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Abstract:

This trade study presents a summary of several COSkchnical Notes
in an effort to evaluate the relative performanteefiecting vs refracting
coronagraphs. Both large aperture and very lowrungental scattered
light are required to measure Gauss-level linelgifitantegrated magnetic
fields with scientifically interesting spatial ameimporal resolutions. For
example, a 1.5m telescope observing with a few sacond spatial
resolution and a 10-minute cadence would requieebtickground light to
be approximately 5ppm of the disk-center brighthessTraditional
coronagraphs use refracting objectives up to hatfeter in diameter, yet
all modern large-aperture telescopes are reflectdre requirement for a
very low level of scattered light, however, strondgiavors a large
refracting singlet. Our investigations have codeld that a 1.5m
refracting coronagraph is feasible with modern gggsand technology.

1) Introduction:

This report compares the relative merits of reflecand refracting designs for a meter-
class, internally-occulted coronagraph. We sunmueatiie optical design developed for
each. The apertures are assumed to be 1.5m.. t@es8topes are designed with a 1-
degree full field-of-view (FOV) as a requirementftdfill COSMQO’s synoptic mission.
Since f/number is a significant cost driver, it wsaeparately minimized in each design.
f/5 was found to be optimal for a refractor, butieetors could go as low as /3. We
analyzed both /3 and /5 reflectors. The baseliesigns are given below.

1.1) Refracting Telescope:

Figure 1 below shows the configuration for the aefing design. The primary lens is a
1500mm diameter x 150mm thick un-coated singletanfadm Corning standard-grade
HPFS 7980 fused silica. The front surface is rdyghx times the curvature of the rear
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Figure 1: Refracting telescope geometry used in thteade study.

surface and has an aspherical component approXxynmE0 in amplitude. The figure
was optimized for 1075nm light (Fe XllI) for beshage quality at the limb of the sun.
The image quality (spot size) was analyzed folafios ranging from 3 to 8. Figure 2
plots the RMS and geometric spot size at primeddou the solar limb as calculated by
ZEMAX relative to the Airy disk diameter. It shovisere is a sharp knee between f/4
and f/5 where the spot quality starts to degragelha At /5, the RMS spot size equals
the Airy diameter, though the Strehl ratio is o@I¢5. A low Strehl ratio is not a
problem since the geometric radius of the spot isizgill much less than an arc second.
Figure 3 shows the spot diagrams at the solar fonlboth 1.075 and 1.43m. The
1.43 m spot required re-focusing the telescope by 69nriime dispersion data for HPFS
7980 were provided by Corning. Chromatic abermai® discussed further in a later
section.

8 75 7 6.5 6 55 5 45 4 35 3

Figure 2: The Geometric and RMS spot sizes (relatéevto the Airy disk) vs flnumber

A extensive Finite Element Analysis (FEA) study wamducted and is available as
COSMO Technical Nofe That study looked for degradation in image dyaliue to
gravity and vacuum loading as well as stress-indumeefringence. The study found that
a lens with a 10:1 aspect ratio and f/7 could supporacuum load without degrading
image quality. An f/5 lens, however, is thinnertaé edges and will not support a
vacuum without significant loss in image qualitinder its own 422kg weight, an /5
lens deflects by approximately 5 microns at itsteenincreasing the spot diagram
diameter by about 40%. For the anticipated 1-2 arc second spatial réisoluof
COSMO, this is not an issue.
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a) b)

Figure 3: The spot diagram at prime focus for the Bm f/5 refractor for 1.075 m (a) and 1.43m (b -
after refocus). The circles represent the Airy diks, and the boxes are 1 arc second on a side.

The Swedish Vacuum Telescope (SYBnd the Large Earth-based Solar Telescope
(LEST)>* both conducted extensive studies of thermal laadind stress in large fused
silica windows, and found both could be reasonabhtrolled.

1.2) Reflecting Telescope:

The choice of f/number for the reflecting desigmat simple, and both /5 and /3 are
considered. f/3 was found to be the lowest redslendl number when considering
scattered light (described below). /3 has a 2@ advantage over /5 but produces a
very hot image at the occulter (1250x normal stilat). This increases the potential for
seeing from a hot occulter. An /3 telescope walkb have greater polarization cross-
talk. Figure 4 shows our /3 design. An un-obsduoff-axis design is used to prevent
diffraction from introducing stray light into th@nal FOV. A second off-axis parabola
eliminates aberration introduced at the primarg(Fé 5). The off-axis angle is limited
by the requirement that the occulter at prime fabossn’t vignette the folded beam. The
size and location of the secondary is fixed onlypbgctical considerations;

Figure 4: The f/3 reflecting telescope configuratio.

a longer focal length would require a longer tebpsctube and larger optics, whereas a
shorter focal length would require a greater ofsgpointing angle from the primary to
prevent vignetting. No comparison in the tradedgtwas a strong function of the
secondary focal length, so this parameter spacenoa®xplored in detail. Note the
secondary optics are quite large themselves; tb@nsary and re-imaging optics (shown
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as a simple ZEMAX ‘paraxial’ lens) are both 60cmdmameter for both /3 and f/5
designs.

To avoid vignetting the coronal FOV, the solar imagust beunder-occultedat prime
focus by an amount equal to the radius of the co@eculting is completed at a second
occulting disk (not shown) in an image plane whayma has been fully corrected by the
secondary. Under-occulting at the prime focusvedl disk-intensity light to fall on the
secondary. At /3 approximately 8% of the diskhtigeaches the secondary, which limits
the increase in the total scattered light to thad@ant (assuming equally cleaned mirrors).
Figure 5 below shows the spot diagrams for theecédr at prime focus, and after
correction by the secondary:

1777.00

a) b,

Figure 5: The spot diagrams for a reflector at prime focus (a) and after correction by secondary (b).

The circles represent the Airy disks (seen as a sthpoint in the center of a)). The left square igl0

arc seconds on a side. The right square is 1 arecond on a side and shows near-perfect correction
by the secondary. The image is at the solar limb.

1.3) Common issues:

If a 4096x4096 mosaic camera were used, the pixelwould be 0.88 arc seconds and
the spatial resolution for both designs would bmem-limited. The /5 designs will
have approximately 2100 Watts on the occulter (53%%), and an f/3 reflector would
have 153W/cth The occulter will have to be actively cooledsobring a portion of the
FOV. Longer f/ ratios will reduce the fractionaa obscured by the cooling plumbing.
Residual temperature gradients will cause ‘telescegeing.” The tube in the refractor
can be sealed and filled with helium. This hasnb&®wn to reduce telescope seeing to
nearly vacuum telescope performaheed is used in telescopes such as THEMiIS
SOLIS. “Active occulting” (active control of thecoulter radius and/or position) may be
required to reach the lower corona. Such mechaniswvor longer focal ratios which
provides more space at prime focus (due to largeta image).

2) Scattered Light:

The most critical issue in a coronagraph is theesllef instrumental scattered light.
COSMO Technical Note No.4 presents an extensivéysisaof this complex topit.
Technical Note No. ¥ demonstrates that high levels of scattered ligamatically
impact the ability to make B-field measurementgha corona and this is difficult to
overcome by increasing telescope aperture. Sedttaght is primarily generated by the
main objective (and the secondary in the casereflactor), which are the only optical
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elements in the telescope which receive disk-intgrdght. In a reflecting telescope,
scattering comes from microroughness of the misabstrate, imperfections in the
coating, and dust (contamination) of the mirrorefctors have microroughness from
two surfaces, contamination, inclusions in the glaRayleigh scattering, index
inhomogeneities, and ‘striae’. A summary of eashue, in approximate order of
importance, is given below:

2.1) Dust Contamination:

Figure 6 below shows the total scattered lightt{umaent + sky) in the Mk4 coronagraph
at the Mauna Loa Solar Observatory (MLSO) for eetiperiod of approximately 2 years.
The different symbols represent elevations in thmra from 1.15 to 2.5 Rfrom disk
center. The large drops in the intensity indiaiées where the objective was removed
from the telescope and thoroughly cleaned. Thenohg at the beginning of 2006 was
the best in this period, with the resulting scaitielight at 1.15 Rof only 7ppm (2.5ppm
at 2.5 R). All of these data are measured at 775nm.

Mk4 Total Brightness vs. Date

510
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DCate (yean
tay  1.41238n BestImageofthe Day  1.67561\n BestImage o?lthe Day  1.93834'n Best Image ofthe Day  2.20207

Figure 6: Scattered light from MLSO's Mk4 coronagraph

It is important to note that scattering calculasi@me independent of telescope aperture; if
one could obtain a lens of equal polish quality denels of inclusions in a larger
diameter, it is realistic to expect the same pentorce shown above (at the same site,
etc.).

Figure 6 directly demonstrates that dust contananas the dominant source of scattered
light in the Mk4. After the 2006 cleaning, the #eanat 1.15 R was 7ppm, and the
scatter at 2.5 Rwas 2.5ppm. As Figure 9 will show, the scattefiogn microroughness
would drop by at least an order of magnitude oliex tange. The factor of ~3 observed
is consistent with scattering from ddstt is important to note that the Mk4 is located o
Mauna Loa, HI on a 1935 lava flow. There is noeatagon or loose soil in the area of
the observatory, making it one of the cleanestsitehe world. The Mk4 lens is more
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than 25 years old, is continually flushed with HERlfered air, and is blown off with an
air gun every morning to remove larger pieces ofittis. With daily air dusting, the rate
of scatter increases by approximately 19ppm/ydfawe assume the scattering is due to
dust, Mie theory predicts a factor of ~2 lower smaty for 1075nm.

Haosheng Lin has suggested using the variationrimass over the day as a way of
calculating the scattering due to the atmosphehe8nOn a good day MLSO sees a sky-
only brightness of approximately 0.5ppm/(noon-egléwnt air mass) at 775nm and 1.15
R . This will be lower at 1075nm due to wavelengtial;ng!' The K-corona has a
brightness of approximately 1ppm at 1.158Rd drops off rapidly with heigtt?)

2.1.1) Modeling Dust:

Dust is typically modeled as dielectric spheres #tattering from which can be
calculated using Mie scattering theory. As Figdrdeelow shows, the forward-scattering
peak (due to diffraction around the particles) ggaw height as the"4power of the
diameter. Since the highest angle of interestcattsring for a coronagraph with a 1°
FOV is 0.75°, this forward peak dominates the scaty. As a result, the largest particles
are by far the most significant. Rayleigh scatigronly applies for particles much
smaller than the wavelength and does not apply. here
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Figure 7: Scattering by particles on a lens as caltated by Mie theory (courtesy of Thomas Germer,
NIST Optical Technology Division).

Figure 7 shows the Differential Scattering Crosstiea (DSC), which is the scattered
power per steradian per incident light intensity iftdividual particles. To calculate the
scattering in a telescope, we need the Bi-direatidcattering Distribution Function
(BSDF). The BSDF is the power scattered per si@nager incident power. The DSC
can be converted into a BSDF if there is a distrdmumodel for the number of particles
per unit area on the objective. The ‘standardritstion is the MIL-STD 1246C.:

N (D) — 100.926[ (LogioXc)? - (Long)z]— 10968 g2 [1]
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For a given cleanliness classJXthe quantity N(D) describes the total number of
particles of diameter (D) and larger. The minimdrameter of particle in the 1246C
standard is defined at fin, and the largest diameter is equal to the cleasé class inm

(in a X:=200 distribution, the largest particle presen2@ m). This size distribution
can be combined with measured accumulation ratgwddict scatter as a function of
time. The data in Figure 6 can be fit fairly welbsuming a 0.000072%/hour
accumulation rate, an 0.001 initial fractional c@age, and an air dusting which removes
all particles 20m and higher. It is unknown how air dusting adjualffects the
distribution, or what level of cleanliness is obtd with Mk4’s periodic cleanings.
These data can be fit with different accumulatiates depending on these assumptions.

The Modeled Integrated Scattering Tool (MI&Tdan calculate the expected BSDFs for
the telescope given the particle distribution. B&DFs can be numerically integrated
over the solar disk (including limb darkening) t@gict the level of scattered light in the
coronal FOV. In the lens calculation, the surfaxsgde the tube is assumed to be cleaned
to the 0.0001 coverage level, and only the outsidéace accumulates dust. The mirror
calculation assumes a “double-interaction” modelemghthe effects of the particles’
mirror image is considered. Those results are shosiow.

The lowest curve in Figure 8 is shown only for refece; it matches the measured rate of
increase seen in the Mk4 data with the assumed gatd initial coverage plus an air
dusting which removes all particles 20 and higher. Note that dusting (in this model)
reduces the scattering by more than a factor of 10.

Scattering from dust
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Figure 8: Scattering at 1.1 R from MIL-STD 1246C distribution.

We could not find long-term air cleaning data feflectors. Since aluminum coatings
are conductive and softer than glass, it is nardleat air cleaning would scale similarly.
The top two curves form the relevant comparison.heyl show that for equal

contamination levels the mirror-based telescopelyres approximately 4 times higher
scattered light than a lens-based design. Sinoerar folds both forward and back
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scattering into the ‘top’ 2 half-sphere, one might expect a factor of 2. Tdrevard-
scattering peak, however, is several hundred tionghter (at our low angles) than the
back-scattering peak, so this simple argument dobksld. The forward-scattering peak
does scale like the particle area squared, sot&lpgslus its image could be expected to
scatter 4 times more light, at least at low inctdamgles. Why this factor remains at near
normal angles is wrapped up in the details of thieecent interference effects between
the particle and its image. It is not an exactdgcand has weak dependence on the
optical constants of the lens glass, the mirroremat its coating (AIQ for example),
and the reflection and transmission coefficientalbbf the above. MIST can use both
Bobbert-Vlieger theor} (an exact model limited to particles of comparagile to the
wavelength) and perturbation theory for larger ipl$ in calculating the DSCs and
BSDFs. These agree within 10% atriparticle sizes.

The relative performance of a reflector to a rafyacs almost completely insensitive to
the nature of the real particle distribution; ietBSC for a single particle on a mirror
produces 4 times higher scattering than the samméiclpaon a lens, then by linear
superposition any distribution of particles prodsidee same factor of 4 difference.
Although real-world detritus are not perfect di¢tecspheres, the scattering from real
scatterers should scale the same way and thesdatadns should accurately predict the
real relative performance of reflectors and refresct

Calculating the actual absolute levels of scattefirom dust is extremely difficult;
contaminants differ from site to site, real sizstadlbbutions and optical constants are
unknown, and models can only approximate the astugbes real-world dust at best.

2.1.2) Dust Control & Cleaning:

Placing the objective in a stream of HEPA-cleanedcas proven effective in the Mk4
coronagraph. As a result, we plan to refine thethmd for COSMO. For a reflecting
design the entire optical path would be closed wiily the entrance aperture open to the
outside environment. HEPA-filtered air would wasrer the mirror (to help control its
temperature), and leave the telescope throughpedwsie. The volume of the air would
be relatively large to ensure adequate velocifyrevent dust from entering the telescope
through the aperture. The air would be temperatardrolled to minimize seeing as the
air leaves the telescope.

To implement this strategy for a refractor, a ‘&sbr must be put on the end of the

telescope tube. For the outward flow to be unifowar the aperture, this snorkel should
be 2-3 times the aperture diameter in lerfgthVe envision the snorkel as a tube which is
extended through the dome slot, and thus prevaetsded for a larger dome. The tube
would probably contain air plenums and also holl rtiain lens cover on its end. The
reflector clearly has an advantage in avoidingehmschanical complications.

Even with an air flushing system, it is likely thtite objective will require regular
cleaning. Refracting coronagraphs have proven bdieirander regular cleaning for
decades. Careful procedures combined with thaembdardness of glass make cleaning
lenses safe.
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The durability of reflective coatings under dailganing has not been evaluated in any
reference we could find. Aluminum is soft, and omng particulate contamination
inevitably degrades the coating’s quality. Therorimay require re-coating more often
than equivalent celestial telescopes. The cleéityaban be improved by using a hard
overcoating. In such a case, silver should beidersd as the mirror's material as its
higher reflectivity would reduce mirror heating arterefore seeing. Though
overcoatings are more difficult to strip and recdlais may be feasible.

Unexpected weather, such as sudden rain stormscateaital exposure to condensation
conditions will require close monitoring. Directposure to liquid water would demand
cleaning the objective. It is unclear whether aronican be cleaned after such an
exposure and meet our scattering requirements utitteecoating.

2.2) Light scattering from microroughness

Before there was “super-polish”, there was “coremadlity.” Ever since Lyot, the polish
guality of a coronagraph’s objective lens has hamerstood as crucial. Once again, the
reader is referred to COSMO Technical Note N&.4or a more detailed description of
the issue. Only a brief summary is presented below

1nm RMS microgoughness (lens) compared to
class 200 & 300 MIL-STD1246C contamination

PPM

disk center’

Distance from limb, RIR

Figure 9: Comparison of scattering due to 1nm RMS maeroroughness and class 200 & 300 MIL-
STD1246C contamination (for a lens).

A BSDF for microroughness can be calculated in Mt&Tboth reflecting and refracting
surfaces. As before, this can be integrated dwersolar disk to give the scattered light
level in the coronal FOV. The result is a levelsohttered light which rises steeply as
one goes lower in the corona. By contrast, séageirom dust is almost flat over a
coronagraph’s FOV. This is illustrated in Figure As a consequence, microroughness
could easily dominate scattering in the low corotiar reflectors the situation is much
more serious. Reflectors produce 10 times mortesoeg than a lens for a given RMS
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surface roughness, even after considering theescattm both surfaces of a lens (See
Figure 10 below). This means that the ratio ofttecad light from mircoroughness to
dust for a reflector is 2.5 times higher than feefiactor. Surface roughness could easily
become a dominant source in reflectors even at 1.1R

Scattered light brightness in corona for 1nm RMS
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Figure 10: Comparison of scattered light for a mirior and lens with 1nm RMS finishes.

The data in Figure 10 are calculated using a stlopéhe 2-D surface roughness power
spectral density (PSD) of 2'871819 and scale factor to match the 1nm RMS
specification over a spatial frequency band of 03 100m™. The scaling factor and
slope can be used with the MIST to calculate a BSDRese data are integrated over the
solar disk to obtain the level of scattered lightiitelescope’s image plane for any height
in the corona. From these data conclude that tké Mns polish is probably a 1-2nm
RMS lens or better.

There is some debate in the community about theyliRSD slope. Despite this, some
simple conclusions can be made: As in the caseattering from dust, where the factor
of ~4 was independent of the distribution, the faadd 10 for microroughness is
independent of the RMS roughness or PSD slopeistad a mirror to have a ~3 times
lower RMS roughness would make a reflector equal tefractor for this contribution.
The extent to which polishing can help is limitedwever, by the fact that coatings have
a roughness which is independent of substratetguald their contribution may be on
the order of 6ppm at 1.1R Coatings are discussed in the following section.

In a reflector with a 1nm RMS finish, we expect appmately 25ppm scattering at
1.1R from microroughness. Assuming the particulatetmmmation level shown in
Figure 6 for Mk4, we would expect no better thamwb30ppm at 1.15 R In this
example, scattering from microroughness is compatabdust in a reflector at 1.1 R
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2.3) Mirror coatings (reflectors only):

Coatings always make the scattering worse. The digect evidence of this is a simple
comparison of the Total Integrated Scatter (TI®nfra surface with what is predicted
from the measured roughness. TIS is measuredibingha laser beam at a surface and
measuring the total amount of scattered light usingoptically integrating “Koblentz
sphere”. This sphere is actually a hemisphere hwbadlects all the light scattered in the
2 half-sphere above a surface and directs it tm@lesidetector. Two small holes in the
sphere allow the probing laser beam to enter thergpand the specularly-reflected beam
to escape. This is an old and mature technol@&@pattering theory predicts that:

2
4ps
2
; [2]

TIS(in reflection) =

where is the RMS roughness. Many autlf8fe?***?*have taken samples and
measured their surface roughness using three ordifferent methods, including TIS.
Almost all authors observe the same result: the RbI®hness derived from TIS is
typically 2-3 times larger than from profilometefsptical profilers, AFMs, Talystep
stylus measurements, etc.) Said another way,cdigesed light ig1-9 times highethan
what one would expect from PSD data of the surfa@ther authors*®?*have examined
this effect by measuring TIS using very small laseams which are scanned across the
mirror surface. What they observe is a ‘backgrolenk! of scatter which is consistent
with other RMS measurements, but large local pedkish dominate the total scatter.
An example is shown in Figure 11.

Figure 11: Position-resolved TIS measurement showinpoint defects®.

These defects appear to be unrelated to substaats, fout are rather a property of the
coating itsel?® There is no way to predict the level of defeckdaly one might expect in
preparing a 1.5m telescope, since it certainly ddpeon the details of the coating
procedure used. In any case, even a 50% increaseatiter is a serious problem. It
cannot be assumed that a ‘standard procedure’ dating the mirror will produce

Page 11 of 20



Reflector vs Refractor Trade Study

adequate results, or that substrate microroughniistully define the level of scattered
light due to mirror quality.

2.4) Inclusions (refractors only):

Historically coronagraph lenses have been maddiasas possible. One of the main
reasons for this is to reduce the total numberncfusions in the bulk of the glass.
Inclusions are primarily trapped air bubbles, batyralso include such things as pieces of
metal (typically platinum from the walls of the mé&hnk) and solid impurities from the
raw material. Like particulate contamination ore tburface, inclusions scatter light.
Unlike most common dust, some of the inclusions lwarvery large; air bubbles can be
up to 1mm in diameter in some materials. Figureb&bw shows the scattered light
contribution at 1.1 Rfor a single inclusion vs inclusion diameter (cddted using
MIST).

Note that these data are valid at almost all elenatas Figure 9 shows the scattering
from particles is nearly flat across the entire FOIYthe goal is to have less than 1ppm
total scattering from inclusions, the data in Fegi2 show that we could tolerate only ten
inclusions of 2mm diameter in the 425kg of glassciwimake up the 1.5m lens. We can
tolerate 100 inclusions of 0.3mm diameter, 1,006lusions of 0.1lmm diameter, or
10,000 inclusions of 0.05mm diameter and so on.

Scattered light from single air bubble inclusion at 1.1 radii
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Figure 12: Scattering due to air bubble inclusionsn fused silica.

Fortunately, the telecommunications industry hagedrthe development of high-purity
fused silica. Corning manufactures standard-gi@89 fused silica in 60” diameter by
8” thick boules as a standard process. Typicalhyaller optics are harvested from this
large blank. COSMO would simply use an entire déad boule. Corning has made
many measurements of the inclusion levels in tihesges and has quoted that an entire
boule is likely to yield less than 20 inclusionsigang in size from 0.10mm - 0.25mm
diameter.
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Corning 7980 is not tank-melted, and thus doescoatain metallic contaminants. It is

made by a massive deposition process called “flayaleolysis:” silicon tetrachloride gas

is oxidized by reaction with water §B) in an oxyhydrogen flame and the resulting
‘soot’ is accumulated. All inclusions are gaseoarsd typically round. At the levels

guoted from Corning, inclusions are not expectele@n issue.

2.5) Rayleigh Scattering (refractors only):

An important loss factor for optical fibers is geaing from impurities. These have been
reduced to such a low level in fused silica that dominant loss is Rayleigh scattering.
The level of scattering loss at IR wavelengthsds3e¢iB/km of glass! Though significant

for optical fibers, this is incredibly low by histoal standards. Extrapolating data
measuretl at visible wavelengths to 1075nm, one can caleulaat the scattered light

contribution at 1.1 Ris on the order of 5x14. Rayleigh scattering is not an issue.

2.6) Index variations (refractors only):

All glasses have inhomogeneities in their indexCorning has measured the index
variations in their 7980 fused silica boules usng4” Zygo interferometer at 633nm.
The central region is the worst part of the boubeit is still under 3.3ppm in
homogeneity. Except for a peak at the boule ceateof the variations are at low spatial
wavelengths® These long-wavelength variations have been mddme gradient-index
model in ZEMAX. A ray-tracing analysis shows tinerease in spot size is still less than
1 arc-second. Most of this will probably be cotegcby local polishing of the optic. To
look at “scattering” due to this index variationrEMAX can perform a FFT analysis of
the PSF which takes into account the coherentfernce of the rays passing though the
lens. As expected the PSF is broadened by thatwars (as indicated by the ray-tracing
analysis), but no significant increase in the winfjthe PSF are observed. Thus, index
variations are not expected to be an issue.

2.6.1) Striae (refractors only):
A special class of index variations are calledastrshown in a ‘shadowgraph’ picture
below.

Figure 13: Striae in a standard optical glass lik8K-7 (a sample which failed QC).

Striae are typically formed by a combination ofanmplete mixing of materials in a melt
tank and convective currents which are then fromben the melt cools. They usually
have a sheet-like topology which causes large ptissertion when viewed edge-on, but
almost none when viewed normally to the sheet. yTdre of particular concern because
their spatial scale is a few mm to cm, which isatlyethe spatial scale required to scatter
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into the angles of interest for a coronagraph. drnaller the blank, the lower the level of
striae, which is another reason coronagraph leosgaditional glasses have been made
as thin as possible.

Fortunately, high-purity fused silica is not maderhixing components in a melt tank,

but is deposited in layers from an extremely pungle-source gas. The ‘deposition’

process also tends to make any layering perperadi¢althe optical axis of the blank.

Corning has represented to us that 7980 has “rae%tr They are not expected to be a
problem with fused silica glass.

3) Polarimetry:

Telescope optics introduce cross-talk among thieréifit Stokes parameters of the solar
light. This is examined in detail in COSMO TechalitNote No. & Polarization in
refracting telescopes (I to V coupling) is up to0lmes lower than in reflecting
telescopes, depending on mirror coatings and tredef stress-induced birefringence in
the lens. Despite this, many researchers havedftlese telescope signatures can be
removed in calibration and by looking at severav@angths in the line profile to a level
which is adequate for COSMO’s science missfon.Telescope polarization is not
expected to be an issue for either design.

3.5) Stress-induced birefringence in a refracting lgjective:

Birefringence introduced though stress from extemechanical sources, or simply by
the lens’s own weight, is perhaps more problemathn other polarization signatures in
that it can be time-varying. This has been anaypeCOSMO Technical Note No.?.
The level of stress-induced polarization was fouadoe very small relative to other
sources. In addition, time-varying signatures barmodeled and subtracted from data.
This is common in telescopes with double-mirrorrdéts (such as the Dunn Solar
Telescope (DST) and the SVT). Stress-induced rimigegnce is thus not expected to be
an issue.

4) Wavelength Coverage & chromatic aberration :

Reflecting telescopes have no chromatic aberraiod have excellent wavelength
coverage. A simple singlet refractor has neithfethese properties, and the chromatic
aberration is particularly bad in a low-f/numbeleseope. Like coma from a reflecting
primary, chromatic aberration in a refractor cancbaected by a secondary optic. This
has been successfully done in many solar telescepeb as the Evans Coronagraph, the
Mk4, and the SVT! Correcting chromatic aberration is not alwaysuies. 1075 and
1083 nm could be simultaneously observed withoabmector or refocusing and still
maintain a 4 arc second RMS spot size. Narrow-bamehsurements (with a
spectrograph or Lyot filter) only require a min@&-focusing of the telescope to regain
normal image quality. The aberration will caushk-ifutensity blue light to spill around
the occulter, and one has to take care to rejestittense out-of-band light. This is
present in most internally-occulted refracting c@mographs (like the Mk4) and is
routinely controlled. The benefit of this spilleght is that it can be used for guiding. If
there is a requirement for simultaneous measurepnfemtany wavelengths with optimal
resolution, then a chromatic corrector can be added
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Wavelength coverage is also affected by absorptianrefractor’s fused silica primary.
Unlike chromatic aberration, this cannot be cordctThe Science Advisory Committee
met and discussed which coronal emission linecatieal to COSMOQ'’s science goals.
Three lines are considered essential: the Fe Xiélslat 1074.5 and 1079.8 nm and the
He line at 1083.0nm. An additional goal would he &i X line at 1.43m. Corning’s
standard-grade 7980 fused silica contains OH iohigtwhave broad absorption bands,
particularly in the IR part of the spectrum. Thesee been accurately measured, and the
transmission for 1074.5, 1079.8, and 1083.0nm iwédxen 99.8 and 99.9% per cm. The
transmission for 1.43n is slightly worse at about 98.5% per cm. Withaaerage lens
thickness of 10.8cm, the net transmission for 13 85% or about 8% equivalent loss
of aperture.

5) Telescope seeing & thermal issues:

Even though COSMO is not intended to operate nleardiffraction limit, telescope
seeing is a potentially serious issue becauseefgénduced polarization cross-tatk.
This occurs when seeing causes the polarizatide staany given point in the image
plane to vary with time. Because the amplitudarf given stokes parameter (1,Q,U, or
V) is the result of a linear combination of sequenteasurements, any change in the
field between the measurements can cause an euspetarization signal. This can be
minimized by taking measurements faster than theingechanges (up to ~kHz
frequencies) or by using “multi-beam” instrumentiethh measure several different
polarization states simultaneously.

An f/5 telescope has an image at prime focus wrac#h50 times brighter than normal

sunlight. With a 1.5m aperture, the occulter wike about 2,000W of power on a 7cm
diameter image. Active liquid cooling of the odeulwill be required, and the plumbing

for this will obscure a portion of the FOV. Inealily some part of the occulter will be at

a different temperature from ambient, and this dochuse telescope seeing. In a
refracting telescope, the telescope tube can leel fikith He. He has a (n-1) which is an
order of magnitude lower than air and a much highermal conductivity. This has been

shown to dramatically decrease telescope séeilrga reflector, hot gas rising from the

occulter could interfere with the light beam refet from the secondary, which is very
near by (see Figure 4).

Temperature gradients in lenses and windows aretenfially serious issue which has

been studied for decades. Significant advances baen made in understanding and
controlling temperature gradients. The single g®aadvance has been the availability
of fused silica. It has a lower thermal coefficiehexpansion (TCE), higher modulus of

elasticity, lower solar absorption, and a much losteess-optical constant than glasses
like BK-7. This lowers its susceptibility to theainstress by a factor of 12. Combined

with shadowing the lens cell from direct sunligtemperature control of the cell and

controlling the temperature of the air surroundihg lens, temperature gradient issues
can be effectively controlle¥.

Dust will have a fractional area coverage on thimary of approximately 18 Even if

the dust is %100 absorptive, this is only %0.1haf light. As a result, the heating of the
objective will dominated by the absorption of optin a reflector the absorption is in the

Page 15 of 20



Reflector vs Refractor Trade Study

coating. This will be on the order %8 for aluminamd %2 for silver. In fused silica,
the power is absorbed in the bulk of the glass, thiglis caused mainly by impurities
(like OH). Absorption in fused silica is expectedbe on the order of a few percent.
HEPA-filtered air would be used to reduce heatiagraich as possible in both designs.
It is unknown how much heating in either design ldampact telescope performance.

6) Telescope Structure:

A refracting telescope is insensitive to all rasas of the objective lens in lowest order.
In-plane translations of the lens are actively cengated by the telescope guiding. The
only degree-of-freedom (DOF) to be controlled is thcal length. This allows the use of

a simple tube for the structure — no Serrier-typestruction is required. The tube would

be hermetically sealed from the primary to juseathe occulting assembly to keep dust
out. The tube would be purged with He to improeeisg. The walls would have an

active thermal blanket and probably house the l@nyms for feeding the air washing

system at the objective. A retractable tubulagwearound the main tube would provide
the ‘snorkel’ for dust control. The nominal desigats the instruments in-line on the

optical axis, which increases the overall length.is possible to place an instrument

package piggy-back on the main tube with foldingrans.

The lens will require a handling cart and an elev&t bring the lens up to a level where
it can be installed and cleaned in the horizontalitpon (lens on-edge). Once installed
and sealed to the telescope tube, removing thestemsld be rarely done, if ever.

A reflecting telescope requires a corrector to cengate the coma from the primary.
Both primary and secondary mirrors are off-axisapatas, making the image quality
sensitive in first order to all 6 DOFs of each optiThere are couplings, however, which
give the system fewer than 12 DOFs to be controll@danslation in the primary, for
example, can be compensated by an equal translatitve secondary — this is one of the
operating principles behind the classic Serrientstonstruction. With couplings, there
remain at least 6 independent DOFs which must Imérated. A classic Serrier-strut
construction would interfere with the folded beaatlp A modified Serrier construction
would have to be devised, and this was not donehisr study. A standard hexapod
mounting for the secondary would be desirable tb ini setting up and maintaining
alignment. This should be integrated into the iBerstructure to reduce the overall
length of the telescope. This structure would belesed by an independently supported
cowling to isolate the optics from dust and allaw the HEPA-air flushing. The overall
weight would be higher due to these structures,wtbght of secondary optics (60cm
diameter) and the weights of the mirror cells. r &d/5 1.5m primary, the overall ‘tube’
would be on the order of 1.7m wide by 2.5m tall. 68cm Ritchey-Chrétien telescope
could be used to reduce the beam size after tlemdary in a relatively compact manner
(in place of the paraxial lens shown Figure 4).isTwould provide several meters of
space on top of the telescope for instrumentatiohhe instrumentation chain is
potentially longer because a secondary solar inmagst be formed for final occulting.
An f/3 design is possible, and this could reduce diverall length of the telescope.
Potential issues with a faster design have alréagy described.
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An additional requirement of the reflecting telgseads an on-site coating chamber and
handling equipment to transport the mirror safatyaoroutine basis. Protected silver is
probably the best option for cleaning, reducingesebpe seeing, distortion of the
primary, and telescope polarizatith.The feasibility of a silver coating chamber ote si
has not been investigated.

7) Cost:

The scattering performance due to microroughneasise for a reflector, but this can be
compensated by applying a 3-4 times better RMSHio the mirrors. This is likely to

be more expensive and may not be necessary if ¢aesng is dust-dominated.

“Standard” coating techniques for the mirror may he sufficient if scattering below

10ppm is required.

If the noise is dominated by scattering from dusteapected, the reflector's ~4 times
higher sensitivity can be compensated by doublirgaperture (from 1.5 to 3m). The
two secondary optics would be 1.2m in diameter, ta@ddome would also have to be
correspondingly larger. This would clearly be muaobre expensive than a refractor with
the equivalent noise performance.

The coating equipment for the mirror will be expegasand there’s no corresponding
component in the refractor.

8) Summary:

The table below summarizes all of the issues censdlin this study. The results are
color coded such that green represents an advanmad)@ disadvantage, and yellow an
issue in which neither design has a significantaatlvge or the advantage is negligible in
the context of COSMOQO'’s science requirements.

Figure 14: Summary of results

Issue Reflector Refractor

Two off-axis parabolas, Uncoated bi-convex singlet,
large secondary optics, an¢ one side aspherical. On-

Basic optical design a double-occulting system.| axis tubular design.

Many internal DOFs to Requires chromatic

control. Hard mirror corrector if broad-band

overcoating desirable. measurements are required.

Very sharp focus after Sub-arc-second image at
Image quality (spot size) | secondary correction which limb at prime focus meets

is achromatic. requirements.

Approximately 4 times Demonstrated sub-10ppm
Instrumental scattered higher than refrac;tor for scattering at 1._15 R 5ppm

equal contamination. appears plausible.

||ght due to dust Scatting from dust is

expected to dominate.

Instrumental scattered | 10 times higher than Approximately 2.5ppm at
light due to refractor for the same 1.1 R with 1nm RMS

Page 17 of 20



microroughness

Reflector vs Refractor Trade Study

Dust Control

Requires separate cowling
on structure. At least two
surfaces to maintain.

Cleaning the objective

Instrumental scattered
light from coatings

Requires snorkel, one
surface to maintain.

_na_

Instrumental scattered Below the ppm level with
. : : -na- :
light from inclusions levels quoted by Corning.

Instrumental scattered Negligible in fused silica.
light from Rayleigh -na-

Scattering
Instrumental scattered Has minor effect on the
light from index -na- PSF, but does not add
variations background in corona.
Instrumental scattered An issue with glass other
: : -na- -
light from striae than fused silica.
Cross-coupling between | Very low. Dominated by
Telescope polarization Stokes parameters higher,| birefringence of bulk glass
Pep but can be calibrated or and stress-induced
otherwise removed. birefringence.

Wavelength coverage

Image sensitivity to
thermal variation

Telescope structure

Cost
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9) Conclusion:

The primary factor in the effectiveness of the CAZMelescope will be the level of
instrumental scattered light. The refractor isin#es less sensitive to dust and ~10 times
less sensitive to microroughness. Coating quabiyld be a serious issue in reflectors.
Better polishing can reduce scatter from microrawegs, but scatter from dust and
coatings cannot be reduced. Reflectors have aansalye in wavelength coverage, and
this has a minor impact at 1.48. This is more than compensated by lower levéls o
scatter in the refractor. Other wavelengths releva the COSMO science requirement
are not affected. Except for its large size, thfacting telescope is a well proven
technology for internally occulted coronagraphs.
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