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Terminology, etc.

• I’m using the Stokes formalism!

• Intensity I, linear Q & U, circular V!

• Sensitivity: ability to detect a signal!

• Accuracy: ability to know what that signal is!

• Pathetic: 10-2 or worse!

• Respectable: 10-4 or bigger



History of Solar 
Polarimetry

• Pieter Zeeman and Hendrik Lorentz 
discover the “Zeeman effect” in 1896: 
spectral lines are split in the presence of 
magnetic field.!

• Hale finds magnetic field in sunspots in 
1908 using a primitive spectro-polarimeter.
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• We measure the Stokes 4-vector as a 
function of wavelength in spectral lines for 
remote sensing of plasma parameters.!

• Apply an “inversion” process: synthesize, 
compare, repeat. (That’s really a forward 
model, actually.)!

• We need a model atmosphere, and 
calculate polarized radiative transfer.

Interpretation for Solar 
Physics Applications
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Spectrograph 

The Prominence Magnetometer uses a new spectrograph constructed on the East Bench. 
It uses a 110 line/mm, 64� blaze angle grating from Newport RGL.  A slit width of 72�m 
is equivalent to 1.24 arc seconds on the Sun.  This is the nominal width providing spatial 
resolution between 2 and 4 arc seconds and is a multiple of the spatial pixel size.  Since 
there is sufficient flux to avoid read noise, pixels will not be binned in the camera though 
could be after the fact to improve signal to noise.  Refractive optics are used in the 
spectrograph due to large angle of reflection difference between the visible and IR lines.  
The spectrograph uses a collimator lens with 3m focal length and camera lenses of 1 m 
focal length.  Angles of reflection are nearly the same for 587.6 and 656.3 (52�), and for 
854.2 and 1083.0 (50�).  
 
Rockwell spatial sample:   0.935 arc seconds/pixel 
Pluto spatial sample:   0.62 arc seconds/pixel  
Spatial pixel height:    1.87 arc seconds @ 108�m  (3 Pluto, 2 Rockwell pixels) 
    1.24 arc seconds @ 72�m (2 Pluto pixels) 
    0.935 arc seconds @ 54�m (1 Rockwell pixel) 
    0.62 arc seconds @ 36�m (1 Pluto pixel) 

 
An angle of incidence of 67� is used so that the two primary lines fall comfortable away 
from the input beam.  Both lines are detected with good efficiency and spectral resolution 
meeting the requirement.  Resolution shown is the root sum square of the spectral slit 
width, spectral pixel width, and grating resolution.  Some additional lines are shown.  
Due to angles of reflection for various lines, an arbitrary combination is not possible. 



How instrument 
development works

• A spectro-polarimeter to measure 
magnetic field in prominences and filaments!

• Traditional eschelle spectrograph!

• He I 587.6 nm (D3) or Hɑ 656.3 nm, and 
He I 1083.0 nm



How instrument 
development works

• Built and deployed, but… it didn’t work
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Polarization modulation/analysis unit 
Polarization modulation and analysis are both at prime focus to avoid instrumental 
polarization before the modulator and variation of polarization response matrix with solar 
elevation if the analyzer were to follow the coudé mirror.  The polarimeter package at 
prime focus replaces the normal occulting unit.  It has two positions, one for prominence 
magnetometry, the other has a choice of two inverse occulters which can be used for the 
Air Force coronal photometer.  The modulator is a pair of liquid crystals. In front of the 
modulator is a UV blocking filter to protect the liquid crystal material.  A calibration 
linear polarizer and calibration retarder can simultaneously be placed in the beam in front 
of all other optics.  The linear polarizer and retarder rotate to any angle.  Behind the 
liquid crystals is a Wollaston prism, a half wave retarder, and another Wollaston prism.  
The prisms separate the two orthogonally polarized beams by approximately 9mm then 
make them parallel.   
 

 
 
The entire polarimeter rotates so that the beam separation from the Wollaston prisms can 
be placed in the solar radial direction for any given solar azimuth. 



What’s a Modulator?

• Detectors are sensitive to intensity!

• Use optical components to change the 
input Stokes vector in a known way, i.e., 
“modulate”!

• Use an “analyzer” that selects usually Q!

• Demodulate the measured intensities to 
find the Stokes vector



Modulator Anatomy

• Retarder: constant retardance and fast axis!

• Birefringent crystal or polymer!

• Constant retarder with variable fast axis!

• Rotating retarder, Liquid Crystal!

• Variable retarder with constant fast axis!

• Liquid Crystal, PEM, Pockels Cell



The Modulation Matrix

• For each state i of the modulator, the 
measured intensity can be written as the 
product of the Stokes vector with a 
‘modulation vector’: Ii = Mi • S!

• The modulation matrix O is composed of 
rows Mi: Oi,j = (Mi)j.!

• The measured intensities are now given by  
I = O • S.



Two Example 
Modulators

Type Fast axis angle Retardance Modulation Vector

LCVRs (0°, 45°) (180°, 360°) (1,+1,0,0)

(180°, 180°) (1,–1,0,0)

(90°, 90°) (1,0,+1,0)

(90°, 270°) (1,0,–1,0)

(180°, 90°) (1,0,0,+1)

(180°, 270°) (1,0,0,–1)

Type Retardance Fast axis angle Modulation Vector

FLCs (180°, 102.2°) (0°, –18.1°) (1,+1/√3,+1/√3,–1/√3)

(0°, +18.1°) (1,+1/√3,–1/√3,+1/√3)

(45°, –18.1°) (1,–1/√3,+1/√3,+1/√3)

(45°, +18.1°) (1,–1/√3,–1/√3,–1/√3)



What makes a good 
modulator?

• Some pre-determined modulation states 
that I like for some reason? Not really…!

• I’d like:!

• A simple, manufacturable design!

• Broad spectral coverage!

• Near-optimal performance at all 
wavelengths of interest



Efficiency

• See Del Toro Iniesta & Collados 2000 
(2000ApOpt..39.1637D)!

• After a lot of math, they find the efficiencies:  
ϵi = (n(OTO)–1ii)–1/2!

• ϵI2 ≤ 1 and ϵQ2 + ϵU2 + ϵV2 ≤ 1!

• Notice that σi = n–1/2 σ / ϵi, where σ is the 
error on a single measurement



Example Modulator



Achromaticity



Polychromatic

• Poly-: from πολύς, many!

• Achromatization of the efficiency of the 
modulator!

• Difficult to design manually, so employ a 
computer to optimize!

• We use a Monte-Carlo-like method



Examples
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Summary

• Achromatization of the modulation matrix 
may be an unnecessary constraint on the 
design of spectrally-diverse modulators!

• A modulator needs to be efficient at all 
wavelengths of interest!

• Polychromatic modulators can be found 
using numerical exploration of the 
parameter space using computer codes



A word about 
demodulation



A word about 
demodulation

• You do not get to choose how you 
demodulate!

• With 4 states, there is only one way!

• With more than 4 states, there are 
infinitely many ways but only one way that 
optimizes the retrieval of the Stokes 
parameters from the observed intensities


