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POLARIMETRY 
BASICS 



ELECTRON IN MAGNETIC 
FIELD 
  Charged particles move in perpendicular to B field direction  



STOKES PARAMETERS 

  180 deg. Ambiguity in linear polarization à x2 faster angular space 

Quoted from Lites’ lecture note 



LINEAR POLARIZER 

  Absorbs one part of linear polarizations 



RETARDER – ½ WAVE 
PLATE 



RETARDER - ¼WAVE 
PLATE 





RAINBOW 



LINEAR POLARIZATION 
IN THE RAINBOW 



ZEEMAN EFFECT 

  A state where energy degeneracy is broken due to magnetic field 

  Δ𝜆= 𝑒/4𝜋𝑚↓𝑒 𝑐 𝑔↑∗ 𝜆↑2 𝐵=46.7  𝑚Å 𝑔↑∗ (𝜆/1𝜇𝑚 )↑2 (𝐵/1000𝐺 ) 



STOKES PROFILES (I, Q, 
U, V) 
For a triplet, 

Sigma component: circular polarization 

Pi component: linear 



MUELLER MATRIX M 

  A 4 x 4 matrix that describes the polarization 
properties of the optics 
  (I’ Q’ U’ V’)T = M (I Q U V)T 

  If there are multiple optics in the beam train, M is the multiplication 
of Mueller matrix for each optical component. 
  M=Mn Mn-1 Mn-2 … M3 T 

  (I Q U V)T = M-1 (I’ Q’ U’ V’)T  



NVST 



TRADITIONAL SETUP 



LVCR (LIQUID VARIABLE 
CRYSTAL RETARDER) 
  Voltage input to control retardation 

  Relatively faster modulation 

  Non-linear retardation vs. voltage 

  Temperature sensitivity 



MECHANICALLY-
ROTATING MODULATOR 



  Double check the sign conventions 



MODULATION 
  Modulated intensity after 
passing through analyzer: 
  δ=127 gives the same modulation 

amplitude for Q, U, V. 
  Dividing modulation by 8 segments 

then applying different 
combination gives different Stokes 
parameters. 

1 2 3 4 5 6 7 8 
Parameter Combination 

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

Q 1-2-3+4+5-6-7+8 

U 1+2-3-4+5+6-7-8 

V -1-2-3-4+5+6+7+8 



SYNCHRONIZATION 
BETWEEN MODULATOR & 
CAMERA 
  Modulation is a function of time, 8 segments mean 8 frames from 
camera. 
  The timing of the camera exposure should match with the rotation of the modulator. 

  Controlling modulator from the camera signal is difficult. 

  Triggering camera exposure from the modulator gives exposure timing 
error. 



COMPROMISE: MATCHING 
MODULATION RATE, 
RANDOMIZING PHASE 

  The modulator rotates at a fixed rate, the camera’s exposure time is 
determined at the same rate.  

  The camera continuously takes image when it is on. Modulator initializes when 
software initialzes 
  The phase of the modulator is random w.r.t. the framing. 



TROUBLES WITH RANDOM 
PHASE OFFSET   Simply combining the 8 segments by the 

combination rule assumes that the 1st frame 
start at 0 modulation angle. Random phase 
offset moves the starting position to any 
angle between 0 & 360°. 

  Q & U mixture: Q, U have the same period 
but different phase. With offset φ=22.5°, U 
signal will look as Q signal. 

  Each segment from pure Q, U, V modulation 
only have single sign. With a random phase, 
some segment will contain both signs. à 
signal reduction by cancellation 

1 



READOUT TIMING ISSUE 



RIPPLE READOUT OF 
CMOS DETECTORS 

A 

B 

A B 



CROSSTALK & EFFICIENCY 
LOSS DUE TO Φ 
  Modulation signal 

  Segmentation 

  With a random offset φ  
  Q’: 

  V’: 



RESTORING THE 
ORIGINAL SIGNAL   Restoration matrix 

  φ information is stored in a text file for every burst. 
  If |φ| >  11.25°, the following sign convention table shifts accordingly so that 

-11.25≤φ<11.25. 



FROM INFRARED 
IMAGING 

MAGNETOGRAPH  
TO NEAR-INFRARED 

IMAGING 
SPECTROPOLARIME

TER 



INFRARED IMAGING 
MAGNETOGRAPH (IRIM) 

  Fabry-Perot based, wavelength 
scanning magnetograph 

  Spatial resolution: 0.2” at Fe I 1.56 µm 

  Bandwidth: 0.1 Å 

  Temporal resolution: 50 secs 

  Dual-beam imaging 

  Field of view: 50” x 25” 



IRIM (1ST GENERATION) 
LAYOUT 



IRIM COMPONENTS 
  Modulator 
  Mechanically rotating birefringent polymer 
  5” aperture, 2” thickness 

  Analyzer 
  Two Wollaston prisms (40 mm x 40 mm) 

  Camera 
  CMOS camera w/ ripple readout 
  Maximum 30 fps, optimal at 20 fps 



INSTALLATION 
UV cut filter 

Dust cover 

Linear 
polarizer 

QWP 

Rotating 
modulator 

M2 

M3 

Motor 
control 
box 



  Dec rotation between M3 & M4 

  RA rotation between M4 & M5 

M4-M6 



  Two Wollaston prisms 

  Prefilter: FWHM 25 A 

  Lyot: FWHM 2.5 A 
  Tilted by ~45 deg. due to intrinsic linear polarizer 
  Transmission: 0.1 
  To be replaced to another F-P 

  F-P: FWHM 0.1 A 

IRIM BEAM PATHS 

Pre-filter 

Lyot 



  Manufacturer: Rockwell 

  1024×1024, 14 bit HgCdTe CMOS 

  Max 30 fps 

  1k × 1k chip is divided by two halves to accommodate dual beams 
with different polarizations. 

CAMERA 



OPERATION OF 
WAVEPLATE & CAMERA   Waveplate rotates with 1 rps. 

  Camera is free running, 
collecting frames in the frame 
grabber. 
 16 successive signals 

  After one rotation, wavelength 
tuning of F-P and data retrieval 
to computer occur. 
 17th frame will be discarded. 

  From the 18th frame, the second 
burst begins. 

  13 wavelength sampling, 221 
frames per burst 

Waveplate 

Camera 
(1-16) 

Controller Computer 

F-P 

17 

17 



  Possible sources of noise 
 Poisson noise 
 Readout noise (75e- per frame) 
 Seeing-induced crosstalk 
  Instrumental residual crosstalk 

  Total error estimate 
 3x10-3 Ic for vector magnetograph (1 rps 
of waveplate rotation) 

 1.5x10-3 Ic for longitudinal field 
measurement (4 rps) 

ERROR ESTIMATE 

Vector 
magnetogram 

Stokes V only 



  Under poor seeing, single beam, LCVRs 

  Exp: 90 ms 

  14/160 * 1.56/0.63=0.21 

FIRST LIGHT 

SDO/HMI IRIM 



  Pores under fair seeing, 180 ms exposure 

DUAL-BEAM TEST 

SDO/HMI IRIM 



  50/160 * 1.56/0.58 =0.84 

Hinode/FG 

IRIM 



  Non-zero background: IàQUV crosstalk 

PORE UNDER FAIR 
SEEING 

SDO/HMI IRIM 



NETWORK UNDER GOOD 
SEEING 

SDO/HMI IRIM 



COMPARISON WITH HMI 

44 



45 



HIGH RESOLUTION POLARIMETRY 

SDO/HMI IRIM 



06/04/2012 



NIRIS (NEAR-INFRARED 
IMAGING 
SPECTROPOLARIMETER)  

•  Dual-beam imaging for minimal 
seeing crosstalk 

•  Field of view: 85” round 

•  Modulator: 2 rev/s 

•  Cadence: 40 s for 60 wv 

•  Accuracy: 10 G for Bl and 100 G for 
Bt 

     Observe 6 hrs per day throughout the 
year with many good seeing days! 



  FISS 

SPECTROGRAPH VS. 
FILTER IMAGING 

NIRIS 



  Diffraction limit: 0.25 arcsec 

  Typical resolution: 0.35 arcsec 

HIGH SPATIAL 
RESOLUTION W/ WIDER 
FIELD 

SDO/HMI IRIM 

NIRIS 



  Spectral bandwidth: 0.01 nm 

  Spectral sampling: typically 30-60 wavelengths, but flexible 

HIGH SPECTRAL 
RESOLUTION 



HIGH TEMPORAL 
RESOLUTION 

  Temporal resolution: 25-45 secs, depending on the choice of wavelength 
sampling 



DOLLERGRAM 

  5 min oscillation? 







NIRIS LAYOUT 





DATA PROCESSING 
& POLARIZATION 

CALIBRATION 



DATA PROCESSING 
PROCEDURES •  Dark/flat 

•  Align frames w/ features 

•  Align dual beams 

•  Subtract dual beams w/ de-stretch 
(registration) 

•  Combine 16 frames to create initial 
Stokes profiles 

•  Correct for phase offset between 
modulator & detector 

•  Calibrate instrumental crosstalk 



•  ROI selection by default (720 x 720 pixels) 

FLAT PATTERN 



•  cals_150903_202039.fts: Stokes I, Q, U, and V maps  

•  fout150903_185524.sav: an IDL binary file that includes some calibration 
parameters 

•  snap_150903_173945: snapshot images of the Stokes maps near the line 
center 

•  nirisinv_YYMMDD_HHMMSS: ME inversion files 

NIRIS DATA FILES 



SIGNIFICANT RESIDUAL 
CROSSTALK 



•  REFWV: the wavelength corresponding to 
the line center. 

•  STARTWV: a relative offset of wavelength 
from the REFWV 

•  ENDWV: a relative offset of wavelength 
from the REFWV 

•  INCWV: a change in wavelength for each 
scan step. Unit is in Angstrom. 

•  LCEN: This is a calculated round-up line 
center index in wavelength sampling 
sequence 

•  The COMMENT and HISTORY lines 

•  NAXIS1,2,3,4 : Each FITS file is a four-
dimensional data  (I, Q, U, V) 

•  Plot, img[255,255,*,1] 

FITS HEADER OF 
CALS    . 



SPECTRAL PROFILES 



CALIBRATION 

  Sources of magnetic signal errors (crosstalk) 
  Image motion due to seeing 
  Faster modulation reduces seeing-induced crosstalk 

  Longer wavelength has less contamination. 

 Crosstalk due to optical components 
  Mirror surface can function as both retarder & linear polarizer. 

  Retardation proportional to ϑ2 



SEEING-INDUCED 
CROSSTALK 
  Single beam : To measure Stokes V with I+V at t1 and I-V at t2 

  Intensity fluctuation due to image motion – bigger that pol. signals 



DUAL BEAM TO MINIMIZE 
SEEING 



RIPPLE READOUT OF 
CMOS DETECTORS 

A 

B 

A B 



CALIBRATION OF 
INSTRUMENTAL 
CROSSTALK: MUELLER 
MATRIX M •  A 4 x 4 matrix that describes the 
polarization properties of the optics 

       (I’ Q’ U’ V’)T = M (I Q U V)T 

•  If there are multiple optics in the 
beam train, M is the multiplication of 
Mueller matrix for each optical 
component. 
       M=Mn Mn-1 Mn-2 … M3 T 

       (I Q U V)T = M-1 (I’ Q’ U’ V’)T 

       ~20 mirror elements function as a      
quarter-wave plate! 

•  Mueller matrix of a single mirror 
       rs/rp: reflectivity ratio between parallel & 

perpendicular light 
       δ: retardation 

Elmore 2011 



  T = M2 M1 

  Off-axis geometry creates non-zero 
polarization 

  Average incident angle of GST – 12 
deg. 

  Simulation performed by S. Yuan 

  Our conclusion : T is not significant 

CALIBRATION OF T 
(TELESCOPE) 



SIMULATING M FOR THE 
YEAR:  
GROUPING OPTICAL 
ELEMENTS •  Cannot perform calibration often. 

•  Proposed by D. Elmore 

•  Dec rotation between M3 & M4 

•  HA rotation between M4 & M5 

•  Add a coordinate-breaking matrix at every fast-axis change 
•  M (dec,ha)=Mrest R(φ3,ha) M4 R(φ2,dec) M3 R(φ1) T 
•  M over different HA and DEC are measured. 



FINDING MREST THAT IS 
INVARIANT OVER DEC & HA 

•  Assumption: T and relay optics are mature (no rapid bulid-up of oxidized coating). 
        M (dec,ha)=Mrest R(φ3,ha) M4 R(φ2,dec) M3 R(φ1)  
        When passing through the linear polarizer, the information of T does not transmit in most 

cases. 

•  Mrest =M [R(φ3,ha) M4 R(φ2,dec) M3 R(φ1)]-1 

=constant 
       à Invariant over whole time of the year, ideally. 

•  Find the combination of M3 & M4 properties (rs/rp, δ) that makes Mrest nearly constant 
possible 

        Minimum standard deviation of data points 



MREST 

•  Get the combination of M3 & M4 properties that minimizes deviation of Mrest 
through least square fitting 

        rs/rp = -0.004 
        δM3=-25° 
        δM4=-27° 

•  Determine Mrest, then multiply with  
R(φ3,ha) M4 R(φ2,dec) M3 R(φ1)  
to get M for any day of year 



BETTER WAY – MULTI-
PARAMETER FITTING 
FROM MULTIPLE 
MEASUREMENTS 

NCAR Technical Note NCAR/TN-355+STR, A Calibration Technique for the Advanced Stokes Polarimeter, September, 1990.  
 



CALIBRATION OF 
INSTRUMENTAL 
CROSSTALK I                                      Q                                     U                                  V 



MUELLER MATRIX OF M3 AND 
BEHIND, 05/30/12  



MODULATION W/ 12 HR 
PERIOD, 06/06/12 



06/27/12 



08/30/11 



09/06/11 



09/13/12 



10/01/12 



10/06/11 



10/08/12 



10/12/11 



M_REST FROM 
06/27/2012 



M_REST FROM 
10/01/2012 



MEASURED VS. 
SIMULATED FROM M_REST 
  Calibration of 06/27 from the Mrest on 10/01 



INDIRECT CALIBRATION 

  Kuhn et al. 1994 

  Contamination from the other 
Stokes parameters – breaking 
symmetry/anti-symmetry of 
spectral profiles 

Q’ 
U’ 
V’ 
Q 
U 
V 



SECOND ORDER 
CALIBRATION 
  Subtract asymmetric contamination in Q, U 

  Subtract Q, U contribution from V 



NIRIS STOKES 
PROCESSING 
REQUIREMENTS 
  IDL with astro package 

  Mpfit 

  A couple of files we made 

  Fitsio for uncompressing 

  8 gb < memory space 

  4 < CPU cores 
  For inversion, the more the better. 



STOKES INVERSION 
TECHNIQUES 



STOKES INVERSION 

  Fitting the model profiles into the measured profiles 

  The model profiles are outcome of physical parameters 

  The more the parameters, the more accurate fitting works, but harder 
to trust. 

  Milne-Eddington approximation 

  SIR – the most robust method probably for photospheric lines 

  STiC – non-LTE lines 

  Hazel – best for He 10830 

  And so on… 



MILNE-EDDINGTON 
APPROXIMATION 
  The simplest inversion 

  Assumption:  

  1. There is no velocity gradient over optical depth – symmetric profiles 

  2. The source function is the 1st order polynomial over optical depth 

  Pros: 

  1. Analytical solution  

  2. Faster processing 

  Cons:  

  1. Cannot fit asymmetric profiles – only good for photospheric lines 

  2. Limited parameter outputs 









GOOD LUCK! 



STOKES INVERSION 
  Applying Chae’s ME singlet inversion code  
used for Hinode/SP 

B       = par[0] ; magnetic field strength in Gauss  
theta   = par[1] ; inclination in radian  
chi     = par[2] ;  azimuth in radian 
eta0    = par[3] ;  ratio of line center opacity to the continuum one 
dlambdaD= par[4] ; Doppler width in angstrom 
a       = par[5] ; damping parameter 
lambda0 = par[6] ; line center in A (Doppler shift) 
B0      = par[7] ; zeroth order of the source function 
B1      = par[8] ; first order of the source function 
I         = par[9] ; intensity in ADU 



SUCCESSFUL 
INVERSION 



INVERSION FAILURE 



SUCCESSFUL INVERSION 
WITH ADAPTIVE INITIAL 
GUESSES 



DOPPLER MAP  

  Chances for higher resolution velocity  
analysis 



COMPARISON WITH 
SDO/HMI 





Haimin et al. 
2017 

Reasonable 
Inversion 
Outcome 

























FUTURE PLAN 

  SIR inversion code for more scrutinized analysis of the magnetic fields 

  Machine learning for inversion for better accuracy and scaling with 
high processing speed 

  10830 polarimetry will be operational next summer 



THANK YOU! 


