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ABSTRACT

The spaceborne Solar Mass Ejection Imager (SMEI) is scheduled for launch into near-earth orbit (>800 km) in early
2003. Three SMEI CCD cameras on the zenith-oriented CORIOLIS spacecraft cover most of the sky each 100-minute
orbit. Data from this instrument will provide precision visible-light photometric maps. Once starlight and other constant
or dowly varying backgrounds are subtracted, the residue is mostly sunlight that has Thomson-scattered from
heliospheric electrons. These maps will enable 3-dimensional tomographic reconstruction of heliospheric density and
velocity. The SMEI design provides three cameras, one of which views to within 18 degrees of the solar disk with afield
of view 60° long by 3° wide. Placed end-to-end, three fields of view then cover a nearly 180° long strip that sweeps out
the sky over each orbit. The 3-dimensional tomographic analysis requires 0.1% photometry and background-light
reduction below one S10 (the brightness equivalent of a 10th magnitude star per square degree). Thus 10™* of surface-
brightness reduction is required relative to the solar disk. The SMEI labyrinthine baffle provides roughly 10™ of this
reduction; the subsequent optics provides the remainder. We describe the baffle design and present laboratory
measurements of prototypes that confirm performance at this level.
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1 INTRODUCTION

Data from the two HEL|OS spacecraft' show that solar mass gjections can be viewed in Thomson-scattered visible light
and followed from the Sun’s outer corona to 1AU and beyond*®. The “Solar Mass Ejection Imager” (SMEI®* is a
logical descendent of this HELIOS heritage. SMEI will cover nearly the entire sky in visible light, each near-Earth 100-
minute orbit, and is designed to map large-scale variations in heliospheric electron densities. It will provide roughly 10-
fold improved angular and photometric resolution compared with HELIOS, and a fivefold faster cadence for full-sky
maps. In addition to providing up to three days advance warning of solar mass gection arrivals at Earth, SMEI will
resolve and track their evolution to well beyond 1 AU. In addition, it will image co-rotating structures™, coronal
streamers, density enhancements behind interplanetary shock waves, comets, and comet bow shocks™; it will map
irregularities in the zodiacal dust-cloud distribution; and it will search for near-Earth objects™.

SMEI uses three separate CCD cameras viewing away from Earth to cover most of the sky during each orbit. Each
camera views a 60° x 3° field of view (FOV) of the sky with a2 x 1 cm aperture and 4 sec exposures. The images are
frame-transferred and read out during the period of the next exposure. Each camera aperture is protected by a stray-light-
reducing baffle, whose design and calibration are the main focus of this article. The three cameras are aligned to view a
180° x 3° strip oriented perpendicular to the satellite’s velocity vector. SMEI is designed to ook within 18° of the Sun's
l[imb in the narrow dimension of its FOV. The 4 sec exposure time guarantees that a given place in the sky will be
covered by at least 12 frames each orbit, except for an excluded zone near the Sun, another with the Moon near the FOV,
and small regions near the four brightest planets. SMEI is presently scheduled for an early 2003 launch date. The satellite
to be employed, “CORIOLIS’, is part of the Air Force's Space Test Program and has a sun-synchronous, near-polar
terminator orbit at =800 km atitude. SMEI was designed and constructed by a team of scientists and engineers from the
U. S. Air Force Research Laboratory, UCSD, the University of Birmingham UK, Boston College, and Boston University.
Financia support is being provided by the Air Force, the University of Birmingham and NASA.

SMEI will forecast solar mass ejections heading toward Earth. Individual camera frames over an orbit will be combined
into a “heliospheric sky map” from which the unchanging stellar and zodiacal backgrounds can be removed.

490 Innovative Telescopes and Instrumentation for Solar Astrophysics, Stephen L. Keil, Sergey V. Avakyan,

Editors, Proceedings of SPIE Vol. 4853 (2003) © 2003 SPIE - 0227-786X/03/$15.00



Recognizable features, moving from one map to the next, directly provide a measure of angular velocity, which
determines two out of three velocity components provided an estimate of the distance is available. More powerful
analysis is required to fully quantify mass and velocity. Changing sky brightnesses measured from SMEI enable
tomographic reconstruction, determining the shapes of heliospheric structures in 3 dimensions by assuming a radially
expanding solar wind. These tomographic techniques have successfully mapped co-rotating heliospheric structures using
both interplanetary scintillation'®*® and Thomson-scattering observations from the HELIOS photometers'®%’. More
recently, “time-dependent” tomographic analyses have reconstructed 3-dimensional heliospheric structures from outward
plasma flow alone” and have modeled the arrival at Earth of both corotating structures and coronal mass €jections
(CMES)®. The improved quality of SMEI observations will greatly enhance this application of tomography to rapidly
evolving structures such as CMEs.

When observations are also available from similar other imagers deployed to deep space, true stereoscopic imaging
becomes possible, which eases the above assumption of purely radial expansion. When combined with solar observations
of flare brightenings, disappearing filaments, coronal-hole locations, magnetic fields, and additional heliospheric
observations such as velocity interplanetary scintillation measurements, the forecast capability of SMEI improves
considerably.

2. SIGNAL LEVELS

A slowly rotating low-Earth orbiter with significant light in each pixel allows a CCD detector to integrate the incoming
photons. This permits the signal to build up well above the CCD’s dtatistical-noise readout level. Consider first the
brightness range of objects within the FOV. The Thomson-scattered coronal light must be detected in the presence of
diffuse background from many sources: light scattered into the FOV from bright sources such as the Sun, Moon, or Earth;
the zodiacal light; and stars, individually as bright point sources or collectively as a contribution to diffuse sky brightness.
Figure 1 shows the surface brightness of starlight and the zodiacal cloud as a function of heliospheric elongation e.
Starlight varies by a factor of three above and below the “stars’ solid line in figure 1, depending on galactic coordinates.
The brightest sky is closest to the Sun; with SMEI’s coverage of [20° < ¢ < 180°, brightness ranges over about a factor of
50. Figure 1 also shows expected CME brightnesses. Solar mass gj ections ar e typically only about 1% of the ecliptic
zodiacal light. Thus, to study these, the effective dynamic range of the instrument must be at least 4 decades.

100000 —— —=a— Zodiacal light (ecliptic)
= I —B— Zodiacal light (high latitude)
_ | Stars

10000 — ¢ CMEs (HELIOS extrapolated)
- | —&— Ambient (density 10/cc)
N — — — Begin full SMEI performance

1000 — | ! g P

S =

i —

2 100 =

>y =

R o

g .

0 10 —= !

P} = [

E —

1 — !
= |
] |
0.1 L Y I A O

o

30 60 90 120 150 180

Elongation €, degrees
Figure 1. Surface brightness versus solar elongation, for zodiacal and star light, data taken from Astrophysical Quantities™, and of
expected coronal mass gjection (CME) brightnesses extrapolated from HELIOS measurements. A calculation of the brightness of an
ambient medium having a density of 10 electrons/em® at 1 AU and a spherically-symmetric inverse-square density dropoff with
distance from the Sun is shown for comparison. An S10 unit is the equivalent brightness of a 10" magnitude star in a square degree.
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The angular resolution is determined by the smallest sky bin in which heliospheric signals can be detected (at a 1-c level)
above the far brighter star- and zodiacal-light background. This occurs when the signal exceeds the noise for this bin. The
SMEI aperture is sized for known sources of noise to deliver a 1-o threshold of about 0.3 S10 units, averaged over a
single orbit with 1° x 1° sky bins. Thus SMEI offers a 3-¢ threshold of about one S10 unit per bin, good enough to detect
new heliospheric features occupying only a few bins at 90° elongation. About ¥4 of this error budget is due to the
counting-statistics shot noise. Most of the remainder comes from subpixel-response-gradient noise in the photometry®*%,
and from error caused by uncertainty in combining individual frames into a heliospheric sky map. The particular EEV
CCD chip chosen has in laboratory tests delivered the desired 0.1% differential photometry for SMEI images. The Sun’s
brightness at 1 AU is about —26 magnitudes, nearly 10™ times that of atypical CME at € = 90°. Thus the combination of
baffle plus optics for SMEI must reduce scattered sunlight by a factor of about 10™ for quantitative measurements and 3-
dimensional CME reconstructions.

Zodiacal light, the Milky Way, and other starlight are generally brighter than the desired variable Thomson-scattered
signa, and for 3-dimensiona reconstruction must be removed from the data. HELIOS found that zodiacal light is
unchanging in time and spatially smooth, to near the desired detection brightness threshold for SMEI. Knowing the sky
orientation of each data frame permits removal of this background light, by using either an empirical model or an average
from previous orbits. Stars are dealt with in a similar fashion. However, because stars are unresolved and highly
structured spatially on the sky maps, the location and orientation of each sky resolution element must be known to high
precision to enable an effective background subtraction.

3. BAFFLE-DESIGN BACKGROUND

CORIOLIS will be in a sun-synchronous terminator orbit. Since each SMEI camera views a large angle in only one
dimension, a dit-type baffle is employed. The brightest objects contributing background light are the Sun, Earth, and
Moon. From low-Earth orbit the Earth is ailmost as bright as the Sun and covers nearly half a celestial sphere. SMEI
controls background light first by pointing its cameras away from the Earth, and then by (usually) keeping the Sun more
than 20° from the FOV of the nearest-Sun-facing camera. The baffle design itself controls the remaining scattered light
from the Earth and Sun.

Stray-light control here employs a labyrinthine array of multiple apertures and septa to restrict stray-light access to the
main optical system aperture®®?’. The baffle surfaces are suitably blackened to dispose of, rather than scatter, most of the
stray light. Such surfaces typically reflect 1% or less of the incident light, and re-radiate the residue isotropically (a
Lambertian distribution)®*. Further, when one or more outer sections of the labyrinth are brightly illuminated, light
scattered from the aperture edges diffracts over subsequent apertures and some of this finds its way through the baffle™.
Of the overall SMEI specification, namely a 10™ total stray-light surface-brightness reduction in the FOV relative to the
Sun, the baffle provides 10™°, and the subsequent optics an additional 10°°. Such stringent rejection factors are difficult to
achieve, even with much smaller FOVs™, and reaching this goal has received close attention from the very beginning of
SMEI design. The baffle employs 9 rectangular apertures including the optical pupil. We distinguish here between
principal and secondary apertures’, where the former define the entrance and exit planes of the “baffle stages’, and the
latter are placed within stages to block light that would otherwise have a single-scattering path off the bottom of the
septum structure connecting these planes. The next section describes an analytic method for optimally locating and sizing
a secondary aperture.

4, A SIMPLE SINGLE-STAGE BAFFLE

Consider two parallel planes separated by distance d and having square aperture holes with openings of half-size
respectively x; and x,, centered on a normal to the planes. Illuminate aperture #1 with surface brightness Iy at angle 8
relative to the normal. Assume the remainder of the planes each has reflectivity R << 1 and that & islarge enough that no
incident light directly illuminates aperture #2. Finally, assume that negligible light diffracts past aperture #1 and then
passes through aperture #2. In this case, light that does find its way through aperture #2 is dominated by a first scattering

" Note that the present concept “apertures’ is elsewhere in the literature called also “baffles”, “vanes’, or “glare stops’ 23,
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from plane #2, a re-scattering from plane #1, and the angles such that the twice-scattered light then passes through
aperture #2. Total transmitted light I, is thus given by:

Iy = 1y (2x)% cos@ R? Q;Q,/(2m)? 1)
including incident light, projected area (cos 8 obliquity), and finaly for each scattering both an R and a geometrical
factor (steradians). To make eq (1) exact, the Q;Q, term should be a double integral over angular domains of both

scatterings, convolved with a step function to represent the double scattering successfully passing through aperture #2. Eq
(1) approximates these as separable average factors. Carrying this approximation further:

Q; = cos’6 , Q,= (2x)%/d?> )
where Q; represents the probability that the first scattering of a particular ray returns it to a place on the back surface of
aperture #1 relatively near to its opening, and Q, is the average solid angle of aperture #2 as viewed from that place.
Combining egs (1) and (2):

I, = (4/7%) 1y (X% /d)%cos>8 R®> . A3)
Here the R? term represents the presence of two scatterings; and cos® @ represents the original obliquity plus two more

powers for the diminishing solid angle subtended by the first scattering, for light to head back near aperture #1, where the
second scattering has a decent chance of reaching aperture #2.

Practical size and mounting limitations usually dictate a finite transverse extent to the aperture structures rather than the
above infinite planes. Aperture planes are now attached to one another by a septum, whose bottom interferes with the
validity of egs (1- 3) by introducing paths whereby some light can, with only one scattering, pass through the second
aperture, when @ is large enough that the septum bottom is illuminated. The double-scattering criterion can be restored
by the addition of a secondary aperture, provided the septum is not too shallow. Figure 2 shows a typical single-stage
baffle.

o—

@

Figure 2. Two simple baffles, one without and one with a secondary aperture, which illustrate control of the single-scattering-from-
a-septum path. (8) Two primary apertures and a septum: alight ray incident at a wide angle 6 through aperture #1 at the top, scatters
once from the septum (right) and then passes through aperture #2 at the bottom. (b) Addition of a secondary aperture, whose size of
opening X and vertical position ds is defined by the intersection of the two finely dashed lines. This secondary aperture completely
blocks aperture #2 from viewing the septum above, and aperture #1 from illuminating the septum below, thus restoring the
reguirement of a double scattering, for wide-angle light to reach aperture #2 from aperture #1.

The opening size x; and displacement d; of this secondary aperture are given by
X12 + 2X1X3 + X32

1 dS:d . (4)
(X +X3)( X + X +2X3)

X = X32—X1X2
S X1+ X +2x3

The requirement that this aperture be truly secondary, i.e. not protrude into the pyramidal volume defined by apertures #
1 and 2, becomes
Xs > X (X —xz)dg/d . (5)
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When eq (5) is not satisfied, single-scattering paths may yet be avoided with more than one secondary aperture and/or a
pyramidal septum.

Confirmation of eq (3) and the above secondary-aperture reasoning, for the case of the particular apertures and spacing
illustrated in figure 2, is made by numerical calculations using the ray-tracing program “ZEMAX” %, Figure 3 shows the
results. These calculations also show that two scatterings effectively smear the light passing through aperture #2 over a
wide range of angles, although most of this light is headed away from the particular region directly illuminated by the
incident light. Thus, when combining severa stages to make a complete baffle design, the average wide-angle light
rejection for second and further stages can simply multiply the first-stage graph, the analog of figure 3 for a given design.

—O——— Infinite Septum depth
—@—— Figure 2a (finite septum depth)
——+—— Figure 2b (add secondary aperture)

10+#

10°°

Fraction I./1,

10

107

108 \H\‘\H\‘HH‘HH‘HH‘HH‘HH‘HH‘HH‘HH‘HH‘

20 25 30 35 40 45 50 55 60 65 70 75
Incident angle 6, degrees

Figure3. Fractiona light transmission versus angle for the single-stage baffle geometry illustrated in figure 2, with R = 0.01 and
normalized to unity at 8 = 0°. Overlap between the two apertures dropsto zero as 20° < @ < 30°. Abovethis, eq (3) isvalid for the
infinite septum case (open circles), and I, /I, plummets due to the R? term; at larger angles the cos® @ term causes a further slow
dropoff. For finite septum depth (closed circles), eq (3) holds until & > 36° when the septum bottom is illuminated and a single-
scattering path opens up. Starting here, performance degrades with increasing 6, due to the loss of a factor R cos® 6. Performance is
almost restored with the addition of a secondary aperture (crosses), but not quite, due to the loss of acos’ 8 termin Q; and increased
Q, from shorter scattering paths.

5. SMEI APERTURE PLACEMENT

Primary apertures in a baffle configuration are positioned such that each successively masks the light from entering the
aperture opening in the plane below it*?’. The present SMEI design began with an evaluation prototype for the WIND
spacecraft®. This had a 1.27 x 1.27 cm rear opening, a60° x 3° FOV and a Martin Black interior coating®. In its narrow
dimension, a second stage cut off light at ©, > 22.5° from the baffle centerline, and a third stage at ©, > 60° provided
more rejection’. Available spacecraft volume limited the design in the wide dimension to two stages, with the cutoff
beginning at ©, > 60°. This baffle's measured reduction for ©, > 22.5° was % x 107, about as expected. Its design
calculations used the size of source and collector pairs (septum bottoms and apertures), the distances between them, the
amount of incident light, and assumed reflectivity R, to determine the amount of light reduction at each reflection surface,
similar to the method of section 3 above.
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After this WIND-prototype performance confirmation, a brute-force parameter search evaluated 10° cases within the
overall envelope, and found aperture positions optimized in the baffle’s narrow dimension, a2 x 1 cm final aperture, a
second stage starting at ©, > 19.5°, and a third at ©, > 54°. At the edge of the FOV these reduced angles enabled |ooking
as close as 18° to the Sun’'s limb and improved stray-light rejection. Aperture vanes were simply continued around in the
baffle’s wide dimension with both “stages” cutting in at ©, > 58°.

To complete the SMEI baffle design, secondary apertures were added to block septum-bottom scattering paths (figure 4).
Aperture Z2 was placed in both dimensions by the method described in section 3 above, but apertures Z4 and Z5 only in
the narrow dimension; their vanes continued around in the wide dimension as for the primary apertures above. The
remaining apertures, Z1 and Z7, only partialy cover their respective septum bottoms and are thus not dominant
contributors to the SMEI baffle performance. Only the innermost stage of the baffle achieves full performance in the
sense of the previous section, by requiring double scattering as defined by eq (3). Each outer stage individually has some
single-scattering paths, athough the solid angle for these is significantly reduced by the secondary apertures and the dlit
design style. With light incident at a sufficiently large angle that any outer stage is operational, 3-scattering paths are
sufficiently rare that the combined contribution from 4-scattering paths is not much smaller, even though the 3-scattering
paths benefit from having one fewer factors of R.

Having 4-scattering paths with R = 0.005 insures overall flight-baffle performance near 10, close to the desired SMEI
specification, given the absence of other processes. However, the geometric scattering and solid-angle method above
neglects diffraction over the aperture edges. When aperture-edges Z6, Z5, or Z4 are directly illuminated, areduced (by R)
intensity scatters off the edge, some of which heads towards Z0 and passes close to the edge of aperture Z3. A
diffraction-deflection of only a few degrees for light originating from Z6 enables entry through Z0. In the SMEI design,
the Z5 aperture size was enlarged a few millimeters over the value indicated by section 3, but its spacing (ds) in the Z
direction retained, to reduce its diffraction contribution and thus improve performance when ©, < 30° and the Z5 edge is
illuminated. This compromise cost little in overall baffle performance because the portion of the septum bottom thus
opened up to direct viewing through the Z3 aperture is always shadowed from direct illumination by its Z6 vane anyway.
Figure 4 shows the SMEI baffle layout in both narrow and wide directions, Table 1 lists the aperture-opening sizes and
spacings, and figure 5 is a photograph of the prototype baffle prior to application of the Martin Black interior surface.
Aperture Z0 is rectangular for the present calculations, but is in reality a more complicated shape, similar to a racetrack
having Table 1's length and width, and a corner radius of 0.425 cm.

Aperture (vane) number aperture half-length X aperture haf-width Y spacing relative to Z0
Z0 1.00 0.50 =0.00
Z1 5.08 2.54 1.29
Z2 4.57 1.65 3.85
Z3 6.76 0.99 9.46
Z4 10.16 1.96 11.51
Z5 12.10 2.35 14.07
Z6 16.87 3.17 21.27
zZ7 19.76 5.08 24.27
Z8 22.40 5.51 27.75

Table 1. Dimensions and spacings of the SMEI baffle apertures. X,Y are the wide and narrow dimensions and Z is along the baffle
centerline. All apertures are rectangular. Units are centimeters.

The SMEI baffles are machined with a 30° bevel tapering down to a blunt edge 0.25 + 0.05 mm in width. Applying
Martin Black rounds this edge to a cylindrical shape approximately 0.1 mm in radius. The vane edges are sufficiently
small that direct edge-to-edge scattering (as distinct from the diffraction just discussed) is negligible. Breault discusses
the choice of orientation for the bevels on the vane structures®’. The SMEI bevels all face towards Z0 except Z0 itself,
whose bevel faces outward towards the incoming light.

We have previously presented a convenient graph for evaluating diffraction behind a single knife edge®, derived from the
treatment of Born and Wolf*. Here a dimensionless variable W describes the geometry of a particular calculation. Light
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diffracting over Z3 and passing through Z0, coming from respective Z6, Z5, and Z4 apertures in the narrow dimension,
has W = 10, 40, and 70. The intensity reductions read from the graph (compared with what they would be in the absence
of Z3) are respectively 5 x 10 3 x 10°°, and 1 x 10°°. Z0 subtends about 10 steradians from these. Theilluminated area
of a Z6 vane is about 0.25 cm?, R = 0.005, and the resulting overall stray-light intensity I, /1, is about 10 for Z6, and
smaller O W for the others. Larger values of W in the wide dimension render diffraction over Z3's short side
unimportant.

(@) Narrow Dimension

76 Z7

Z0

Baffle Centerline

0 10 Cm. 20 30

(b) Wide dimension

Baffle Centerline

Figure 4. SMEI baffle design. Aperture numbers Z0 to Z8 advance with distance towards incident light along the baffle centerline.
The strategic primary apertures are Z0 (rear of 1st stage and pupil of the subsequent SMEI optics, located out of sight off to the left
here), Z3 (2nd stage rear), Z6 (3rd stage rear), and finally Z8 (3rd stage front). In the wide dimension the Z3, Z6 and Z8 edges line up,
so here the “2nd stage” of the baffle extends from Z3 to Z8 and includes Z6. Secondary apertures Z4 - Z7 are placed between Z3 and
Z8 to block illumination and/or viewing of the septum bottoms, as described in the text.
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Figure 5. The SMEI prototype baffle, prior to application of the Martin Black surface. Left: front entrance, viewing along the optical
axig/baffle centerline and showing the interior aperture structure. Right: oblique view showing front apertures and septum bottoms.
The scaleis 15 centimeters. This baffle, and the flight baffles were manufactured at the University of Birmingham, UK.

6. CALCULATIONS AND LABORATORY MEASUREMENTS

3.2 x 3.2 cm samples each received a Martin Black coating when a SMEI baffle was coated. Their reflectivity was
measured at normal incidence by shining a laser beam onto the sample and viewing reflected light with a CCD camera.
The apparent brightness of the reflected spot is then compared with the spot brightness when the sample is replaced by
white paper. Measured reflectivity for the prototype baffle’s Martin Black is about 0.01. The SMEI flight baffles have
0.005, in better agreement with the manufacturer’ s specification sheet®.

The prototype above, after blackening, was mounted in a HEPA-filtered workstation in a darkened clean room at UCSD.
Its field of view was mostly covered by two 100 x 120 cm black-velvet panels placed just outside the workstation, a
distance of 142 cm from the front of the baffle. A CCD camera just behind the baffle looked through the Z0 aperture to
view either 2 or 7 cm? of the Z3 rear depending on whether a 52 or 28 mm focal length camera lens was used. Subsequent
SMEI optics reject stray light whose last scatter within the baffle is further than about 1 cm from the edge of the Z3
aperture hole. A 1 cm wide band around the hole in Z3 has 35 cm® Thus measured total diffuse light on the CCD was
scaled by the ratio of areas (18x or 5x) to deduce relevant stray light passing through Z0 from Z3; this rear-band
brightness was uniform on Z3 within a factor of two. This method excludes light reflected further out on Z3, or from Z2
or Z1. Thiswider-angle light is roughly % of the total passing through Z0, unimportant for SMEI, but it isincluded in the
full-baffle-performance cal cul ations below.
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Various portions of the prototype-baffle interior were illuminated by laser and the increase of surface brightness on Z3
measured. Total laser intensity was measured by directly shining the laser into the camera, with appropriate neutral-
density filters to control saturation. The black-velvet wall disposed of light scattered back out the front of the baffle; its
reflectivity was about 10°. We note in passing that another type of velvet suitable for space deployment has been
developed®, and we measure a small sample’s reflectivity to be also about 103, The clean room environment was vital
for controlling the exposure of the baffle to dust during the measurements. It also reduced the number of CCD data
frames (roughly a 100-fold reduction, down to 1 frame in 3) that were ruined by light scattering into the baffle from one
or more large airborne dust particles that happened to be illuminated in the incident-light path. When this happened we
simply took another picture.

The SMEI flight baffles were measured in a clean room at the University of Birmingham having a similar black-velvet
wall to occupy the FOV. The procedure differed somewhat for these baffles because optics and CCDs were aready
attached, and do not normally view the rear of Z3. To remedy this, a 10° wedge prism was inserted just behind Z0; the
choice of its four possible orientations determined which edge of Z3 would be in view within the FOV. The CCD chip
was aso displaced 4 to 5 mm further than normal from the optics to put the Z3 edge in focus. As with the UCSD
measurements, the measured brightness was scaled by a suitable factor to include the whole illuminated Z3 area.

The laser was set to illuminate a spot several millimeters from the long edge of vane Z2. The light then scatters twice in
order to pass through Z0. This case is similar to the situation in figure 2b, a single-stage baffle and secondary vane.
Measured fractional rejection is about 10°® for the prototype, roughly as expected from eq (1) when omitting the (2x,)?, so
| istotal laser intensity, and using R = 102, Q; = 0.3, and Q, = 10 Rejection is %2 to ¥ of this for flight units, again as
expected given their smaller R. This apparent fractional rejection must be multiplied by the ratio of Z3 to Z0 aperture
areas (about 15x) to relate it to baffle performance when incident light fills the Z3 aperture.

The above measurement checks two-scattering performance in the first stage of the baffle when a laser beam is directly
deposited on Z2. A similar check has illumination incident more realistically through the Z3 aperture. This was enabled
by a 6 mm diameter paper disk (made of good-quality white bond using a hole punch) attached to a black thread. The
disk and thread were manipulated through the baffle-front opening, carefully to avoid damaging the Martin Black
surfaces, to deposit the disk at various locations on septum bottoms between Z5 and Z8, at the wide-dimension baffle
ends. This disk increases the scattered light 40-fold when illuminated with the laser. The increased brightness enables the
detection of a diffuse glow on the rear of Z3, but only when the illuminated disk has a direct view of the Z3 opening. Out
of concern for the disk manipulation damaging the Martin Black surfaces, this measurement was omitted on the flight
units. Measured fractional rejection here is about 4 x 10™%°, again about as expected, given the [0.1 steradians solid angle
subtended by the Z3 hole when viewed from typical paper-disk locations. Total rejection inferred for a three-scattering
path here is 10", when dividing by the 40-fold increase from the paper disk. The corresponding baffle-performance
requires multiplying this by the ratio of the septum-bottom area illuminated at a given [Oy , ©,] to the ZO aperture area, a
factor ranging from O to 60 depending on the incident angles.

A bright line appears on the edge of Z3 when the laser beam illuminates a spot on a long edge of vanes Z4, Z5, or Z6.
This bright line's apparent length on Z3 is proportional to the CCD camera’s aperture size, as expected for diffraction,
while the length of areal scattering upon Z3 would be independent of this. For Z6, the amount of light detected is about
4 x 10 of the laser light. This is about as predicted, multiplying the {5 x 10 diffraction-intensity reduction for Z3 and
Z6 (see the previous section just below table 1)} by 10? x 10 x 10, respectively factors of R, of solid angle for the
light to scatter towards Z0, and finally the Z6 edge (0.1 mm wide) intercepting only a portion of the laser beam.
Diffraction when illuminating Z5 or Z4 is respectively less by factors of 5 and 25, again roughly as expected. Diffraction
measured with Z6 illuminated for the flight units was about ¥ that of the prototype. This is a bit better than expected
given their reduced value of R. Since the equivalent area of a laser-beam-width x the length of a Z6 vane is comparable to
the Z0 aperture area, flight baffle performance is about 1 x 10°° when along edge of Z6 is illuminated and light diffracts
over Z3. Even though it seems to emanate from the edge of Z3, the diffracted light passing through ZO is highly
anisotropic. Its intensity is about tenfold reduced from the above, for the portion encountering the next SMEI optical
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element past Z0, and thus in effect is rendered comparable to the three-scattering performance discussed just above, even
though the figures presented just below include diffraction at this higher level.

The prototype baffle was also checked using a 14 x 14 cm parallel white-light beam. This light source is not bright
enough to produce a measurable diffuse illumination on the rear of Z3 unless ©, < 58° and ©, < 20°, so some light passes
directly through the Z3 aperture. Diffracted light, concentrated upon the edge of Z3, was observable at larger angles.
Full-performance values were checked at three incident angles [0y ,©,] = [0°, 45°], 5 % 10 [45°, 0°], 5.5 x 10"; and
[70°, 0°], 4 x 10™°; all these are in good agreement with the laser measurements.

Performance for this baffle design was originaly evaluated using APART®, and more recently calculated using
ZEMAX®, As explained above, this article presents calculated full-baffle performance for all the light scattering through
Z0, even though much of this is at wide angles and easily rejected by the subsequent optics. Figures 6 and 7 present
results of the ZEMAX calculations, with R = 0.005.
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Figure 6. Stray-light rejection as a function of ©,, the incident-light direction across the FOV narrow dimension, for light incident at
O, = 0° calculated by ZEMAX. Fractional transmitted light is normalized to unity at 0°, asin figure 3. As ©, increases from 0°, 1, /I,
drops off slowly at first, but then rapidly as the illuminated rectangle behind aperture Z3 overlaps less and less with the opening in ZO0.
At O, = 9° the overlap disappears and a ray must scatter twice to pass through Z0. When ©, > 19.5° the overlap between Z3 and Z6
disappears and a third scattering is required, usually from a Z6, Z7 or Z8 septum bottom, see figure 4b. Light scattered from Z6 and
diffracted over Z3 into Z0 is also shown here (dashed line); this dominates baffle rejection rather than multiple scattering, although
not by alot, for [(20° < ©, < 54°. This plot and the next do not include the obliquity, here an extra factor of cos ©,. The smooth curve
isused in generating figures 8 and 9. ZEMAX ray-tracing calculations include 1 — 3 x 107 rays for 20° < ©, < 54°, and 108 rays for
0, >54°,

o
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Figure 7. Similar to figure 6, but now exploring ©,, the wide dimension, with ©, = 0°. Two-scattering paths dominate for 40° < ©, <
58° and three-scattering paths above this. Diffraction over the Y-portion (the narrow dimension, see table 1 or figure 4b) of the Z3
aperture is negligible here, but diffraction over Z3 must be included for the X-portion of Z6 that isilluminated (dashed line).

7. CONCLUSIONS AND DISCUSSION

Figures 8 and 9 extend the results of figures 6 and 7 (incorporating the diffraction and including several extra ZEMAX
calculations having both incident-light angles nonzero) to cover the whole range of [©,,0,]. An appropriate cos Og
obliquity factor is now included, where cos ©g = cos O, x cos ©,. We caution, however, that these results include all
light passing through Z0, even though the laboratory measurements above include only light diffracted past Z3 or with a
last scattering within the 1 cm wide band around the opening on the rear of Z3. Strictly, the overall SMEI stray-light
rejection includes also the further light rejection of the subsequent optics, which is especially effective at eliminating the
wider-angle light passing through Z0.

SMEI will be capable of tracing solar mass g ections, corotating regions, and shock waves through the heliosphere and
forecast the arrival of heliospheric features at Earth in near real time. The HELIOS results provide the heritage for SMEI.
SMEI represents an effective instrument architecture for near-Earth measurements. The labyrinthine-baffle design
described here may be heavy for deployment to deep space. We have invented an alternative approach, appropriate when
slightly more than a hemisphere free from illuminated obstructions can be made available on the spacecraft®*"*. This
technique views within several degrees of the Sun, much closer than the labyrinthine baffle described here, and is
significantly lighter in weight. The SMEI concept has passed major milestones in design, prototype construction and test,
and delivery of flight hardware for integration. We look forward to a successful launch and the onset of inflight data.
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