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ABSTRACT

We have fabricated a diamond-turned low-mass version of a toroidal mirror which is a key element for a spaceborne
visible-light heliospheric imager. This mirror’s virtual image of roughly a hemisphere of sky is viewed by a conventional
photometric camera. The optical system views close to the edge of an external protective baffle and does not protrude
from the protected volume. The sky-brightness dynamic range and background-light rejection requires minimal wide-
angle scattering from the mirror surface. We describe the manufacturing process for this mirror, and present preliminary
laboratory measurements of its wide-angle scattering characteristics.
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1. INTRODUCTION

The Solar Mass Ejection Imager (SMEI)' has been providing precision photometric all-sky maps since its launch early in
2003%. These SMEI maps, when the roughly 100x background of starlight and zodiacal light are properly removed,
consist mostly of sunlight which has been Thomson scattered from heliospheric electrons. Time series of these
subtracted maps have tracked coronal mass ejections (CMEs) from Sun to Earth®*, and have demonstrated the potential
of such instruments to forecast Earth-directed CMEs well in advance of their arrival*’. Over its more-than-six-year
lifetime, SMEI has also observed considerable unexpected aurorae above its 840 km altitude’, comet-tail motions
induced by the passing solar wind””, and changes in the Gegenschein brightness'®. Moreover, the background-subtracted
SMEI data, when input to the University of California, San Diego (UCSD) three-dimensional (3D) reconstruction
process, provide 3D heliospheric-electron density and velocity volumes over much of the inner heliosphere''™"?; direct
measurements by in-situ spaceborne instruments have confirmed results from this 3D reconstruction method '*'*,

Although SMEI continues to provide high-quality near-all-sky photometric data, it is appropriate at this time to consider
future directions for this type of instrument. The need for precision measurements of heliospheric electrons is likely to
continue, both to provide forecast capability for “space weather”, and to further deepen our understanding of the physical
processes affecting the solar wind between Sun and Earth. SMEI is the best design we know for this type of instrument
in low Earth orbit; however SMEI data often suffer significant interference with particle-hits from the South Atlantic
Anomaly and the auroral ovals, together with the auroral light itself. A SMEI follow-on would offer improved coverage
and performance if located further from the Earth, for example in deep space at one of the Lagrange points, or as a “free
flyer”. A practical instrument design for reaching such deep-space locations requires a considerable reduction in mass
cornpam(li8 l\)9vith the three SMEI cameras, and has been developed'>!” (and proposed) for a variety of deep-space
missions .
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A key element in this design is a slightly curved corral which provides many decades of stray-light reduction'” within its
protected volume, even when light incident from bright objects is only a few degrees below its plane, and thus outside of
its “field of regard” (the hemisphere above the corral). A second key element is a hemispherical imager which views
down to the edge of the corral but does not protrude above its plane'®. This article describes the manufacturing of a low-
mass mirror suitable for such a hemispherical imager, and preliminary measurements of the stray-light scattering of its
diamond-turned surface.

1.1 A low-mass hemispheric imager design

Figure 1 presents a schematic diagram of an imager such as described earlier. For its simplest heliospheric-observing
application, the Sun and other bright objects such as illuminated spacecraft appendages must be placed at least a few
degrees below the plane of the imager, and the optical system situated within views the hemisphere above the corral.
Normal “fisheye” lenses tend to protrude above the plane of the corral, or if placed further down within the darkened
volume, are unable to view close to the edge of the corral. In some cases, less than a full hemisphere field of view may
be adequate, although one usually wants the field of view looking as close as possible to the Sun. In these cases, some
illuminated spacecraft appendages or other bright sky objects other than the Sun may acceptably protrude into the field
of regard, given that suitable secondary means are then provided that reduce any scattering of this light into the desired
field of view down to an acceptable level.

A corral removes stray light
originating outside of the
hemisphere of sky being viewed

A virtual image is created by a
mirror-and-lens combination, <=
that i located just below it, of the
hemisphere of sky above the imager

Secondary lens re-images virtual sky
onto detector plane below

CCD/APS-type detector records
image of the hemisphere of sky

Fig. 1. Cutaway layout of a corral and visible-light optical system covering a hemispherical field of view. The
device is suitable for both imaging and precision photometric measurements of heliospheric structures
which are made visible by Thomson scattering of sunlight from heliospheric electrons. This lightweight
design is also suitable for deployment to deep space (this figure is adapted from Ref. 19).
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1.2 Low mass diamond-turned mirror

Most of the hemispherical field of view in this design is provided by the mirror centered in the corral, which covers the
sky between 45° and 90° from the optical axis. A major concern is that light from bright objects in or near the field of
view that would not normally reach the secondary lens aperture, might scatter into it from the mirror/corral interior, and
thus increase stray light reaching the detector. Compared with a conventionally turned and finished mirror, a diamond-
turned finish significantly reduces such wide-angle scattering. A hemispherical field of view of the sky inevitably
contains bright planets; at L; these may include Earth and the Moon. Moreover, the sky within a few degrees of the Sun
is much brighter than it is at 90°. When employing sky maps for the 3D reconstructions of heliospheric density and
velocity that presently are one of the UCSD main heliospheric analysis products, our experience with bright planets in
SMEI has shown that a 10” scattering surface-brightness reduction in the optics begins to be adequate and that 10 is
quite satisfactory. The diamond-turned mirrors for SMEI were manufactured by some of the present authors.

In order to minimize the mirror mass, the present design removes most material from within it (see figure 2), down to a
minimum thickness of 0.2 + 0.05 cm. Thinner than this, we felt, might cause the interior flange and mounting pads to
“show through” to the diamond-turned surface. The resulting final mirror mass is 483.5 gm.

Fig. 2. The lightweight mirror before diamond turning and (for the interior) black anodizing. This size of mirror
was chosen to provide 0.1% photometry, within an hour’s integration time and a 1° x 1° sky bin, at about
90° elongation from the Sun, at 1 AU.
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1.3 Manufacturing details

Inevitably, diamond-turned mirrors that are not “post-polished” retain furrows at the tool-advance spacing; these furrows
increase the point-spread-function size, through constructive interference can increase stray-light scattering at certain
locations within the field of view, and at large angles through reflection off the tops of the furrows. Post polishing can
increase the large-angle scattering, so we have avoided that here. On previous projects the manufacturing of a strongly
curved optical surface required motor steps along both X and Y dimensions with the stage moving the tool. This turned
out to be extremely demanding for the low-scattering optical surface desired here. Tool motion in both dimensions
resulted in small surface non-uniformities compromising wavefront and increasing scattered light. These limitations
caused a search for a different approach. To minimize the above defects, the mirror surface here is toroidal, and the
diamond-turning tool is mounted so as to move around the generating circle, thus having a “one dimensional motion” as
when making a flat mirror. Generating the mirror surface using a smooth curve or radius can improve the surface quality.
The challenge here is to diamond-turn a strongly-curved “volcano” shape, and yet retain low-scatter and optically-
smooth wavefront.

Turning a lightweight toroid with a nominal 0.2 cm wall thickness, 24 cm base diameter, 8.5 cm height and a 8.9 cm top
opening has many challenges. When manufacturing the optical figure one considers the accuracy and material desired.
Are the capabilities such that the mounting-fixture tolerances are adequate to retain figure for the duration of the
process? Is the material adequate to maintain the figure during the cutting and after release from the mounting fixture?
The design of the lightweight substrate and tooling has to be able to maintain optical figure and withstand the cutting
forces. The substrate material chosen here is aluminum 6061-T6, QQ-A-225/8, selected free of voids or impurities which
could compromise the resulting surface quality. Anodizing the interior surface not only reduces any chance of additional
light being scattered. It makes the substrate easy to mount and remount during the process. Therefore the anodizing is
done prior to cutting the optical surfaces. The bare aluminum surface is then protected from marks and galling that
would otherwise diminish our ability to maintain the tolerances needed. Any stress introduced from the process is then
also removed once we turn the optical shape.

Cutting this optic required establishing the radius of the arc along which the cutting tool moves, its center of rotation,
and the alignment of the plane of the tool arc. Due to the thin wall, normal mounting or clamping was not feasible or
prudent. Several auxiliary fixtures had to be produced to define and include the reference points for the critical location
of distance, radius, height and plane. Cutting with a constant speed motor drive starting at the tip of the cone and
progressing to the base results in a surface speed change of approximately a ratio 2.3x. This required some compromise
regarding cutting depth and speed. Experiments with cutting forces and tool position on a similar curve allowed us to
choose the best parameters for the final cutting of the optic. The grain direction of the substrate was also considered. The
beginning of the cut was near perpendicular to the grain while the ending of the cutting action approached being parallel
to the grain.

Once finished the mirror was cleaned with liquid soap and water, rinsed with Isopropyl alcohol and air dried in a clean
laminar flow table. Over coating of the mirror with SiOx was done to protect the Al surface once finished. The optic was
rotated about the axis of the cone and positioned such that the source was normal to the center of the arc. Choosing the
optimal distance and minimizing the surface’s angular deviation from the source allows for a uniform film thickness,
minimizing any change in reflectance over the curved surface.

2. RESULTS

A very qualitative evaluation is provided by simply looking, in bright sunlight, at both the diamond-turned mirror and a
conventionally turned one. Figure 3 shows such a comparison. The conventionally-turned-and-polished mirror has a
bright line caused by sunlight reflections off the tops of the turning furrows. These are absent from the diamond-turned
mirror. Further evaluation of the mirror’s scattering properties takes place within our clean-room HEPA-filtered
workstation (figures 4 and 5). The beam from a Neon-Helium laser illuminates the mirror, and the brightness of the spot
upon it evaluated using neutral-density filters and, with care, the eye as a photometer. The spot is seen to have a
component of near-Lambertian scattered light at ~1/3 the surface brightness of Martin Black®, when a sample of the
latter is placed in the laser beam just before the mirror. Our prior experience with this black surface’' indicates that here
about 107 of the incident light enters this Lambertian component. Its brightness changes little with illumination location
on the mirror and incident angle. The spot visibly brightens when one’s viewing angle approaches the direction for
specular reflection; it is ~3x and 10x brighter respectively at scattering angles of 20° and 10° than it is at large angles.
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Fig. 3. (a) Conventionally turned mirror for a visible-light hemispherical optical system'® (and also presented
upon the cover of that issue of Applied Optics). Here, and in (b), the reflection of the Sun is placed just off
the mirror to the bottom right. (b) Same configuration and photographic exposure, but for the diamond-
turned mirror. The prominent reflected-Sun bright line in (a) is visibly absent in (b).
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Viewing Screen

\\\Prototype SMEI Baffle

Fig. 4. Schematic plan diagram of the stray-light measurement setup within the UCSD clean room. The mirror
being tested remains within the HEPA Workstation and is illuminated as shown by a laser beam. The
Aperture Screen removes laser light outside of the main beam. Specular-reflected light passes through a
hole in the Viewing Screen and is absorbed into the SMEI Prototype Baffle. Stray-light scattering by the
mirror illuminates the viewing screen, where it is recorded by the SMEI Prototype Camera (§ 2.2), or by a
smaller digital camera placed immediately in front of it (§ 2.1).

2.1 Scattered-light photographic measurements

A more quantitative evaluation of scattered light is provided by measurements utilizing our setup as shown in figures 4
and 5. Here the contribution to scattered light is small from dust particles in the air, and the diamond-turned mirror can
be left for weeks within the work station without picking up significant contamination. We first present results using a
digital camera. This is advantageous because in a single image it presents a qualitative evaluation of stray light scattered
by 2° to 20° from the specular-reflected beam. Our photometric camera (next section) provides the best quantitative
scattering results, but over a more-restricted field of view.
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Viewing Screen

Aperture
Screen

Fig. 5. Photograph of the clean room setup used for the measurements presented here. A specular-reflected laser
beam is drawn in to highlight the light’s path. Light scattered by more than about 2°, out to about 20°
becomes visible on the white paper placed upon the Viewing Screen, where it can then be photographed by
a conventional digital camera or photometrically recorded using the SMEI Prototype Camera.

The hole in the Viewing Screen was covered with white paper, and the specular-reflected light pattern photographed with
a Canon PowerShot G10 digital camera. This is shown in figure 6(a). The scattered-light pattern with the hole open is
shown in figure 6(b). For these, the laser spot was placed about halfway between the mirror’s wide base and narrow
opening. To extract qualitative brightness information from figure 6, we have used a photo-editing program to determine
fractional brightness relative to “full scale”, the maximum reading in the picture’s 8-bit digitized result. In (a), peak
brightness is ~0.8 and roughly 45,000 pixels are above 0.4. Thus, were all the specular-reflected light in (a) to be
combined into one pixel, its brightness reading would be 3.6 x 10", Differing exposure times introduce a factor of 3750
between (a) and (b), so scaling this number to (b) yields 1.35 x 10°. In (b) at the edge of the viewing screen, a ~20°
scattering angle, the brightness per pixel above background is about 0.05 of full scale. Thus the ratio in brightness of a
single pixel at this angle to the surface brightness at the center of the specular-reflected spot in (a) is about 3.7 x 107

Scattered-light surface brightness increases towards smaller scattering angles nearer the center of the screen. At a
scattering angle of 4° (about twice the radius of the hole), the increase is ~5x for scattering parallel to the furrow
direction and ~10x% for scattering perpendicular to the furrow direction (respectively, the vertical and horizontal axes in
fig.6(b)). A residue of interference fringes from the turning furrows is barely visible as short vertical lines distributed
along a horizontal line in the middle of the picture.
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(a)

(b)

Fig. 6. Reflected light on the viewing screen as recorded by digital camera, with settings /2.8 and ISO1600.
Here the gray scale goes from zero (white) to full brightness (black). (a) The specular reflected spot on
white paper (filling the hole) and a 1/250 sec exposure. (b) The hole open as in fig. 4, and a 15 sec
exposure. Here the direction of scatter parallel to the diamond-turning furrow direction is roughly vertical,
perpendicular is horizontal, and the scattering angles between the main spot (center of the hole) and the
left- and right-hand edges of the viewing screen are about 18° and 22° respectively. Faint rings roughly
concentric with the hole and of about twice its radius are artifacts of diffraction by the opening in the
aperture screen. In (b) a background (of light from the screen going out into the room and re-scattering
back onto the screen from objects there) about 0.07 of full brightness, is visible right and left beyond the
edge of the viewing screen. The irregular boundary near the edge of the picture below left is caused by
shadowing by the SMEI vacuum tank’s mounting rails, and the round shadows toward the left edge by the
tank’s plumbing valves.

2.2 Scattered-light photometric measurements

The SMEI Prototype Camera provides our best quantitative results; it was used to certify the 0.1% photometric
capabilities of the SMEI optics and CCD detector. Its surface-brightness measurements are in analog-to-digital units
(ADUs) with a 14-bit useable dynamic range'. Its 60°x 3° field of view (FOV) records stray-light scattering along

selected strips of the picture in fig. 6. Let ®, and ®) respectively denote scattering angle perpendicular and parallel to
the diamond-turning furrow direction. For the data presented here, the SMEI camera is oriented to measure light

scattered along one of these while the other is zero. In fig. 5 horizontal is scattering along ®, and vertical is along ©.
To reduce background light, the white screen shown in fig. 5 is removed, and smaller sheets of white paper are pinned to
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the screen in the desired locations, to be illuminated by either specular reflected light (figs. 7(a) and 7(c)) or scattered
light (figs. 7(b) and 7(d)) from the diamond-turned mirror. A background, which typically has a surface brightness of
around 10 ADUs, is light from the illuminated paper that has been re-scattered back onto the paper from objects within
the room. For results here, data recorded by the camera have pedestal and dark current removed, individual-pixel
readings are corrected for the different solid angles subtended by each and for the aperture’s projected area, and finally
an estimate of the background is subtracted.

Figures 8 and 9 show the ADUs averaged over a 1° wide band running along each case in fig. 7. Angle is here converted
from the SMEI camera viewing angle to scattering angle at the diamond-turned mirror. The beam total is ~7 x 10’ADUs,

and thus a scattering probability d°P/d®;d®, per square degree, at a given angle O, (fig. 8) or @ (fig. 9), is given by
dividing the observation by this total. In fig. 8, the roughly exponential dropoff beginning at about £8° presumably
flattens off to a value of about 10”7 on the right-hand scale, not far beyond the +£20° range of data in this plot, to properly
join onto the Lambertian large-angle component described previously. In fig. 9, the exponential dropoff is already close
to this value and probably does not become much smaller at larger scattering angles.

Contours 1000, 2500, and 5000 intervals to 95000

125x ﬁlter‘, paper onl?/ in center, FOV perpendicular to furrows ‘ ‘ ‘ | ‘

\ \ \
(a)

SPSF-58

As (a) above, but no filter and paper on either side of hole Contours 50, 100, 250, 500, and 1000 intervals to 10000

1 A « 17 & NN

As (a) above, but FOV parallel to furrows

o)

SPSF-77

SPSF-76

M N

—10 . —5 0 5 10 15 20 25 30
Viewing angle of SMEI camera, degrees

\
-30 -25

Fig. 7. The photometric readings making up the results presented here, surface brightness as recorded by the
SMEI camera. The field of view (FOV) is 60° wide by 3° high and the x-axis here labels angle as viewed
from the SMEI aperture along the 60° direction. The exposure time is 1 sec. For panels (a) and (c) a 125%
neutral-density filter reduces the brightness of the main spot illuminating the white paper which in this case
is covering the slot in the Viewing Screen. For Panels (b) and (d) the light from the main spot passes
through the slot in the Viewing Screen and is absorbed in the SMEI Prototype Baffle.
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Fig. 8. Surface brightness versus @, (scattering angle perpendicular to the furrow direction) at ® = 0. Data for
the white paper in center (circles) are increased by 125%, to correct for the neutral-density filters used to
keep the bright spot within the SMEI camera’s dynamic range. The right-hand scale shows the scaled

d’P/d®|dO, along © = 0 that results from dividing the left-hand scale by 7 x 107, total brightness
contained in the central peak.
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white paper in center (circles) are increased by 125x%, to correct for the neutral-density filters used to keep
the bright spot within the SMEI camera’s dynamic range. As with fig. 8, the right-hand scale shows the

scaled d’P/d®dO, along ©,= 0 that results from dividing the left-hand scale by 7 x 10”.
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3. SUMMARY AND DISCUSSION

Figs. 8 and 9 directly measure scattering from this strongly-curved diamond-turned mirror. Although the aperture screen
removes most of the laser beam’s off-axis light beyond 1° to 2°, some contamination persists out to about 4°. Beyond

this, d’P/d®;d®, diminishes roughly exponentially both along ®; = 0 and along ©®, = 0, with a 1/e characteristic angle
of about 4°. Extrapolating these exponentials back to zero angle yields d’P/d®;d®, intercepts of about 4 x 10° and

1 x 107 respectively for ®, and @. The present measurements extend out to scattering angles of about 20°. Beyond this,
the exponentials presumably both level off to assume a constant value near 107, the very wide-angle Lambertian
component determined here by comparing the illuminated-spot brightness on the mirror with that on a Martin Black
sample. Little evidence is seen here of constructive-interference scattering that might be present because of the periodic
structure of diamond-turning furrows.

The present measurements are preliminary. A more complete investigation will: (1) reduce the re-scattered background
light which was estimated and then subtracted here; (2) reduce the laser-beam off-axis contamination and thus extend the
direct scattering measurements to cover angles between 1° and 4°; and finally (3) extend the measurements beyond 20°.

A principal accomplishment here for a strongly-curved mirror, is the reduction of wide-angle scattering down to that
typical of a diamond-turned flat mirror. For good photometric measurements of the heliosphere, keeping a distance of
several degrees away from bright planets will still be required as it is for SMEI, but the present manufacturing process
cures the bright line reaching out much further than this, as seen in fig. 3(a) and also is seen in SMEI results. Another
accomplishment is the successful manufacturing and testing of a lightweight mirror practical for use as a heliospheric
imager to be deployed at ~1 AU. For missions closer to the Sun, a smaller and even more lightweight mirror would
likely be appropriate.

Finally we note that SMEI provides a spaceborne antecedent for similar diamond-turned mirrors that have performed
well in space, and that a similarly-made flat mirror employed by the imager on STARDUST? produced very good
results from deep space®.
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