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ABSTRACT:

To observe magnetic fields in the solar coronayview levels of
instrumental background are required. The primaontributor to
instrumental background light in an internally-oéed coronagraph is
light scattered from the primary lens or mirrorhig'is caused by surface
roughness, particulate contamination, and (in thsecof refractors)
imperfections of the glass. To obtain good coralzh, the scattered light
intensity in the coronal image should be less tbaon the order of the
coronal brightness (a few ppm of the disk centek)e examine the
sources of scattering and estimate the level oftesaag from each for
both reflectors and refractors. We conclude theftactors have a
significant advantage over reflectors for the daminsources of scattered
light.

Modeling Scattering

There are two types of scatterers: distributed @mchl. Distributed scattering
mechanisms are uniform over a surface, and théesicgf has a translational invariance.
Examples are microroughness and disordered arfagsscrete scatterers (dust). It is
assumed in scattering theory that linear supetiposapplies, and therefore non-local
scattering only depends on the total power incidenthe scattering surface and not the
incident intensity (for example, twice the powereo\half the area produces the same
scattering).  Distributed scattering is describeg the Bi-directional Scattering
Distribution Function, or BSDF:

BsDF=— 9 s3]
dw P, cosf,)

wheredP is the differential power scattered into the salijledw centered about a polar
angle 9s from the surface normal.P; is the total incident power. The c69(term
corrects for the reduced (projected) scattering aeen by the observer; at low angles the
BSDF has to be larger to produce the saf&kn. Note the BSDF is not a function of
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the scattering surface’s area, but will dependhenpolar angles for both the incident and
reflected (or transmitted) light. The BSDF is alkwown as BTDF (Bi-directional
Transmittance Distribution Function) or BRDF (BirBttional Reflectance Distribution
Function) for transmitted and reflected scatternegpectively. Most of this report
centers on evaluating the relative BSDF for the taees of a reflecting and refracting
coronagraph objective.

The second class of scatterers describes isolatied gefects. Relevant examples are
singular dust particles or air bubbles in the glafsa lens. Unlike distributed scatterers,
the scattering from point defects depends on teigémt lightintensity(W/m?). They are
described by the Differential Scattering Cross ®ecior DSC:

DSC = % [mzsr‘l] [2]

wherel; is the incident intensity. Note that the units file DSC are different from the
BSDF. The cogl) term is also absent, since there is no ‘projeciedace area’ for
scattering from a point-like particle or defectikd.the BSDF, the DSC is a function of
the incident and scattered polar angles. We wildl@ate the DSC for spherical air
bubbles in the glass and for dust particles.

In all the calculations, the incident angle is apmmately zero (co#)=1), and the
scattered light is azimuthally symmetric so the BSihd DSC will only be a function of
the scattering angléy).

What is the scattering anglés) for a solar telescope? The definition for theDBSand
DSC are defined for scattering from flat surfaceSonsider a small sub-aperture on the
optical axis of a refracting telescope. On theaaptaxis, the lens does not bend light
(the front and rear lens surfaces are locally peljaland the telescope essentially
becomes a pin-hole camera with a piece of glass theehole which will scatter light
(Figure 1 below).

Primary Lens
as Pinhole Far Scattering Solar Image

Anale (Prime

Figure 1: Understanding the scattering angle in the ‘pinhole’ limit

If we assume that the light from any point on the & parallel as it is incident on the
pinhole, then this looks exactly like the classtatterometer setup; every point on the
sun has a well defined incidence angle with thdéteag surface (the pinhole), and a
well-defined scattering angle to the detector at@bservation Point (OP) in the corona.
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Fortunately, polished glass surfaces have a prpmaited shift invariancewhich says
the scattering is only a function of tdéferencein the angle between the scattered and
the specular light. In our calculations, we assaméncident angle of zero, and calculate
the scattering over the range of scattering angjt@svn in blue in Figure 1. The angle
ranges from 0.0025 to 0.55 degrees at an obsenvatimt 0.01Rfrom the limb. If the
coronagraph has a 1 degree FOV, then the largaitesng angle is 0.75 degrees.

For any other sub-aperture of the lens, roughnegsuticulates on the front surface can
be thought of as a scatterer plus a ‘perfect’ prgmch deflects both the specular and the
scattered light. All sub-apertures form coincidsatar images, and thus are identical.
Indeed, we would expect all sub-apertures to preduatages of equal quality. This
allows us to use the flat-surface BSDF and DSCescdbe a system without considering
the focusing properties of the lens. Similar argnta can be made for a mirror or the
back surface of a lens. For a lens, the total BS®Bbtained by multiplying the
scattering calculated for the front surface by etdaof 2 (this assumes equal polish
guality and contamination on both the front andksarfaces of the lens).

Solar Image

- Sample differential area
(image plane)

(dA) used in 2-D integration
for scattering calculation
(purple’

Observation Point (OP)
In the solar corona

Note: Scattering angle is
independent of scatterer's
location on the objective (to
lowest order).

Arc of constant
Scattering angle
0s (grey)

Scattering Angle

6.
Lens (or mirror) *

Scattering
Center

Figure 2: 3-D illustration of the lens, solar image , and scattering angle

The main tool used for calculating BSDFs in thisam is the Modeled Integrated Scatter
Tool (MIST - v.2.10) developed by Dr. Thomas A.r@er at the Optical Technology
Division of the National Institute of Standards ahechnology in Gaithersberg, MD.
The software is capable of evaluating both refi@@ed transmitted scattering using all
of the most common models for both scatterers ambdteates. This includes modeling
transmission through substrates withln It is available license-free at the NIST web
site. We do not use ray-trace or monte-carlo mongdASAP, Zemax, Code-V, etc.) to
evaluate scattering as others have doruch modeling is important when considering
light scattered from telescope structures (sttatss cells, etc.), domes, and other objects,
but has no significant advantages when compariagfesing caused at the surface of
telescope primaries. Historically, structural ss@mg has not been a dominant factor
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(shown later) and it is assumed that it can berotiat to equal levels in both refracting
and reflecting designs.

We assume a wavelength) (of 1074nm in our modeling. This correspondshe Fe
XIII coronal emission line which has a high figud merit for magnetic field
measurements and is not contaminated by terreatrmradspheric lines.

Limitations of Scattering M odels

It is very important to note that scattering modeépend on the exact nature of the
scatterers. The results presented here are basesimple power-law models of
microroughness, and dust is modeled as distribsitioh spherical scatterers (Mie
scattering). It is certain that pollen, animalrhdiugs, and other components of real-
world detritus are not well described by these nsd&hough this study tries to estimate
the levels of scattered light, the calculations iatgerently limited. Despite this, the
modeling should work quite well for comparing thelative merits of refracting vs
reflecting designs. Though animal hair is notlwlekcribed by a sphere, it is difficult to
imagine a particulate contaminant which scalesedkfitly in refractors and reflectors
than a sphere does.

A major limitation in comparing reflectors and waftors is the uncertainty associated
with the scattering properties of aluminum coatingbhis has turned out to be very
difficult to evaluate. Most low-loss, low-scattegi mirror studies are conducted on
dielectric mirrors. The scattering properties hinainized surfaces will be presented in
detail.

There are also problems in the specification farorbughness. Most manufacturers use
“RMS surface roughness” to describe surface finisimfortunately, this is inadequate to
describe a real surface. A large number of polishafaces (and particularly glass) are
‘fractal’ in character; a 2-D PSD of the surface laacharacteristic and constant slope at
all spatial frequencies. Though this slope is veopsistent for glass, it does vary to
some extent. Different polishing techniques maydpce different slopes. As a result,
two surfaces with the same RMS specification mayehsaery different roughness at any
given spatial frequency. Slope issues aside, aifase roughness measurement
techniques (Total Integrated Scatter (TIS), AFM fibmmeters, interferograms) have
different inherent bandwidths. To accurately sfyeeéin RMS value, the bandwidth
should be specified (and it usually isn't).

It is also not uncommon for the scattering froml e&faces to differ from theoretical
values, as “non-topographic” sources of scatter @ften present (such as spatial
fluctuations in the optical constant of a coatingedo grain boundaries, etc.). In this
study, we make extensive use of “wavelength scaliogcompare BSDFs made at
different wavelengths, and assume the only diffeeebhetween a “1-D” and a “2-D”
power spectrum (see below) is a simple changedmptwer law. Stovémotes that both

of these assumptions are model dependent and Gérpwénts out that aluminum is
known to not scale very well with wavelength. Brcular, the conversion between 1-D
and 2-D PSDs is ‘a tricky subject.” Although pbksl glass substrates and deposited
aluminum coatings satisfy the basic requirementshie 1-D to 2-D PSD conversions we
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use, we did not investigate the validity of “wavedéh scaling” for deposited aluminum
coatings. The scattering data we found were diffito compare for many reasons, and
wavelength scaling probably contributed to this.

Evidence presented here and elsewhewsmgests that scattering in coronagraphs is
dominated by environmentally-derived contaminatiaf the primary’'s surface.
Characterizing contamination at different sitesvisually impossible as it depends in
great detail on the telescope and dome structuedjrme of year, weather, etc.

Scattering due to Microroughness

The quality of isotropic 2-D surfaces is often detmed by sampling the height along a
randomly selected line across the surface (wittABM, optical profilometer, or other
instrument). A 1-D power spectral density (PSD)riitrons (microng per unit spatial
frequency in micrord is calculated from these data. There are sevemjs to
parameterize the roughness of surfaces. The AB@emalso known as the K-
correlation model) is a common parameterization:

_ A
S,(f) = — 3

The subscript (2) refers to the fact that this isnadel for a 2-D power spectrum,
following the convention in Stovér The 1-D spectrum has the same form, except the
power in the denominator is (C/2); the slope of th® spectrum is one power of
frequency steeper than the 1-D spectrum of the samface, at high spatial frequencies.
In Stover’s convention, (C) is the slope of the RBD. (A) gives an overall scaling and
(B) describes at what frequency below which the grovaw becomes flat. If these
parameters can be determined (and the 1-D slope @Zeater than 1), then the RMS
roughnessd) is readily calculated:

a=[277]082(f) f df} [4a]

_B*(C-Do? _ | 2A T
Ry o 7B Cc-y [40]

If C is < 1, the integral doesn’t converge. In such ingandhe integral must be
calculated over a limited band (evaluating thegraéto infinite frequency isn’t physical
in any case). The Laser Interferometer Gravitaiiodave Observatory (LIGO) project
has applied ‘super polish’ finishes to 8250x100nuseti-silica substrates and meastired
their surface roughness (a sample shown in Figude®&n to 0.1cr.
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Figure 3: The PSD of an uncoated polished fused sil  ica substrate from LIGO

Stovef shows that there is a direct correlation betw&enRSD (as in Figure 3) and the
BSDF. If one converts the horizontal scale frontnoms' to angle using the grating
equation:

sin(@) —sin(@,) = nf A [5]

spatial
the BSDF amplitude is proportional to the 2-D PSilote that in the lowest order (n=1),
the scattering into our field of view (0.0025 to/r®.degrees) corresponds to spatial
frequencies with characteristic lengths of ~0.08mim 2.5cm! The term
‘microroughness’ would seem to be a bit of a misagnsince scattering at these low
angles is really caused by errors in the figure anthian the micro-scratches that one
associates with ‘microroughness’.

The parameterization in Equations [3] and [4] ioutunate because the factor (B) is so
dominant, yet there’s no clear evidence of a losgfrency roll-off in Figure 3 or any
other reference we’'ve found. (B) is also irrelavam that the spatial frequencies
affecting the coronagraph are above the limit§@B)rthese data suggest. Since (B) is not
easily determined from data, the relationships qudfion [4b] should be avoided for
making estimates of BSDFs or calculating RMS rowggisnvalues. The RMS value for
Figure 3 was calculated in two different frequebands by the authors (“0” - 4.3¢m
and 4.3 — 7500ct), and found to be 0.5 and 0.4 nm respectively.

Despite practical issues in the calculation of RM&8ghness, Equation [4b] does tell us
how the amplitude of the PSD will scale with the 8 ¥oughness: the amplitude JA
scales like the RMS value squared. Since the B&Dgroportional to (4), the total
scattering increases quickly with increasing swefasughness. An example of this
dependence is given below.

Ball-park estimates of the RMS roughness limits lsarhad if one assumes the scattering
is Lambertian (light scattered uniformly in all €itions). By calculating the maximum
allowable dP/d in your FOV, and multiplying by you get the Total Integrated Scatter
(TIS). TIS has a simple relationship to the RM8gimness of a surfate
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2
TIS(in reflectior) = (“/}ﬂj [6a]

2
TIS(in transmisspn) = (aﬂ(n —1)) [6b]

where both expressions assume normal incidehce @) for the specular beam, and (n)
is the index of refraction of the glass in [6bBehind these relationships is an integration
from O tooo in the calculation of, and the same caveats on bandwidth and the sipe (
apply here. It is interesting to note that forigeg RMS surface roughness, the single-
surface scattered light is 20 times lower in thsmitting optic(assuming n=1.45 for
fused silica at 1074nm). Even considering a factdwo for the front and back surfaces
of the lens, the scattering in a lens is still aheo of magnitude better. Said another way,
the RMS roughness requirement is three times lesgent for the transmitting optic
than the reflecting one.

Unfortunately, this is an oversimplification sinseattering from dust and roughness is
not Lambertian. In fact, the scattering is stronggaked in the forward direction and
that peak is dominant within the 0.75 degree sctageangle that affects coronagraphs.
The above example strongly suggests that transuitbptics might be significantly
better when real BSDFs are considered.

To use the MIST software with the ABC model, wedézfind values of (4), (B), and
(C) which accurately describe the surface. (B)rily constrained to be above*16ut is
otherwise arbitrary. To this end, we fix B=21@nd find values for (A and (C) which
accurately represent the data in Figure 3 overspettial frequencies from about 1-
1000cn®. (C) can be directly read from the 1-D PSD slape] we set it to 1.3. Other
source3®”* have measured the 1-D PSD of fused silica withoatnexactly the same
slope. Germer has observethat most polished surfaces have 1-D PSD slopedset 1
and 1.5, so these data are comfortably within thedard range. Likewise, (Acan be
determined from the data by simple fitting. Stoskows that Aand A (the 1-D and 2-
D scaling factors) are related by:

Bl [(C+1)/2]
2JmT (c/2)

A=A [7]

where Ais the 2-D scale factor needed by MIST, @&hid the standard gamma function.
By fitting, we find Ay~ 0.016, and therefore,A 300. Putting these parameters in MIST
generates the BSDFs shown in Figure 4.

Figure 4 confirms the earlier comparison of the fdSreflecting and refracting surfaces;

the refracting optic has an order of magnitude loleeel of scattering, even when two
surfaces are considered (a peak value of 7,60teiBRDF vs 750 in the BTDF).
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Figure 4: Expected BRDF and BTDF for LIGO-quality m irrors assuming the substrate
microroughness perfectly ‘prints through’ the alumi nized mirror coating.

Scattering Contribution from Aluminum Coatings

Unfortunately, the picture is not as simple as @tawn in Figure 4. The aluminum
coating deposited on the glass substrate has its inkerent scattering characteristics
which are independent of the underlying substrdtghn Evans in the early 60s noted:

‘In the reflection coronagraph the pinholes, mintils, and granular
structure that appear in metals deposited on gleager more radiation
than the imperfections within the glass of the wady system.®

This should not be surprising. The assumption Inat of substrate roughness perfectly
‘prints through’ to the surface of an Al coatingielis several hundred nm thick is not
only difficult to imagine, but it is without any pgrimental support. To make matters
worse, the spatial frequencies of interest for ormughness extend down to centimeter
length scales, which means that the Al coating nmesuniformto the nm levebver
distances ofeveral cm- a 10 difference in scales. This is equivalent to hgwnfield

of snow 0.5m thick and 10 kilometers on a side Whguniform in thickness to 1mm.
One could argue that coating techniques have inggkgince Evan’s time, but there have
also been great advances in polishing techniquesddition, there is a significant body
of experimental data which demonstrates this assams invalid.

Hickmar? has made detailed micrograph images of surfacieseband after coating and
found that “There was no observable correlationvbeh the location of the scatter sites
before and after coating was performed on any efajbtics.” He further noted: “Much
higher levels of scatter were observed from thetetbaoptics than from the bare
substrates. This indicates that, for low-scattdvstrates, the coating is a significant
source of scatter from the coated optic.” Berfidivund that the polarization of
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scattered light from coated surfaces did not mé#tebretical models, and suggested that
the distribution of grain sizes and shapes in filrad to be considered. Indeed, Gerrher
points out that polycrystalline materials naturdibve grain boundaries as do amorphous
materials. Associated with these grain boundaaes micro-variations in the local
optical constants. These local changes cause lifeseences from different points on
the surface, and hence scatter. Bennett also fthatdannealing significantly affected
the scattering from films, which is necessarily ttary to a perfect substrate print-though
model.

The relationship between the roughness of the mtbsand the scattering properties of
the coating seems unclear. Hickman found thatt-ppodished substrates produced
significantly lower levels of scatter (after Al dow) than conventional “super-

polishing”, even though the super-polished surfé@® a lower RMS roughness.

Conversely, Bennett found that scattering fromrtlsamples was “...unaffected by the
choice of file material (silver or aluminum), sutasé material (glass or fused quartz),
cleaning method, and film preparation method (evafgan or sputtering).” Some of the

most compelling evidence that the scattering fromatings is unrelated to substrate
roughness comes from a simple comparison of langgeascattering (a few degrees from
specular) of aluminum coatings on different sulieta

Harvey measured the scattering of an aluminized substfataverage” optical quality
and found that the BRDF 5.7° from specular was 2x18tr at 515nm and 45 degree
incident angle (Figure 5 below).

BRDF of Aluminum Coated Polished Quartz
(A =515 nm, 0,=45 degrees)
1.E+00

<& Forward Scatter
1.E-01 = O Backward Scatter
Fit (b=011, 5=-1 65)
£
&l
1.E-02
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Figure 5: Direct measurement of BRDF for the Harvey  mirror

Wang? made several measurements of a 70nm thick Al mpath a 0.8nm RMS super-
polished fused silica substrate and found the BRDB.7° to be 8x1I01/str at 633nm

and 10 degrees incident angle. Finally, KorendYkeeasured one of the LASCO-C1
mirrors which had a 0.1nm RMS roughness and anQ\I&ating. Extrapolating his
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measurements to 5.7° we find that at 633nm andgdeds incidence the BRDF was
3x10*. Using MIST to scale all measurements to 0° &bt 1we find that the Harvey
mirror was only a factor of two worse in scatterthgn Wang’s mirror, and the LASCO-
C1 mirror only a factor of two better than Wand.Egquations [4b] and [6a] are correct,
and the ‘print through’ model valid, we would hassgpected the LASCO mirror to be 64
times lower in scattering than Wang’s (scattericgliag like the roughness squared).

Even when the RMS roughness is measured afterotiing is applied (using optical or
stylus profilometers), the level of scatteringypitally 4-9 times higher than Equation
[6a] would predict. This is widely observed (seeay, Hickman, Hyun-Jif,
Guenther® and Kiesef®) They all found that the large-area TIS measurgsmevere
dominated by point defects in the coating or loweleparticulate contamination. Since
stylus and optical profilometers typically ‘misdigse defects, they underestimate the
total scattering. Equation [5] accurately predidtee scattering when the TIS
measurements were selectively made between defélttss is particularly bad news
since it implies that even if the ‘print throughoel were correct, the level of scattering
could be up to ten times higher than expected. Kdrendyke, Hyun-Ju, and Dupatfé
have measured TIS as a function of position byceduthe area of the incident light to a
very small beam. An example from Duparré is shawirigure 6. The ‘background’
level between the peaks in this figure is conststeith the scatter level predicted by
profilometers:

Figure 6: Position-resolved TIS measurements for a 0.06nm RMS polish on a Si wafer from
Duparré. ‘Point defects’ not measured by profilome  ters dominate the scattering.

The most direct and convincing evidence we found doating characteristics being
unrelated to substrate roughness is that the slbpgee measured BRDFs for aluminized
surfaces differs significantly from the slope ottB-D PSD for the substrates; these
should match if a print-through model were corre@ary Peterson of BRO has made
many BRDF measurements of aluminized surfaces &ohg that they always have a
slope in the range of 1.5 to 8.Germer has specialized in characterizing thehinass

of uncoatedsurfaces and has observed that polished surfgpesally have 2-D PSD
slopes in the range of 2.0 to 25.Many references show the 2-D slope for super-
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polished fused silica to be ~28/'° Germers BRDF measurements for uncoated
surfaces have the same slopes as their 2-D PSDsgne@ with standard scattering
theory. Since the slope of substrate roughnessgeeper than BRDF slopes, one might
expect that the substrate roughness will dominasdtexing (print through) at lower
frequencies. Exactly this effect has been observed

Duparré has measured the 2-D PSD of two surfaedeydand after depositing a 49-
layer dielectric mirror coating (ADs/SiO,)'". Those data are shown in Figure 7 below.
The two surfaces were both fused silica and diffexely by the level of polishing. The
first sample was super-polished, and the secondpebshed with a standard RG1000
finish.

10° A RG1000/(HLY* H

RG1000
Note there are

1 N / two curves
§ / here!
({J "
10" | A\

SP N

PSD [nm)

107

0.1 1 10 100
spatial frequency [1/um]

Figure 7: Print-though of surface roughness fora d ielectric mirror.

The super-polished curves are shown in the heawghivknes and the RG1000 curves in
the light-weight lines. For the super-polished penthe post-coating PSD is much
higher than the substrate roughness at all fregeen@rint-through invalid). The
RG1000 surface, on the other hand, is dominatethécoating above 0.2m™ and by
the substrate below. Though Duparré’s dielectdatings were significantly different
than aluminum, this clearly illustrates the prineighat ‘print-through’ can happen if the
surface roughness exceeds the coating roughness.

The Two-Component Scattering Model for Coatings

Since there is evidence that the scattering fronalaminized surface is not (directly)
related to its roughness, it makes sense to condmattering due to substrate roughness
and coatings directly in “BRDF space.” This invwedvtwo assumptions: BRDFs
calculated from substrate roughness using the atdritheory is accurate if larger than
the coating’s contribution, and the measured BRIOF#\l can be extrapolated to lower
angles. The first assumption seems reasonablde Agure 5 shows that coating
BRDFs have a very linear slope for two decadesanerdown to 0.5 degrees. Assuming
the substrate print-through and coating contrimgiare uncorrelated, we can form a net
BRDF by taking a quadrature sum of the two comptsen

The substrate surface roughness was describecebyBE as discussed earlier, with (C)
set to 1.3, (B) set to 1x10and (A) is chosen to give a representative RM®)noess
(1nm, 2nm, etc.). The bandwidth for the RMS caltioh was 0.00043 to 100m™.
This bandwidth was chosen to match reference |3, modeling shows that the RMS
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specification is only weakly sensitive to the chobandwidth. The A,B & C parameters
were entered into MIST, and the BRDF was calculateti0O75nm assuming the optical
constants of aluminum. This calculated BRDF waslehed as a simple power law for
the scattering calculation.

1.0E0

T T llllll' T I lillll'

1.88-1
1.0E~2

1.8E-3

TW IAT TMOTDT OT-TM~A-DOW

1 lllllll 1 1 IllLlll
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Figure 8: Wang’s measurement of the BRDF for a 0.8 nm Al coated mirror vs Beta (sin 0 -
sin @i) for 633nm (*), 3.39 ym (0), and 10.6 pm (+) at 10° incidence.

The coating data shown in Figure 8 above were obthifrom Wang. It shows the
measured BRDF for three different wavelengths forA&coated substrate with 0.8nm
RMS roughness (via Talystep profilometer — bandwidgihspecified). A line was fit to
the 633nm data above beta=0.1 and an equivalent khi&lel obtained. MIST was then
used to scale these data to O degrees incidende amg 1075nm. The low-frequency
data show a steeper slope below beta=0.1 and weregdrded as possibly being
contaminated by instrument signature. As it tusng the upward trend is compatible
with a model of a 0.8nm print-through of the subistroughness. In any case, to model
the coating the data above 0.1 are most approprieb®ugh we assume the Wang data
are representative of coatings for COSMO, thewmdeniable uncertainty here.

Figure 9 shows the results of taking the quadrasura (blue) of the Wang BRDF data
(green) and a substrate contribution modeled frodna RMS roughness and a 2-D
slope of 2.3 (red). Notice that the two curvesssrat about 1.7 degrees — slightly larger

than the FOV for a coronagraph. This implies tfeg 1nm roughness shown) that the
scattering will be substrate-dominated.

To calculate the scattered light level in the imaigne of the coronagraph from these
data, a two-dimensional integration over the sdisk is required. For every point on the
solar image the limb darkening is calculdfeas well as the angle subtended by that point
and a fixed point in the coronal field of view {he elevation of interest), with a vertex at
the objective (see Figure 2). That angle is thettedng angle. Combined with the
composite BRDF, the scattering contribution fromahealement (dA) on the disk is
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Figure 9: The net BRDF (blue) shown with the coati
calculated and a simple numerical integration isdemted in polar coordinates (using

100 radial and angular bins, 10,000 elements tot#i)l points on the objective are
assumed to contribute equally to the scatteringcticulation is independent of aperture,

f/ number, or off-axis tilting.
Figure 10 shows the result for a mirror when thegration is repeated for several

elevations in the corona. A 0.7nm RMS substratassumed (for comparison with

SOLAR-C).

Figure 10: Predicted roughness-only scattering in t
over between substrate and coating contributioppéras at 0.5 degrees, which is in the

As the figure shows, 0.7nm RMS roughness is amasting boarder-line case; the cross-



Scattered Light Analysis

middle of the scattering angles of interest. I lihw corona the scattering angles are less
and the scattering is dominated by substrate raesghn In the upper corona the angles
are larger and the coating starts to dominate. prldicted roughness-only scattering at
1.1 radii from disk center is around 13ppm. Theslectually seen in SOLAR-C at this
elevation is around 20ppm, for a freshly cleanettanf’ Since removing all dust isn’t
possible, we believe these data are nicely comsisteh observed levels of scattering in
SOLAR-C.

This calculation doegot take into account the 4-10 times higher scattetivag others
have seen in TIS measurements of coated opticsesianed earlier. We therefore
consider these results a lower-bound.

It is important to note that unlike a substrateyamlodel, these results will not scale with
the RMS roughness squared, until you get aboveoappately 1nm RMS. Below 1nm
RMS, the scattering qualities of the coating becaigaificant. These calculations show
that even with a perfectly smooth substrate andlusi, the scattering at 1.1 cannot go
below 5.5ppm with any Al coating technology we wabde to reference.

} M1 scattered light brightness in corona, 1nm RMS mirror
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Figure 11: Roughness-only scattering for a 1nm RMS mirror.

Figure 11 shows the case for a 1nm substrate. hist oint, the substrate clearly
dominates. Figure 12 shows the expected levela #fmm RMS finish. The calculation
estimates that the roughness-only scattering atatlii from disk-center is expected to be
100ppm. Note that the level of scattering from &rem substrate finish is totally
dominated by the finishing of the substrate. Tke stattering curve and the substrate-
only curve are so close that they are almost imgjgstshable on this plot. It is important
to note that the cross-over angle between substradecoating contributions is fairly
sensitive to the modeling; the (2-D) slopes of landl 2.3 for the two components are
close enough so a fairly small change in the lef@ne or the other can move the cross-
over significantly. Although there is also signdnt uncertainty in whether or not the
Wang data are representative of ‘typical’ coatingbere are two important things to
consider: First, the levels shown in Figure 12sarestrongly dominated by the substrate
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M1 scattered light brightness in corona, 2nm mirror
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Figure 12: The predicted roughness-only scattering for the likely ATST M1 finish (2nm
RMS).
that small uncertainties in the coating scattedamponent are insignificant. Secondly,
and perhaps most importantly, is that the coatiag anly make thingsvorse; lower
levels in coating scattering will not lower the uktant curve, whereas higher levels of
coating scattering can only bring it up.

Comparison of Scattered Light for Inm Mirror and Lens

=
o

disk center

Brightness B/B

1 11 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2
Distance from disk center, RIR

Figure 13: Comparison of 1nm RMS substrate mirrorw  / Al coating (red, top) and an
uncoated lens with a 1nm RMS finish on both fronta  nd back surfaces (blue, bottom).

Finally, we can compare the scattered light brighgnfor a mirror and a lens with the
same 1nm RMS polish (Figure 13 above). The lessmass the same polish on both
surfaces. It can be scaled with the RMS roughngeared up or down, however the
mirror curve can only be scaled to larger RMS valuBlotice that the level of scattered
light at 1.1 for the lens is nearly five times lawilean the coating-only (perfect-substrate)
limit for a reflector.
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In summary, the two-component model for mirrorsoresles the difference in the
observed scattering functions (BRDFs) from Harvewd aothers with the typical
microroughness of substrates. It is a consistattainwhich reproduces most of the data
we have been able to find to d&te While the scattering will scale like RMS rougkse
squaredfor values of 1nm or larger, the intrinsic scatigriof aluminum coatings will
dominate for super-smooth surfaces. Down to 1lmmshes, the quality of the coating
required for solar work is ‘standard’. To pushdklvof scattering below 10ppm, great
care will have to be given to the coating. Evethwperfect coatings, the refractor has a
factor of 10 lower scattered light than a reflestath the same polish quality.

Dust Contamination

Figure 14 below shows the total scattered lightstument + sky) in the Mk4
coronagraph at the Mauna Loa Solar Observatory (@O)L$or a time period of
approximately 2 years. The different colored sylaliepresent elevations in the corona
from 1.15 to 2.5 radii from disk center. The lad@ps in the intensity indicate dates
where the objective was removed from the telescapa thoroughly cleaned. The
cleaning at the beginning of 2006 was the bedhis geriod, with the resulting scattered
light at 1.15 radii of only 7ppm (3ppm at 2.5 radii

Mk4 Total Brightness vs. Date

5+107°

Erightness (B-Sun)

2004.5 2005.0 2005.5 2006.0
Date (yean

Figure 14: Scattered light from MLSO's Mk4 coronagr  aph

Because scattering levels are independent of tgdesaperture, it is realistic to expect the
same performance shown above for a large apemigscbpe with COSMO (assuming
the same site, equal polish quality and levels naiuisions, etc.). This gives us a
powerful check for larger telescopes — particuladfractors. Unfortunately there are
relatively few internally-occulted reflecting cormgraphs and their data sets are relatively
sparse, making such checks much more difficult.

Figure 14 directly demonstrates that dust contanmnais the dominant source of
scattered light. If microroughness, inclusions,otiner stationary sources of scattered
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light were significant, one would expect the lewélscattering to remain constant for a
while after a cleaning. As the contamination lewatreased, the scattering would
eventually start to increase. That is not whatsse¢hdata show. It is clear that the
scattering increases from the first day after dlegnand therefore dust is the dominant
factor. Itis important to note that the Mk4 coagnaph is located on Mauna Loa, Hl on a
1935 lava flow. There is no vegetation for tenkwf, making it one of the ‘cleanest’

observatories in the world. The Mk4 lens is mdrant 25 years old, and is blown off
with an air gun every morning to remove larger pgeof detritus. With daily air dusting,

the rate of scatter increases by approximately G@ygar.

Modeling Dust

Dust is typically modeled as dielectric sphereg #tattering from which can be

calculated using Mie scattering theory. As Figure below shows, the forward-

scattering peak (due to diffraction around theipks) grows in height as thd"power

of the diameter. Since the highest angle of isterescattering for a coronagraph with a
1° FOV is 0.75°, the strong forward scattering éngér particles dominates. Rayleigh
scattering only applies for particles much sméahen the wavelength and is insignificant
compared with the Mie scatterers.

DSC (pmzsﬂ)

0.1° 1° 10° 100°
Scattering Angle

Figure 15: Scattering by particles on a lens as cal  culated by Mie theory (courtesy of
Thomas Germer, NIST Optical Technology Division).

Figure 15 shows the Differential Scattering Crosstisn (DSC) for different sized
dielectric spheres. The DSC can be convertedar®&DF for calculating the scattering
in a telescope if there is a distribution modeltfee number of particles per unit area on
the objective. The ‘standard’ distribution is Mé_-STD 1246C.:

N (D) — 100.926{ (LogyoXc)? - (Long)z]—lo.%B Mn—z [1]

For a given cleanliness class JXthe quantity N(D) describes the total number of
particles of diameter (D) and larger. The minimdrameter of particle in the 1246C
standard is defined ajufin, and the largest diameter is equal to the cleasd class (in a
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X=200 distribution, the largest particle preser2G§um). Though sometimes criticized
as not representing real distributions, it is th@stwidely cited standard and the one we
adopt here. Figure 16 below shows the fractiored @overage of a mirror vs the 1246C
cleanliness class. An ATST technical repontes that carefully cleaned surfaces have
around 10 area coverage, corresponding to a 1246C clas3%f 2

Fractional coverage for truncated (<20um) MIL-STD 1246C lewel
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Figure 16: Fraction area coverage for normal MIL-ST D 1246C distribution (blue) and with
all particles larger than 20 pm removed (green).

The green curve in Figure 16 indicates the fraefiocoverage when the 1246C
distribution is truncated by eliminating all pakds above 20m in diameter. This is
done to approximate how the distribution might dewhen a lens is dusted with an air
gun. Due to the steep slope of the 1246C disiohuthe fractional coverage is strongly
dominated by the particles in the 129 range.
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Figure 17: BTDF for a standard and truncated (<20 pm) class 400 MIL-
STD1246C distribution

Page 18 of 28



Scattered Light Analysis

The MIST modeling software can be used to calcutaeBSDF for the scattering from a
range of particles with densities defined by MILESIR46C. In this case, we start with
the minimum Lm diameter and increment it by a factor of 1.1 ahe largest diameter.
Adding those BSDF together (assuming linear supstipa) gives us the net BSDF for
the distribution. Figure 17 shows the result f@tandard class 400 surface (top curve),
and for the truncated (<gf) distribution shown in Figure 16. Note that tahng the
distribution moves the knee to higher scatteringles This simply reflects the fact that
larger particles are more sharply peaked in thevdod direction. The truncation has
lowered the low-angle BSDF dramatically. Theseadatn be integrated in an identical
manner to the microroughness BSDFs to producexpected level of scattered light in
the coronagraph. Figure 18 shows the results filena with class 400 contamination
(both standard and géh-truncated) compared with the level expected fdnemm RMS
surface roughness:
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Figure 18: Comparison of scattering due to 1nm RMS microroughness with
standard & truncated (<20 pm) class 400 MIL-STD1246C contamination (for
a lens).

As expected, the contamination dominates at elewsitof 0.1 radii above the limb and

higher. Microroughness, however, could dominasdtsced light at lower elevations due

to its steep slope. Note the scattering from duatmost flat across the FOV. Figure 15
shows that the scatter decreases by about a fafc®obetween 1.15 and 2.5 radii. This is
more consistent with the standard distribution ttlentruncated one. Note the truncated
distribution produces a factor of 10 less scatiéris is perhaps un-intuitive, since Figure
16 shows the removed particles are a tiny fraatibtine total area covered. This simply
reflects the (diameterflependence on the forward-scattering peak.

Accumulation rates have been measured at Mauna Hlem, the UKIRT telescope by
measuring the emissivity of witness surfaces asation of time. Those data are shown
in Figure 19. It is very difficult to reconcile this accumuitan rate with the Mk4 data
shown in Figure 14. To reasonably model the Maluma data (assuming air cleaning
removes all dust larger than [#@) an accumulation rate at least 15 times lower
(0.000072%/hour) is required. This is probablysmeble; as mentioned, the MLSO site
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is very clean. In addition, the MLSO facility isedicated with virtually no human
activity in the dome. The Mk4’s objective is prated by a cover except when the
telescope and dome are ready to observe, and fteetigb is constantly washed in
HEPA-filtered air. The lava fields at Mauna Kea anuch older with lots of dusty soill,
the UKIRT objective in an open-structure telescdpep inside the dome, and the dome
sees a much higher level of human activity.

UKIRT Emissivity versus Time
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Figure 19: Emissivity of test plates vs time for th e UKIRT telescope show a particle
accumulation rate of approximately 0.0011 percent (  area) per hour

With the MIL-STD 1246C distribution and the accuaiidn rates inferred from the

MLSO Mk4 data, we can calculate the expected suadgtén the telescope as a function
of time. The lens calculation assumes two surfadesqual initial contamination, and
ages only the surface exposed to the outside emwigat. The mirror calculation

assumes a “double-interaction” model where thectsfef the particles’ mirror image is
considered. Those results are shown below.

Scattering from dust
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Figure 20: Scattering at 1.1 radii from MIL-STD 124 6C distribution.

The lowest curve in Figure 20 is shown only forerefice; it matches the measured rates
of the Mk4 data (assuming a 0.000072%/hour accumulaate, 0.001 initial fractional
coverage, and a gfh-truncated distribution). Note that dusting reskithe scattering by
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more than a factor of 10. Air-cleaned data foteetbrs is not shown since it has not
been demonstrated that aluminized coatings canstaitd such long-term daily
treatments.

Most relevant are the top two curves (yellow andpfm). They show that for equal

contamination levels the mirror-based telescopelyres 4 times more scattered light
than a lens-based design. This turns out to enargl rule: the DSC for a single particle
on a mirror produces 4 times higher scattering thiam same particle on a lens,
approximately independent of the particle’'s sizeBy linear superposition, any

distribution of particles produces the same faofat difference.

Based on these data, we conclude that a refletéilegcope would need double the
aperture to achieve the same S/N ratio of a refractthe noise-dominated regifie

Dust Control

The current concept for both designs is to “flushé objective with clean air. For a
reflecting design the entire optical path woulddbesed with only the entrance aperture
open to the outside environment. HEPA-filteredvemuld wash over the mirror (to help
control its temperature), and leave the teleschpmugh the aperture. The volume of the
air would be relatively large to ensure adequatecity to prevent dust from entering the
telescope through the aperture. The air woulddpeperature controlled to minimize
seeing as the air leaves the telescope. Since @D&Malmost a factor of 5 from
diffraction limited (due to its wide FOV) seeingless critical than in telescopes such as
ATST.

To implement this strategy for a refractor, a ‘&&br must be put on the end of the
telescope tube. For the outward flow to be unifawar the aperture, this snorkel should
be 2-3 times the aperture diameter in length. Waseon this snorkel as a tube which is
extended through the dome slot, thus preventinghttesl for a larger dome. The tube
would probably contain air plenums and also holel main lens cover. The reflector
clearly has an advantage in avoiding these mechlanamplications because the tube
acts like a snorkel.

100

AA
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Most Penetrating Particle Size

Efficiency %

99.94 +
oo o1 1

Particle Size, microns

Figure 21: Efficiency of HEPA filters vs particled  iameter.

Figure 21 above shows filtering efficiency of stardlHEPA filters. Note that above 0.3
microns the efficiency is in excess of 99.99%. Tm®st penetrating particle size” of
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0.25 microns is of little consequence since pasicbf that size produce almost no
scattered light. The air filtering system wouldnggn powered 24/7/365 even when the
telescope is covered and stowed to provide “pasipikessurizing.” Such filtering may
eliminate the need for ‘air cleaning’ the objectivé&his is particularly important for a
reflector, for which direct cleaning of the mirrdrprimary is expected to be problematic.
Modeling an air washing system is difficult. Evaiiing this scheme’s actual
effectiveness will require computational fluid dymas simulations or building a
prototype. As mentioned, the MLSO Mk4 objectivenrashed with HEPA-filtered air,
however the Mk4 does not use an extended snorketgsopose here.

Cleaning

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 thaémbdardness of glass make cleaning
lenses safe. This is clearly a major advantage rédractors given the fact that
contamination dominates telescope performance.

Cleaning is a major problem for reflectors. Aluomm is much softer than many of the
contaminants we expect, such as volcanic rock dastnoving such particles inevitably
degrades the quality of an aluminum coating. Feetjue-coating of the mirror may be
required. Another option is to use a protectéeesicoating which would both reduce
mirror seeing (by reducing heating) and improve theanability of the mirror. The
drawback of this is a much more difficult strippiagd coating process.

A related concern is the durability of the objeetivnder exposure to unexpected weather.
This includes sudden rain storms or accidental sxg to condensation conditions.
Direct exposure to moisture will demand cleaning tibjective. It is unclear whether a
mirror can be cleaned after exposure to liquid waithout re-coating.

Inclusions (refractor s only)

Historically coronagraph lenses have been maddiasas possible. One of the main
reasons was to reduce the total number of inclgsionhe bulk of the glass. Inclusions
are primarily trapped air bubbles, but may alsdude such things as pieces of metal
(typically platinum from the walls of the melt tgn&nd solid impurities from the raw

material. Like particulate contamination on theface, inclusions scatter light. Unlike

most common dust, some of the inclusions can bg hagge; air bubbles can be up to
1mm in diameter in some materials. As before, MiSTised to calculate the DSC for an
air bubble inclusion in a fused silica substratBigure 22 shows the scattered light
contribution at 0.1 radii above the solar limb &osingle inclusion vs inclusion diameter.
This calculation assumes a 1.5m aperture. Theteschbm a single inclusion is

independent of the aperture, but the image brigistie not. As a result, this calculation
needs to be scaled for apertures other than 1.5m.

Note that these data are valid at almost all elenaf since Figure 18 shows the
scattering from patrticles is nearly flat across ¢néire FOV. If the goal is to have less
than 1ppm total scattering from inclusions, theagdiove show that we could tolerate
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Scattered light from single air bubble inclusion at 1.1 radii
10 p==== T L isaa oo oo oy

E=Z=zZE=ZFI=EFFERIEF===F==F3 =
CZZZCZIZC

P

210 g===¢=5:=¢z:5:¢

g_ i A

® [T TCTITCTITTOTTCCTCaTT

L%lO-ZEEEE‘EEiLE‘E ,,,,,,,,,,,,,,,,,,,

- EZZZEZIZEIITIEE=Z=Z=ZI

= = CZIZC

= r -—F-+-F

s | |

a

[2

c

S 10"

=

2 pII:

8 10°L___L_A_LiilL

o E-ZZEFIZEIit

= 7

E, S e e

& 10

810 ccxceczzezzze

v £ZZ--ZZ-ZZ-ZZ-Z>*“-""---Z”-”-””---”"”-”-”--Z”"CZ

107 5 5 .
10 10 10 10

Diameter of air bubble inclusions, microns
Figure 22: Scattering due to air bubble inclusions in fused silica.

only ten inclusions of 2Zmm diameter in the 425kglalss which make up the 1.5m lens.
We can tolerate 100 inclusions of 0.3mm diamet&0Qd inclusions of 0.1mm diameter,
or 10,000 inclusions of 0.05mm diameter and so on.

Fortunately, the telecommunications industry hagedrthe development of high-purity
fused silica. A standard-grade Corning 7980 blahthe needed size is likely to yield a
blank with less then 20 inclusions ranging fromOin - 0.25mm diameter. Corning
7980 is not tank-melted, and thus does not contetallic contaminants. It is made in
what is essentially a massive deposition procesedcdflame hydrolysis”: silicon
tetrachloride gas is oxidized by reaction with wdté,O) in an oxyhydrogen flame and
the resulting ‘soot’ is accumulated. All inclusgare gaseous, and typically round. At
the levels quoted from Corning, inclusions areexqiected to be an issue.

Rayleigh Scattering (refractorsonly)

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 Rayleigh scattering for several glassas been measured by Germer, and is
shown in Figure 23 below. c) represents the fractional loss per cm of gla3he
scattering drops off faster thanii/because there is also an index of refraction
dependence in the scatterifigThe level of scattering loss from Rayleigh seraiy at IR
wavelengths is ~0.3dB/km of glass! Though sigatfic for optical fibers, this is
incredibly low by historical standards. After eyiplating these data to 1075nm, one can
calculate that the scattered light contributiorl 4t radii is on the order of 5x18 It is

not an issue.
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Figure 23: Meausred Rayleigh scattering for fused s ilica (Suprasil)

Index variations (refractors only)

All glasses have inhomogeneities in their indexgufe 24 shows the measured index
variation for the central 600mm region of a 1524x2dn 7980 fused silica boule. The
central region is the worst part of the boule, isustill under 3.3ppm in homogeneity.

The measurement was made with a 24” Zygo interfetemat 633nm. Except for a

sharp peak at the boule’s center, all of the viamnatare at low spatial wavelengths.

Plant Metro
in
in

-0.64830
603

Figure 24: Measured homogeneity of the center 24" a  rea of a 1524x200mm Corning 7980
Boule.

These long-wavelength variations have been modaekedr gradient-index model in
Zemax optical modeling software. Since Zemax is capable of applying an index
gradient to an aspherical optic, the geometry basktmodified. A spherical optic of the
same size as the real objective (to within then@@spheric correction) is combined with
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a double-asphere to correct aberrations (Figure 2%emax supports ™7 order
polynomials even in (R) to describe an index. Wpeeimented with a wide variety of
profiles, two of which are shown in Figure 26. Tamplitudes of the variations were
normalized to match the peak index variation frdm Zygo data. Note that sharp
features like the central bump in the boule ardicdit to model with a  order
polynomial. Fortunately, the central 10mm of tloellle is the only part showing ‘sharp’
variations. If this cannot be removed with localighing, a larger than normal Lyot spot
could block its influence (10mm being a negligibiection of the aperture’s area).

k\ﬁﬁﬁ——i

.

Figure 25: Zemax model for estimating effects ofin ~ dex inhomegeneities

x 10° Two models for index variations in Coming HPFS 7980

N-N, for Glass

Radius, m

Figure 26: Two models for index variations based 0 n 7th order even
polynomial in R

The spot diagrams (at the edge of the limb) asutatled by Zemax are shown in Figure
27. In the figure, the box represents the sizea eamera pixel (assuming 4096x4096
coverage of a 1° FOV), and the circle represemt#\thy disk. The nominal spot diagram
(a) has a different shape than in the nominal (stens) design, but is close enough for
these purposes. (b) shows the spot diagram fomthex shown in blue in Figure 26.
This is considered a realistic model for the indarations. The red curve in Figure 26
represents the most extreme model which we couldtoact with a # order polynomial.
(c) shows the corresponding spot diagram. Thoughlarger than the camera pixel, the
RMS size of the spot is still small compared wikte tpixel. Note that all of these
variations will probably be corrected in the poirgh of the optic. Zemax can also
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perform a FFT analysis of the point spread func(ie8F) which takes into account the
coherent interference of the rays passing thoughléhs. As expected, the PSF is
broadened by the variations, but no significantrease in the wings of the PSF are
observed. Thus, index variations are not expetctde® an issue.
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Figure 27: Spot diagrams for a) uniform index, b) I ikely index variations,
and c) extreme model

Striae (refractorsonly)
A special class of index variations are calledastrshown in a ‘shadowgraph’ picture
below.

[Cak. i
Figure 28: Striae in a standard optical glass like BK-7 (a sample which failed QC).

Striae are typically formed by a combination ofdanplete mixing of materials in a melt

tank, and convective currents which are then frozban 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
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their spatial scale is a few mm to cm, which isatlyathe spatial scale required to scatter
into the angles of interest in a coronagraph. énegal, smaller blanks allow better
mixing and have lower levels of striae. This igther reason coronagraph lenses made
from traditional glasses have been as thin as lplessi

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

but is deposited in layers from a single-componexiremely pure gas. What variations
are caused by the layering in the ‘deposition’ pesctend to be perpendicular to the
optical axis of the blank. Corning has represemteds that 7980 has “no striae”. They
are not expected to be a problem with fused sglaas.

Conclusion

We have examined all known potential sources oftagag at the objective of both
reflecting and refracting coronagraphs. The domtirsmurce at 0.1 radii from the limb
and above is dust. Reflectors produce 4 times maoattered light than refractors for
equivalent levels of contamination. Reflectorsspre serious issues when cleaning the
primary is considered, whereas refractors have avepr record of cleanability to
adequate levels. At low elevations in the coraneyroroughness could dominate. For
this source, refractors have a 10 times bettelopadnce than reflectors given a perfect
mirror coating. There is ample literature to swgigbat scattering in reflectors will be
dominated by point defects in the coating, whichldancrease the scatter by a factor of
3 or more over the microroughness values. Scattdrom imperfections in the bulk of
the refractor’s glass lens has been mitigated byatrailability of ultra-high purity fused
silica developed for the telecommunications industfhese seem negligible compared
to contamination and microroughness.
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