'
= 3 U
2§
23
SS
o )
a1

E-W direction [arcsec]
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V. IRIM Polarimeter Design

/

*» Calibration elements ahead of M3
positioning with an increment of 45°
¢ Linear polarizer

% Quarter wave plate

¢ Modulator: wave plate ahead of M3
% Retardation: 0.3525 @ 1.565 um
% Material: birefringent polymer in
BK7 glass (D 5" x 2")

Continuously rotating

/
0’0

K/
0’0

Rotation synchronized with
integration of camera AO /

¢ Require 16 frames acquisition each
resolution

% Rotation rate: 1 rps

N J I Big Bear Solar Observatory
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V. Faster Modulation:
Rotating Retarder

% A birefringent material with the retardance ¢ and position angle
of the fast axis &

¢ Stokes signals are modulated as the retarder rotates.
TN

O
(I.Q.U.V)*

N

Modulator Analyzer

.
I' = % (I + % ((1+cosd) + (1 —cosd)cosdl) + % (1 — cosd)sin4# —Vsinﬁsin?t?)
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V1. Stokes parameters from the
modulated signal

* 1,Q, U, and V can be determined from a combination of eight
Intensity measurements

1.0
g Parameter Combination

8 I 1+2+3+4+5+6+7+8
O

n O Q 1-2-3+4+5-6-7+8
‘g U 142-3-4+5+6-7-8
5 \Y% 1-2-3-4+5+6+7+8
k

0 50 100 150
rotation of waveplate

Big Bear Solar Observatory

New Jersey’s Science & Technology University THE EDGE IN KNOWLEDGE




V. Operation of Polarimeter

Index point —. oo

Waveplate rotates at 1rps

*» Camera works 1n trigger mode
at a frame rate of 16 frame/s

Waveplare ¢ Controller triggers camera
signals when waveplate 1s at
home index point

l % 16 successive signals
Controller :> Computer % After one rotation, wavelength
tuning of F-P and data

retrieval to computer occur

/

o 17t frame will be discarded.

¢ From the 18" frame, the
second burst begins

L)
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1V. Error estimate

¢ Possible sources of noise
¢ Poisson noise
% Readout noise (75¢- per frame)
% Seeing-induced crosstalk

¢ Instrumental residual crosstalk

¢ Total error estimate
% 3 x 1073 | for vector
magnetograph (1 rps of
waveplate rotation)

% 1.5 x 1073 | for longitudinal field
measurement (4 rps)

0.006

Error (Ic)

0.000

0.006

0.004 +

Error (Ic)

2 3 4 5

0.004

0.002

0.002\"

Fhoton

Photon
Readout ------------
Seeing l
Total —-—-—-— 7

Integration time (s)
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1V. What's next

250 250
) o
2 2
El 240 5 240
= s
ID Ic
> >
g 230 g 230
= =
“ %
Z Z

220 220

210 210

-30 -20 -10 0 10 -30 -20 -10 0 10
E-W direction (arcsec) E-W direction (arcsec)

¢ Polarization calibration in collaboration with NSO (David Elmore ...)
» Develop priority scientific program and define observing sequences ...
¢ Integration of speckle reconstruction code and Stokes inversion code
% Upgrade IRIM into dual Fabry-Pérot etalon system (NIRIS)
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