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Summary: This note presents the conceptual design of the Coronal Solar Magnetism 
Observatory (COSMO) K-coronagraph which will measure the polarization brightness of 
the K-corona.  The K-coronagraph will replace the K-coronameter operating at the 
Mauna Loa Solar Observatory (MLSO) since 1980.  We find that the science 
requirements can be met with an internally occulted refractive coronagraph of modest 
aperture using existing detector technology. 
 

1 Introduction 
The K-coronagraph is part of the COSMO facility designed to study the dynamic 
interaction between the Sun’s magnetic field and plasma in the solar atmosphere.  It is 
specifically tailored to study the formation and propagation of Coronal Mass Ejections 
(CMEs) which are the primary driver of space weather at Earth.  It will measure the 
polarization brightness (pB) of the K-corona formed by Thomson scattering of 
photospheric light by coronal free electrons.  pB is the difference between light polarized 
tangentially and radially to the solar limb and is directly proportional to the density of 
coronal electrons along the observer’s line-of-sight (LOS).  The COSMO K-coronagraph 
replaces the aging Mauna Loa Mk4 K-coronameter in operation since 1980, which scans 
the solar corona in at a cadence of 3 minutes using a 1-D CCD detector. 
 
This document describes the conceptual design of the K-coronagraph as devised to meet 
the science requirements summarized in Section 2.  The instrument design is described in 
Section 3 and includes properties such as the wavelength pass band, aperture, focal 
length, detector, polarization modulation, optics and calibration.  This technical note 
draws extensively from other COSMO documents, especially COSMO Technical Note 
#8: “Baseline design of a coronagraph to measure K-corona polarization brightness” by 
David Elmore which it replaces.  The COSMO mission description and Technical Notes 
can be found on the COSMO web site: http://www.cosmo.ucar.edu. 
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2 Science Requirements 
The COSMO K-coronagraph is designed to meet four science goals: 1) understand the 
formation of CMEs and their relation to other forms of solar activity such as flares and 
prominence eruptions, 2) detect Earth-directed CMEs, 3) determine the coronal density 
distribution over solar cycle time scales, 4) measure the radial brightness gradients in 
magnetically ‘open’ regions beyond 1.5 Rּס  The primary goal, understanding the 
formation of CMEs, requires the instrument have a field-of-view (FOV) that observes 
into the first scale height of the corona (<1.1 Rּס) where most CMEs form and record 
images with a high temporal cadence to capture CME dynamics. This scientific 
requirement drives much of the technical design of the K-coronagraph.  A more complete 
discussion of the science is provided in a COSMO Tech Note.1  The requirements and 
goals are summarized in Table 1. 
 

Table 1:  COSMO science requirements from COSMO Tech Note #16 
 

Science Requirements and Goals 
(only the most strict requirements are listed) 

Science 
goal 

Quantities 
Determined 

--------------------Instrument Requirements------------------------ 

FOV Pixel 
Size 

Cadence & 
Accuracy 

Noise 
levels Pointing 

Understand forces 
driving CMEs and 
related activity 
Distinguish CME 
models. 
 

Time and location 
of CME onset.  
Evolution of CME 
basic properties 
(acceleration, 
mass, width …) 

FOR ALL: 
 
Full FOV: 
1.05 to 3.0 
Solar Radii 
 
GOAL: 1.02 

ALL: 
6 arcsec 

15 sec  to 
capture fast (v 
> 1000 k/s) 
CMEs 
 
GOAL: 8 sec. 
to minimize 
smearing of 
fastest CMEs 

FOR ALL 
SCIENCE 
GOALS: 
 1 x 10-9 B/Bsun 
in 15 sec with 
S/N = 1 
 
GOAL: 1 x 10--10 
B/Bsun in 3 
minutes, S/N=1 

< 6 arcsec over 
15 seconds 

Solar cycle 
variation of 
coronal Temp. and 
B-field. 
Solar wind 
acceleration from 
coronal hole 
densities. 

Change in density 
structure over low 
corona in open and 
closed field 
regions. 

          

Determine 
prominence role in 
CME formation 

Early dynamics of 
CME and 
prominence 
activation and 
evolution. 

          

Detect Halo CMEs 
Brightness, 
location and speed 
of halo CMEs  

    

15 sec  to 
capture fast (v 
> 1000 k/s) 
CMEs 

  < 6 arcsec over 
15 seconds 

Particle 
Acceleration 

Rate of change of 
CME acceleration, 
and density. 
Detection of 
associated waves. 

    
15 sec to detect 
shock waves (v 
> 1000 k/s) 

 < 6 arcsec over 
15 seconds 

 
 

The K-coronagraph science requirements were formulated by the COSMO Science 
Advisory Panel, the Mauna Loa User’s Committee and HAO scientists.  A listing of 
panel members is provided in Section 8.  These science objectives have been translated 
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into instrument requirements and goals.  The basic K-coronagraph requirements are 
summarized in Table 2 and compared with the existing Mauna Loa Mk4 K-coronameter .  
 
Table 2:  Basic instrument requirements and goals for the COSMO K-coronagraph 

with comparison to the Mauna Loa Mk4 K-coronagraph. 
Quantity Units Requirement Goal Mk4 

Field of view (FOV) D2.9 4 3 ּס 
Lower Limit of FOV Arcsec 50 25 120 
Spatial Sampling Arcsec 6 3 5 x 9 to 5 x 23 
Noise Level pB0 / √Hz 3.9 x 10-9 1.3 x 10-9 5.4 x 10-8 

Map Time sec 15 8 180 
Pointing  Arcsec <6 over 15 sec <3 over 15 sec  

 
It is evident that a 1k x 1k array detector will meet the spatial sampling and FOV 
requirements resulting in 5.6 arc second pixels and a 360˚ FOV out to 3 Rּס. 
 

3 Design 

Externally occulted coronagraphs allow a much lower level of instrumental scattering 
than internally occulted coronagraphs since sunlight does not fall directly on the objective 
lens.  Unfortunately an externally-occulted coronagraph capable of viewing down to a 
radius of 1.05Rּס would be unfeasibly large.  Therefore the COSMO K-coronagraph must 
be an internally occulted instrument. 

 
The limiting background seen in the Mk4 K-coronameter is set by solar disk light 
scattered by particles (e.g. dust) on the objective lens most if not all the time2.  This 
scattering is the dominant driver of the flux budget and therefore the optical design.  A 
study of scattered light3 in coronagraphs has shown that scattering from dust is nearly 4 
times higher for a reflecting telescope than for a refracting design.  Cleaning a glass 
objective is easier than a mirrored surface and refracting objectives also introduce a much 
lower level of instrumental polarization.4  For these reasons a refracting design has been 
chosen.  Because every surface prior to the occulting disk (including those added by AR 
coatings) increases the level of scattered light, the objective must be an uncoated singlet 
lens.  This is the ‘classic’ design for an internally-occulted coronagraph.  A functional 
block diagram of the coronagraph is show in Figure 1.   
 
The objective lens would be mounted to a hermetically-sealed tube to reduce 
contamination of the lens’s second surface and to allow a He-filled tube to reduce 
telescope seeing.  The occulting disk would be inside of this tube.  Its size could be 
changed to adjust for annual variation of the apparent solar diameter.  We also hope to 
implement heat-pipe cooling of the occulter.  After the occulter is a field lens followed by 
modulation optics, a Lyot stop, camera lens, polarizing beam splitter, and cameras.  
These elements are discussed in the following sections. 
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Figure 1:  A functional block diagram of the coronagraph
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3.1 Pass-band 
With a singlet objective the issue of pass-band selection also becomes an issue of 
controlling chromatic aberrations.  Nominally the number of photons collected is 
proportional to the telescope aperture area and pass-band.  The product of these two must 
be sufficiently large to collect photons to measure the polarized brightness of the K-corona 
against a much larger background due to sky brightness and instrumental scatter in the 
required time.  As an illustration, for a polarization brightness signal of approximately 10-9 
Bּס (Bּס is the brightness of the solar disk) and an instrumental scatter in the range of 10-5 
Bּס, the coronagraph must collect 108 photo-electrons per pixel.  The pass-band’s width is 
limited, however, by chromatic aberration of the singlet objective and the requirement to 
observe down to 1.05Rּס.  As we will see in further sections, the total flux is also limited by 
current camera technology. 
 
It can be shown5 that the angular over-occulting (in radians) required to suppress light from 
spilling over the edge of the occulter (α) is given by:  
 

                                                            ( ) λ
φλα

d
dn

nf 14 −
∆

=                                                   (1) 

 
where Δλ is the band-pass, φ is the aperture, f is the focal length, and the objective’s glass 
has an index n with wavelength derivative dn/dλ (the absolute value of dn/dλ  keeps α 
positive).  The inverse dependence of α on the focal length would seem to support the 
conventional wisdom that long focal lengths in coronagraphs are better.  The product Δλ φ 
in the numerator, however, argues for a large aperture with a small band-pass since the S/N 
ratio grows linearly with aperture but only like the square-root of Δλ. 
 
From a practical point of view the focal length f is limited to about 2m for our existing spar.  
Large lenses are both expensive and fast optics cause higher aberrations.  This makes the 
post-occulter optics difficult to design.   As will be seen, a choice of a 25nm band-pass 
gives a good camera exposure with a ~12cm aperture (a focal ratio of ~17 for a 2m focal 
length).  This choice also gives us a comfortable margin on α.  As camera technology 
improves (providing deeper wells and/or faster frame rates) Δλ can be readily adjusted to 
increase the flux at the focal planes.   
 
Note that Eq. 1 assumes a perfectly sharp band-pass Δλ.   Real filters have wings and these 
wings can cause light from the disk to spill over the edge of the occulter.  This has been 
modeled for the Mk4 K-coronameter and found to be the source of the bright ring around 
its occulter.  Reference 5 models occulter spill-over for different types of filters.  It shows 
several combinations of filters which would satisfy the requirements.  Such filters are 
readily available. 
 
3.2 Detector 
The detector is perhaps the most important component of the K-coronagraph.  The product 
of aperture area and band-pass is fundamentally set by the quantum efficiency of the 
detector, its frame rate and well depth.  These factors also directly affect the noise on the 
pB measurement.  Assuming that the camera will be photon-noise dominated, the product 
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of frame rate and well depth is the single most important figure of merit for camera 
selection (lower QE can be compensated up to a point by aperture and/or band-pass).  The 
propagation of errors in the measurement of pB has been discussed in a previous COSMO 
Technical Note.6 
 
One camera that is well optimized for this application is the PhotonFocus MV-D1024E-160 
(Figure 2).  It has a frame rate of 150 fps, a full well depth of 200 ke- and a read noise of 
approximately 200 e-.  Figure 3 and Figure 4 show the expected noise in the measurement 
of pB assuming the PhotonFocus camera.  Figure 3 shows the noise as a function of height 
assuming an integration time of 15 s and a saturation level of 50·10-6 Bּס.  Shown are two 
models of the background intensity derived from MLSO data (Elmore, 2007), one 
corresponding to a clean lens (IB = 6·10-6 Bּס) and the other corresponding to a dirty lens (IB 
= 30·10-6 Bּס). Azimuthally averaged values of the pB signal at solar maximum and 
minimum are shown for comparison (Burkepile, private communication).  Figure 4 shows 
the expected noise on pB as a function of integration time assuming a 10·10-6 Bּס 
background and the PhotonFocus camera specifications.  
 
These figures imply that the K-coronagraph requirement of 10-9 Bּס can be met with the 
PhotonFocus camera in about 20 seconds, with the exact integration time depending on the 
sky conditions. 
 

 
Figure 2:  PhotonFocus MV-D1024E 

 
The PhotonFocus camera has been tested at HAO7.  We have found that averaging 10,000 
frames (at 140fps) produces a noise level which decreases like random noise.  The tests 
also show that the camera is fairly non-linear with the gain decreasing by about a factor of 
two over its usable dynamic range (~180,000 e-).  Preliminary calculations have shown that 
this non-linearity can be corrected fairly easily.  A more thorough analysis is pending.   
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Figure 3:  Noise on pB as a function of height in the corona, using the assumptions 
described in the text. The lower two curves are pB noise for a clean and dirty lens, 
and the upper two curves are pB signal corresponding to solar maximum and 
minimum conditions. 
 

 
Figure 4:  Expected noise level for pB as a function of integration time assuming 10 
millionths background and the Photonfocus camera. 
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3.3 Detection of Polarization Brightness 
Polarized brightness, pB, is defined as the difference between the intensity of light 
polarized tangentially and radially to the solar limb normalized to the intensity of the solar 
disk, Bּס, typically given in units of millionths of the disk intensity.  It is equal to Stokes Q 
measured in the reference frame of the solar limb.  Assuming that our polarimeter will have 
a fixed orientation to the sky, then both Stokes Q and U will need to be measured in order 
to compute Q in the frame of the solar limb.  
 
Measuring three Stokes parameters requires a minimum of three camera exposures.  In the 
K-coronagraph we propose using a ‘Stokes definition’ scheme that uses four exposures.    
These measurements require a modulator which converts the incoming polarized light into 
intensities measureable by cameras.  The design uses a pair of 2-state Ferroelectric Liquid 
Crystals (FLCs) to change the state of the modulator between each camera exposure.  In 
this way the cameras will sequentially take an image in state 1, then 2, 3, 4 and back to 
state 1 (each FLC switching at a rate of 75Hz, 900 out of phase with each other).  The 
image processing is discussed in a later section.  FLCs have a demonstrated robustness, 
high speed and relatively low cost.  The modulator design is due to Roberto Casini and its 
optical design is shown in Table 3.  In addition to the FLCs it has a single fixed “zeroth-
order” quartz retarder.  The retardances have been optimized for 750 nm in this example 
and all values are in degrees.  Modulation and demodulation matrices are also shown. 
 

Table 3:  Modulator optical design (components listed in order) 
 

 Retardation (°) Position Angle (°) Cone Angle (°) 
FLC #1 180 0 45 

Fixed Retarder 90 90 NA 
FLC #2 90 22.5 45 

 
Modulation and demodulation matricies: 

1 -1 0 0 
1 0 1 0 
1 0 -1 0 
1 1 0 0 

 
0.25 0.25 0.25 0.25 
-.50 0.00 0.00 0.50 
0.00 0.50 -0.50 0.00 

 
Due to the relatively narrow band-pass these modulators do not have to be achromatic.  The 
polarization analyzer will be a polarizing beam splitter that sends the beams to a pair of 
cameras. 
 
To calibrate the modulator an opal glass attenuator is used to produce a flat image at an 
intensity level comparable to that seen when measuring the corona.  In addition a polarizer 
can be placed in front of the telescope aperture to produce a known Stokes Q and U 
polarization.  Calibration techniques will be based upon experience gained with Mk4.  
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Figure 5:  Modulation efficiencies for Stokes I, Q and U as a function of wavelength 
for the proposed modulator.  Near perfect efficiency (0.707) is seen at the observing 
wavelength. 
 
From the modulation matrix, one can see that the modulator produces four pure Stokes 
states (a Stokes definition modulator).  This provides the benefit for simple quick-look 
demodulation of the data.  Another type of modulator is ‘balanced’ where each Stokes 
parameter is modulated (roughly) equally in each state.  We will construct both a Stokes 
definition and a balanced modulator to evaluate each for performance with regard to 
polarization cross talk from aerosols. 
 
 
3.4 Flux Budget 
A flux budget for the coronagraph has been developed to optimize the wavelength band 
and to calculate the required telescope aperture.  The budget also calculates the expected 
S/N ratio for different models of the corona using the proposed camera.  The parameter 
space for these calculations is large and the complete flux budget is difficult to present in a 
printed format.  The electronic (Excel) version of the flux budget is available but only a 
summary is presented here.   
 
The first task of the flux budget is to determine the optimal wavelength for observations.  
There are several primary drivers to the selection of the wavelength.  These are (in no 
particular order): 
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• The quantum efficiency (QE) of the silicon detector (the PhotonFocus camera) 
• Avoiding coronal & prominence emission lines 
• Avoiding telluric absorption lines to minimize impact of the Earth’s atmosphere 
• Wavelength dependence of atmospheric scattering 

 
Detector QE drives the wavelength selection towards the blue while atmospheric scattering 
drives the selection towards the red.  The wavelength dependence of the scattering at 
MLSO has been measured using the Sky Brightness Monitors (SBMs) used for the ATST 
site survey.  Those measurements show that atmospheric scattering decreases like λ-2.5.  
This strongly favors red wavelengths.  On the other hand is the QE of the detectors.  The 
currently favored device is a silicon-based CMOS detector.  The QE of silicon cameras 
falls to only a few percent by 1000nm.  The flux budget shows the balance of these two 
factors and favors an operating wavelength in the 700nm range.   
 
The final choice of wavelength range is made by considering solar emission lines and 
telluric absorption in Earth’s atmosphere (water vapor).  There are several strong coronal 
emission lines which should be avoided since these can complicate the interpretation of the 
coronal signal.  A partial list is shown in Table 4 below: 
 

Table 4:  A partial listing of prominence and coronal emission lines.  Red data are 
associated with prominences. 

Line (nm) Ion Strength Ionization E 
(eV) Notes 

511.6 NiXIII    
530.281 FeXIV 2.0 355 Active region 
544.6 CaXV  820 Flares 
569.44 CaXV 0.03 820 Flares 
587.56 HeI D3    
589.00 NaI D2    
589.59 NaI D1    
637.45 FeX 0.5 235 Quiet Sun 
656.28 Hα    
670.19 NiXV 0.12  3P1 to 3P0 
674.0 K XIV  717 Flares 
706.0 FeXV  390 Active region 
706.5 HeI    
789.19 FeXI  262 Quiet Sun 
802.4 NiXV   3P2 to 3P1 430 
843.8 H p18   Paschen 3-18 
849.8 CaII    
854.21 CaII    
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Water vapor in the atmosphere is variable and therefore it is desirable to pick a bandwidth 
in between telluric absorption bands.  The spectrum of telluric bands is shown in Figure 6 
below: 
 

 
Figure 6: Atmospheric transmission as a function of wavelength from ASTMG173 

 
Comparing these data we selected the band from 725-750nm for the operating band-pass of 
the coronagraph.  With the band-pass selected the aperture can be determined.  Table 5 
below is a summary of the flux budget.  This example is for 1 radius above the limb.  It 
assumes a PhotonFocus MV-D1024E-160-CL-12 which has a frame rate of 150fps, a well 
depth of 180ke- and a read noise of ~200e- at 150fps.  Each pixel is 5.6 arc seconds across 
covering the 6 radii FOV and 1024 pixels.  The aperture is selected based on a saturation 
level of 40·10-6 Bּס.  The sky brightness is assumed to be 10·10-6 Bּס at the edge of the FOV 
(~20·10-6 Bּס near the limb).  The integration time is 15 seconds and the modulation 
efficiency is 0.7. 
 

Table 5:  Sample of the flux budget calculation for the coronagraph 
 

Line # PARAMETER VALUE 
1 Wavelength (nm) 725 
2 Solar Irradiance, W/m^2/nm 1.347 
3 Atmospheric attenuation 0.832 
4 Apparent Sky Brightness, Bo 1.63E-05 
5 Effective Flux, W/m^2/nm/solar, whole Sun 1.82E-05 
6 Vignetting factor @ R: 1.000 
7 # Photons/m^2/nm/s, whole Sun 6.65E+13 
8   
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9 Instrumental sampling, nm & str.:  
10 Spectral sample (nm): 25 
11 Arc Seconds/pixel (no optical fill factor): 5.6 
12 Spatial fraction of disk (pixel /Solar area) 1.09E-05 
13 Photons/sec/m^2/resolution element - no loss 1.82E+10 
14   
15 Optical losses:  
16 Uncoated O1 0.930 
17 AR coated optics 0.980 
18 8 surfaces @ 0.98AR coating 0.851 
19 Polarizing Beam Splitter 0.480 
20 Blue-blocking filter (Schott xxx) 0.900 
21 Long-pass filter 0.700 
22 Short-pass Filter 0.700 
23 Camera Optical Fill Factor 1.000 
24 Detector Q.E. 0.30 
25 TOTAL optical loss, fraction 0.050 
26 Photo e-/sec/m^2/pixel - w/loss 9.13E+08 
27   
28 Calculate the aperture:  
29 Saturation e-/m^2/s with loss 2.25E+09 
30 Max e-/s readable by camera 27,000,000 
31 Aperture area, m^2 1.20E-02 
32 Telescope Aperture (diameter, cm) 12.4 
33   
34 pB (signal) @R (units of Bo): 7.13931E-09 
35 in photo e- /sec/m^2/pixel w/loss 4.01E+05 
36   
37 Instrumental Factors:  
38 Background e- @ frame rate and aperture 73179 
39 Noise in photo-electrons 271 
40 Noise w/ read noise 336 
41 Final noise (div. above by mod. efficiency) 481 
42 CORONAL Photo e- @ frame rate & app. 32.1 
43 S/N ratio per camera read 0.095 
44 S/N ratio per integration time 4.5 
45 S/N ratio w/ dual beam @ R 6.4 

 
 
The solar irradiance is derived from ASTMG173, which is a standard model used by the 
solar power industry.  This standard was used to derive the absorption of the atmosphere, 
shown in line 3 of Table 5.  Next the sky brightness is calculated from a fit to sky 
brightness data at MLSO for a radius of 2radii (the electronic flux budget can calculate the 
budget at any radius in the FOV).  From these numbers the total flux due to atmospheric 
scattering is calculated in W/nm/m2 (m2 referring to aperture size).  The next line is the 
‘vignetting factor’ which can be used to compensate the change in the sky brightness over 
the FOV (the sky brightness is roughly half as bright at the edge of the FOV than is it close 
to the disk).  Deliberately vignetting the inner FOV could improve the integration time by a 
factor of 2.  In this example this factor is set to 1 (no vignetting).  Finally the number of 
photons before optical losses and sampling (spectral and spatial) is given in line 7. 
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The spectral sample has been chosen to be 25nm.  This is partly driven by the need to keep 
chromatic light from spilling over the edge of the occulter at 1.05 radii.  The ‘chromatic 
limit’ is actually looser but the 25nm value allows for larger bandwidths as faster, deeper 
well cameras become available in the future.  From the pixel size the fraction of the solar 
disk is calculated and finally the resulting number of photons/m2 of aperture is found (line 
13).  The total optical transmission is estimated at 5.0%, including detector QE and fill 
factor, band-pass filters and beam splitters (line 25).  Combining all these factors the 
aperture is estimated to be 12.4cm.  Note that the physical aperture must be larger because 
the Lyot stop reduces the effective aperture by about 10%. 
 
To calculate the S/N ratio one must assume some model of the corona.  Six different 
models were examined.  The models differ radically, particularly in their radial drop-off.  
For example the intensity in an open region during solar maximum drops off like R-6.3 

while open regions during minimum drop off like R-14.  The example given here (line 34) is 
for a closed region at solar minimum (R-7.1 dependence).  From this the number of coronal 
photons can be calculated for the same assumptions as the background.  This is given in 
line 35. 
 
The final S/N ratio is calculated using the aperture, modulation efficiency and the camera’s 
frame rate and read noise.  It is also assumed that two focal planes are used for the dual 
beam polarimetry.  The final S/N ratio in this example is 6.4.   
 
Note that the parameter space for these calculations is very large.  Ultimately the S/N ratio 
is almost entirely driven by the camera’s specifications.  In this sense there is actually very 
little optimization to be done.  
 

4 ZEMAX model 
A preliminary ZEMAX model for the instrument has been developed and is shown in 
Figure 7 and Figure 8.  Many of the optics have no optical power, such as the band-pass 
filters and FLCs.  These may be moved farther up the light chain to reduce overall light 
levels in the instrument box.  They are shown immediately before the polarizing beam 
splitter as the beam width there is a minimum.  Camera lenses have not been developed for 
the instrument pending finalization of the camera selection.  ZEMAX ‘paraxial’ lenses 
have been used instead to assist in the optical layout.  We do not present spot diagrams here 
because of the absence of real camera lenses.  Post-occulter chromatic aberration correction 
is also being investigated and this may also impact the layout as presented. 
 
Of particular note is the use of a vignetting disk in the beam following the field lens.  This 
is simply an opaque disk on a glass plate that blocks approximately half of the rays for 
points near the occulter (providing a factor of ~2 attenuation in the light) while points at the 
edge of the FOV are unobstructed (Figure 9).  This flattens the intensity of the light across 
the FOV and allows for nearly uniform camera exposure over the FOV.  This allows the 
camera exposure to be optimized for S/N ratios near the edge of the FOV without 
compromising performance near the limb (where the S/N is high).  
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Figure 7:  The entire optical path of the coronagraph.  A stop after the objective can be used to adjust the flux level. 
 
 

 
 

Figure 8:  Detail of the coronagraph’s post-occulter optics.
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Figure 9:  A cross-section of the beam at the vignetting disk.  The blue and yellow disks 
are the ray bundles from points near the occulter.  The red and green disks are the ray 

bundles at the edge of the FOV. 
 
The vignetting will result in a factor of ~2 improvement in integration time and will make the 
camera’s read noise easy to avoid.  Note that the disk effectively sub-samples the aperture 
and this will introduce a systematic polarization for points near the limb.  This effect will be 
calibrated out of the data.  The aperture sub-sampling will degrade the spatial resolution near 
the limb by a factor of ~2 above the diffraction limit.  Since the coronagraph samples at 
nearly 6 times critical sampling this will be unnoticeable.  Note that the location and size of 
the disk can be easily changed to accommodate different radial attenuation functions.    
     
An aspheric fused silica is used for the objective lens.  Fused silica is an excellent material 
for several reasons.  Because of the optical fiber industry it is available in extraordinary 
purity with virtually no inclusions or striae (both of which scatter light).  The flame 
hydrolysis technique used to produce high purity fused silica also results in very low levels 
of birefringence.  It is a hard glass so it is easy to maintain.  It also has a very high Abbe 
number which gives it a low level of chromatic aberration.  The lens will be polished using 
magneto-rheological finishing (MRF).  This technique produces a polished surface with at 
least 10 times lower defects (scratch and dig) than the best super-polishing methods. 
 
The camera lens strategy has not been settled as of this writing.  It is possible that the two 
cameras would benefit from sharing a single camera lens before the polarizing beam splitter.  
In this way any aberrations would be common.  The drawback of this is introducing more 
elements between the FLC modulators and the analyzer (beam splitter).   
    

opaque 
vignetting 

disk 
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5 Video Processing 
It would be difficult to directly process 300 frames per second from the cameras and also 
unnecessary since the time scales for events on the Sun are much slower.  For this reason the 
camera data will be combined on the mountain before being transferred off-mountain.  As 
mentioned there are four basic states of the modulator.  The image processing system must 
read each of the cameras and process the images produced in each of these four states 
separately.  There are a total of eight frames to process: 2 cameras x 4 states.  The strategy is 
to average data from the cameras into these 8 buffers and to store only enough averaged data 
to meet the cadence requirements. 
 
For the system to work, each camera image must be shot-noise dominated.  The camera must 
also have a ‘global shutter’ so the states of the modulation cycle do not overlap.  Lastly the 
‘digitization noise’ must be low enough so shot noise dominates.  Simulations show that at 
least 10 bits are required with 12+ being desirable.  The PhotonFocus camera meets all of 
these requirements.  For scientific and diagnostic needs, the 8 processed images only need to 
be written to disk every 15s.  Because the Sun will be observed for ~8 hours continuously 
every day the processing of the 300fps data into stored imagery is best done in real time.  In 
principle the processing system would only need to sum the images of each state into buffers.  
In practice there is additional processing which we would like to do in real time: the removal 
of bright aerosols.  
 
5.1 Aerosol Removal 
Aerosols are particles floating in the air.  Insects, pollen, and airborne seeds all scatter light 
very strongly.  When they pass in front of the telescope’s aperture these appear as bright, 
fuzzy blobs which wander across the field of view in times scales of ~1 second (depending 
on wind, etc.)   If the individual images are simply averaged, these show up as bright streaks 
in the data.  The optimal solution is to remove these bright objects from each image before 
they are accumulated into their state buffers. 
 
There are many possible algorithms for aerosol removal.  As an example, consider the 
following simple algorithm:  As each exposure is read it is compared with an average 
exposure for that modulation state in that camera.  The averaging could be done with a 
simple low-pass digital filter requiring very little memory.  If any pixel in the image is more 
than ~2 times the average value, the processor replaces the high pixel with the average value.  
The buffers can be accumulated in this way and then dumped to disk every 15 seconds.  This 
method does not require any division (to calculate averages) or to keep track of the number 
of frames rejected for each pixel.  More sophisticated methods could be devised and tested as 
required. 
 
No special video processing boards are required for this process.  By late 2010, 8-core 
processors will be available.  A dual 8-core computer has more than enough processing 
power to do the aerosol removal.  The computers may be equipped with small RAID systems 
so short periods of full frame rate data can be streamed to disk for algorithm testing and 
development. 
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6 Data Products 
We propose to do no data analysis on site beyond the aerosol removal and summing of 
frames.  The data from the two cameras would be calibrated and analyzed at HAO for wider 
distribution.  Real-time “quick-look” data are important diagnostics for the observers and for 
the community.  Approximate calibrations will be applied to the data on the mountain for this 
purpose.    
 
6.1 Calibration 
Calibration of the coronagraph will be largely based on our experience with the MkIV 
coronameter.  The FLC modulators will be characterized and calibrated in the laboratory 
after which they will be temperature controlled to minimize variation in response due to 
thermal drifts.  A calibrated opal will be required to produce a flat field for the pixel-to-pixel 
gain calibration.  The opal will also provide a calibration for the absolute intensity of coronal 
measurements.  Its response will be characterized and calibrated in the laboratory.  The 
cameras will require removal of a dark signal that includes a dark current and readout noise.  
Non-linearities in the gain function of the detector need to be modeled or measured in the lab 
and removed during calibration.  Stability of the gain function can be monitored over time by 
comparing opal calibration images at a wide variety of exposure levels.  The plate scale will 
be determined using the size of the occulter in the image area.  Determining and removing 
sky polarization is an important constraint on determining the absolute calibration of the K-
corona.  Light polarized tangentially to the limb due to atmospheric scattering of sunlight 
will be very difficult to distinguish from the pB signal and may require some modeling to do 
correctly.  Linear polarization across the field due to reflections off the oceans around Mauna 
Loa tends to be parallel to the horizon and can be measured independently from pB and can 
be subtracted.    
 

7 Mechanical Components  
• Aperture cover  (open/closed) 
• Calibration opal referenced to HAO opal set. (In/Out) 
• Objective lens of ~12cm clear aperture 
• Calibration polarizer.  Either a tilted plate or a film polarizer.  Both would be in front 

of the main aperture to calibrate the radial polarization caused by the objective. 
• Occulting disc assembly.  The spar guiding system may use an error signal from the 

camera system and/or light sensors on the occulting disk to keep the solar image 
centered throughout the day 

• Field lens to reduce the image size of successive optics.  
• UV rejection filter to protect the modulator  
• Band-pass 25nm wide with sufficiently steep transmissions to eliminate disk light 

spill-over. 
• A vignetting disk for radial attenuation of the light.   
• Ferroelectric Liquid Crystal Modulator.   
• Chromatic aberration corrector.  There is a Lyot stop just ahead of the first element 

and a Lyot spot on the first element. 
• Polarizing beam splitter cube. 
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• Two camera lenses 
• Two PhotonFocus cameras   

7.1.1 Computer Control: 
• Dust cover open/close 
• Calibration opal translation 
• Calibration polarizer translation 
• Calibration polarizer rotation 
• FeLC modulation 
• Occulting disc X and Y translations (if required) 
• Camera readout and accumulation 

7.1.2 Computer operations 
• Provide a graphical user interface for control of the coronagraph operations and 

diagnostics. 
• Configure the telescope mechanisms for coronal observations, polarization 

calibration, gain calibration, or dark calibration. 
• Operate the polarization modulator 
• Operate the two cameras synchronized to the modulator 
• Process camera frames independently for each camera (aerosol removal) 
• Do a quick look calibration 

o Apply a calibration matrix to each camera’s I, Q, and U 
o Do a coordinate transformation of Q and U from X-Y to radial and tangential.  
o Display quick look to observer. 
o Save quick look data to mass storage 

• Simultaneously move data to mass storage where analysis computers perform quick 
look calibration and make images available on the web. 

• Monitor environmental sensors to decide whether to close the dome. 
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