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ABSTRACT

The SoloHI instrument for the ESA/NASA Solar Orbiter mission will track density fluctuations in the inner
heliosphere, by observing visible sunlight scattered by electrons in the solar wind. Fluctuations are associated with
dynamic events such as coronal mass ejections, but also with the “quiescent” solar wind. SoloHI will provide the
crucial link between the low corona observations from the Solar Orbiter instruments and the in-situ measurements
on Solar Orbiter and the Solar Probe Plus missions. The instrument is a visible-light telescope, based on the
SECCHI/Heliospheric Imager (HI) currently flying on the STEREO mission. In this concept, a series of
baffles reduce the scattered light from the solar disk and reflections from the spacecraft to levels below
the scene brightness, typically by a factor of 10*2. The fluctuations are imposed against a much brighter
signal produced by light scattered by dust particles (the zodiacal light/F-corona). Multiple images are
obtained over a period of several minutes and are summed on-board to increase the signal-to-noise ratio
and to reduce the telemetry load. SoloHI is a single telescope with a 40° field of view beginning at 5°
from the Sun center. Through a series of Venus gravity assists, the minimum perihelia for Solar Orbiter will
be reduced to about 60 Rsun (0.28 AU), and the inclination of the orbital plane will be increased to a
maximum of 35° after the 7 year mission. The CMOS/APS detector is a mosaic of four 2048 x 1920
pixel arrays, each 2-side buttable with 11 um pixels.
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1. INTRODUCTION

The Solar Orbiter mission, described by Miiller et. al.!, is planned for launch in January, 2017 to study the inner
heliosphere with a set of remote sensing instruments looking at the sun and solar corona as well as a set of in-situ
instruments measuring the solar wind. Together, the ten instruments will be able to provide a complete description
of the plasma making up the solar wind, vastly improving on the Helios? mission launched in 1974, which had a
perihelion of 0.3 AU. The minimum perihelion of 0.28 AU is achieved after a series of gravity assists from Venus,
which will also raise the inclination of the 6-month orbit from being in the ecliptic plane to having an inclination
angle of about 35°. By the combination of getting close to the sun as well as to higher latitudes, Solar Orbiter will be
able to address a fundamental question of solar physics: How does the Sun create and control the heliosphere?

The European Space Agency (ESA) is responsible for the mission, providing the spacecraft and mission operations.
The ESA member states are providing nine of the instruments. The National Aeronautics and Space Administration
(NASA) is providing the Solar Orbiter Heliospheric Imager (SoloHI) instrument, the Heavy lon Spectrometer (HIS),
a sensor within the Solar Wind Analyzer suite, and the expendable launch vehicle.

SoloHI will be able to image the solar wind as it travels away from the Sun and impinges on Solar Orbiter and other
inner heliospheric probes, including Earth-orbiting instruments. SoloHI will have twice the field of view of the
existing SECCHI/HI1 instrument with improved spatial resolution, and comparable signal-to-noise ratio. As the
Solar Orbiter approaches the Sun, the resolution will increase relative to its resolution at 1 AU and the FOV will
decrease relative to 1 AU. At perihelion the SoloHI will have the same effective resolution as the SOHO LASCO/C2
coronagraph, with the same field of view as LASCO/C3, but still with the same excellent signal-to-noise ratio. This
vantage point will enable SoloHI to address the following scientific questions:

e What are the origins of the solar wind streams and the heliospheric magnetic field?

e What are the sources, acceleration mechanisms, and transport processes of solar energetic particles?
e How do coronal mass ejections evolve in the inner heliosphere?

e  What is the three-dimensional structure of the heliosphere?

SoloHI builds on the experience from the SECCHI instrument®*, currently flying on the NASA STEREQ?® mission
of two spacecraft. STEREO was launched in 2006 into orbits about the sun, one spacecraft with an average distance
to the sun slightly less than earth’s, so that it separates from earth in the leading direction at the rate of about
22°%year, and the other spacecraft with an average distance to the sun greater than earth’s, so that it trails earth, also
separating at the same rate. In February, 2011, the two spacecraft were 180° apart. This unique mission has enabled
stereo studies of CMEs, their initiation and propagation through the inner heliosphere, and has resolved the question
of the CME structure to be that of a magnetic flux rope®. The SECCHI HI has been able to observe the fluctuations
in the solar wind, including CMEs and co-rotating interaction regions (CIRs) from their birth at or close to the sun
all the way to 1 AU.

NASA is also planning a mission, Solar Probe Plus’, to be launched in July 2018, and to reach a perihelion of about
0.05 AU, or about 10 Rsun. It carries three instruments to measure the plasma parameters, energetic particles and
one optical instrument, a heliospheric imager, to measure the variations of electron density and dust. The
heliospheric imager, WISPR, is similar to this instrument and is described more fully in another paper® in this
volume.

In this paper we present a new heliospheric imaging instrument to be carried Solar Orbiter mission. This mission
presents some different constraints than were present for the STEREO/SECCHI design. In Section 2 we present the
overall instrument design; in Section 3 the optical design; in Section 4 the stray light reduction techniques; in
Section 5 the CMOS/APS detector; in Section 6 the results of the stray light testing on a qualification unit.
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2. INSTRUMENT DESIGN

The SoloHI instrument concept is based on the SECCHI/HI® concept. Baffles shield a simple telescope lens from
diffracted light from the sun and reflected light from spacecraft structures. An image from the SECCHI/HI is shown
in Figure 1. The right edge of the image is about 4° from sun center. The two bright rays are streamers of high
density, low speed that are tracing the solar magnetic field pattern into the heliosphere. The Milky Way is in the
field at this time along with bright stars and a planet that is saturating the signal. Fluctuations in the solar wind that
are flowing away from the sun can be seen by differencing one image from the next.

Figure 1. A SECCHI-HI image that shows streamers from the sun, a planet and the milky way

The instrument characteristics are shown in Table 1 and the instrument configuration is shown in Figure 2a. The
forward baffle assembly points toward the sun and reduces the diffracted sun light to acceptable levels. It is located
on the +Y face of the spacecraft (Figure 2b) behind the heat shield, which has a good linear edge to shield the
instrument from direct rays from the sun. The large solar array panel at the rear of the spacecraft is a source of
scattered light onto the baffles. A set of interior baffles block any single and double reflections from entering the
entrance aperture and reaching the detector. The detector, an Active Pixel Sensor (Section 5) is cooled to the
nominal -60 C operating temperature by passively radiating heat to deep space. The camera control and instrument
control electronics (Section 6) are located at the rear of the instrument. A door with a one-shot release mechanism
keeps the baffles protected from contamination during ground operations, launch and early operations.

3. OPTICAL DESIGN

The optical design is shown in Figure 3, where surface #1 is an aperture stop of 16 x 16 mm and surface #12 is the
detector focal plane. It has a 40° field of view and is f/3.4. The first lens element is a rad-hard glass, LAK9G15.
Each surface of the five element design has an anti-reflection coating, with a reflectivity of about 1%, to minimize
the ghosts. The most prominent ghost arises from reflections between surfaces #8 and #11, but it, as well as all of
the ghosts, is below the requirement. Figure 4 shows the rejection performance for rays that originate out of the
FOV, along with the rejection requirement. Figure 5 shows the RMS spot size as a function of temperature.
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Table 1. SoloHI Instrument Characteristics

Telescope Type

Wide angle lens, f=59mm, aperture=1.53cm?, aperture stop placed in front of lens, with a
bandpass 500-700 nm.

Plate Scale 35 arc seconds/pixel, 3.5 arc seconds/micron

40° x 40° square, optimized for imaging performance over 20° half angle cone, Inner field limit
FOV N

5° from Sun Center.
Image Quality <20 microns rms spot size
Detector APS, 10 micron pitch, 2x2 mosaic of 2048x1920 pixels

Front heat shield edge, forward baffle and diffraction light trap designed to reject incoming solar
Baffle radiation, interior baffles and aperture enclosures designed to reject scattered solar radiation from
Design/Stray S/C solar arrays, peripheral baffles designed to reject radiation scattered from other parts of the

Light Rejection

SIC. Average predicted stray light: <5x10™* B/Bs @ 0.88AU and <4x10*? B/Bs @ 0.22AU, well
below the K+F corona.

Instrument axes aligned to S/C to <2.4 arc min, F1 and heat shield leading edge placement error

Pointing < 200 um. Baffles achieve adequate rejection with 1.25° excursion from sun center at perihelion.
Calibration <20% absolute radiometric, plate scale < 4%, pointing < 120 arc sec on orbit.
Mass SoloHI Instrument Module (SIM) 14.8 kg; SoloHI Power Supply (SPS) 1.7 kg

Average Power

13.1 W (including 2.5 W operational heater power)

Envelope SIM Module: 62.7 cm x 24.7 cm x 40.0 cm (door closed)
é;/;rage LM Allocated data rate 20.5 kbps (during 3 - 10 day operational periods); 53.2 Ghits per orbit
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Figure 2. (a) SoloHI Instrument. (b) Accommodation of SoloHI on Solar Orbiter Spacecraft

Figure 3. Optical Design of SoloHI
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4. STRAY LIGHT REDUCTION

A significant issue in the design of the instrument is to reduce the scattered light entering the entrance aperture to
acceptable levels. The primary source of stray light is diffracted sun light coming from the edge of the heat shield.
This edge is formed by a titanium cylindrical tube and is located 68 cm in front of the instrument. The forward
baffles (F1 to F4 in Figure 6) on SoloHI are designed to reduce that source to acceptable levels. Two other sources
in the unobstructed field of view are (1) diffuse, reflected sunlight from the solar array which is behind the
instrument and is reflecting onto the backs (anti-sunward side) of the baffles and (2) scattered light from a radio
wave antenna located to the side of the instrument. The interior baffles are slanted backward to intercept the
reflected light from the solar array, such that the lens does not look at a baffle that is directly illuminated by the solar
array.
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Figure 6. SoloHI Baffle Design Concept

The stray light requirements are shown in Figure 7. At perihelion (0.28 AU) the stray light requirement is 1.6 x 10™
B/Bs, which is about an order of magnitude less than the equatorial K+F. Our experience from the SOHO and
STEREO missions has been that a constant pattern of stray light is easily subtracted from the signal. The variable
distance of the instrument to the sun will introduce a variable intensity pattern that we believe can be parametrized.
The stray light will be greatest at perihelion, and will diminish the further the spacecraft is from the sun.
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Figure 7. Nominal Intensities of the K+F coronae at the equator and at high latitude, along with the stray light, CME
intensity, photon noise and integrated star light

A model of the instrument has been generated in a CAD system and then ported into the FRED Optical Engineering
Software to perform the stray light analysis. A Monte-Carlo technique was used to estimate the stray light at the
detector. The diffracted light model was patterned after the SECCHI-HI analysis®. The final model is shown in
Figure 8 with the requirements alongside showing the different stray light requirements in the inner field (closer to
the sun) and the outer field. The model meets the requirements over the whole field except for about 10% of the
field which modestly exceeds the requirements. We intend to slightly modify the design to bring the model into
compliance over the whole field. This is a significant success of the technique. In the design of the baffles and lens
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barrel, various coatings were available. The BRDF characteristics of each of the candidate surface treatments were
put into FRED and one was selected for each of the more than 30 baffle surfaces to achieve the best performance at
the detector.
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Figure 8. Modeled Stray Light at the Detector

5. CMOS/APS DETECTOR

The Charge-Coupled-Devices (CCDs) that were used on our previous instruments such as STEREO/SECCHI were
not suitable for this type of mission for several reasons, primarily mass and power, but also the susceptibility to
radiation damage affecting the CTE. Thus we decided to use the new detector technology of Active Pixel Sensor
(APS), being developed by SRI. A number of papers have been written describing the minimal architecture of the
SRI APS device'®**21214 The SoloHI program developed a prototype device design and used a run from Sandbox
VI to evaluate the performance before and after radiation testing in order to raise the technology readiness level
(TRL) to 6. The APS will be described more fully in another paper® in this volume.

Due to schedule pressures, we decided to create a mosaic of 2048x1920 individual sensors, rather than a stitched
array of 4K x 4K. This resulted in a significant savings of the schedule and was necessary to meet the January 2015
delivery of the instrument for integration onto the spacecraft. Figure 9 shows the layup of the 4 sensors. A gap of
50 pum exists in between each sensor, but the structures that will be observed are much larger than that gap and so it
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represents an inconvenience rather than a loss of science. Each sensor is 2-side buttable, and is rotated 90° to keep
the signal lines accessible to the perimeter. However the 90° rotation also rotates the rows and columns and forces a
different readout direction for each sensor. This complicates the on-board and ground software somewhat. The
reduction to 1920 rows was necessary to allow room for the column storage capacitors and on-chip Correlated
Double Sampling (CDS) circuitry. The individual sensors are cemented to a molybdenum pallet, and then four are
cemented onto the mosaic assembly to form the quad detector package.

Four Tiled
1920 x 2048
SoloHi Chips

Assuming
Overlapping
Centers of
Scribe Lines

Figure 9. Mosaic of Four APS Devices

The pixel design is shown in Figure 10. The significant change to earlier designs is the addition of a transistor to
connect a series MIM capacitor to allow more charge capacity (~100,000 €") in the pixel than would normally be
possible. The pixel design is similar to that described earlier' except that the global reset transistor has been
eliminated. The performance is excellent and is described elsewhere'®. The SoloHI requirements are given in Table
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Figure 10. SoloHI Pixel Design (n-5T PPD)
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Table 2. SoloHI APS/CMOS Requirements

Requirement Value
Overall Format Nominal 4kx4k with 10 micron pixels.
Full Well >19.2k electrons
Read Noise (EOL) < 14 electrons
Dark Current (EOL) < 4.77 electrons/pixel-second
Average Quantum Efficiency >25.5% (475 to 755nm)
Spatial Resolution < 2.3 Arc-Minutes
Cosmetics > 95% pixels meet performance requirements (EOL).
Readout Rate Meets performance from 50kpixels/s to 2Mpixels/s.
Operation Mode Progressive scan.
Redundancy Independent operation of each device half.
Operational Temperature -55to0 -75°C
Mechanical Environment 70g Static Load
Radiation TID 40 krad TID (Sector Analysis Result)
Survival Temperature +80 to -110°C

6. ELECTRONICS SYSTEM

The electronic control system is shown in Figure 11. The SoloHI Power Supply (SPS) receives 28V and relay
commands from the spacecraft and provides low voltages to the rest of the instrument. The SoloHI Instrument
Module (SIM) contains four electronic cards — the Processor Card (PC), Camera Card (CC), the Detector Readout
Board (DRB), and the Detector Interface Board (DIB). The quad detector package is wire-bonded onto the DIB, a
rigid-flex circuit board. Eight harnesses (two for each individual sensor) from the DIB are then connected to the
DRB, which contains signal conditioning circuitry both to and from the DIB. The CC contains an RTAX2000 Field
Programmable Gate Array (FPGA) to control the APS and analog to digital converter (ADC) of the video signal.
Two ADC are included, each running at 2 MHz, giving an effective readout rate of 4 Mpixels/sec. Some image
processing functions are included in the CC FPGA — (1) image scrubbing to remove the effects of cosmic rays from
an image, (2) image summing to increase Signal to Noise and reduce telemetry bandwidth, and (3) partial field
readout to reduce telemetry bandwidth and increased cadence.

The PC is the heart of the instrument. The LEON 3FT-RTAX2000 FPGA emulates a SPARC processor and runs
code developed by Aeroflex-Gaisler for ESA to control a small instrument - a Remote Terminal Controller (RTC).
It runs under the Real-Time Executive for Multiprocessor Systems (RTEMS), V4.10. A board support package
from Gaisler supports SpaceWire and GP1O Drivers, memory controllers with support for both BCH EDAC MRAM
and Parallel Reed Solomon EDAC SDRAM memory. The RTC code has a few options which have been optimized
for the SoloHI application. The software from the SECCHI® instrument has been ported over to RTOS, which
provides a complete set of instrument control functions — including receiving commands from the S/C, sending
housekeeping and science packets to the S/C, running a schedule time-line of camera exposures and camera control
parameters (exposure time,
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readout coordinates, gain setting, voltage bias settings), acquiring instrument status information, performing lossless
and lossy image compression, and cycling the operational heaters according to a Proportional-Integration-Derivative
(PID) algorithm to maintain the instrument temperatures to their desired values.
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Figure 11. SoloHI Electronics System
7. STRAY LIGHT TESTS

A stray light model of the instrument was fabricated and tested in the stray light chamber at NRL and at CSL.
Figure 12 shows the NRL setup of the model on a test fixture. In the image, the front of the instrument is pointing
down and to the left. The fixture permits the orientation of the baffles to be set at any angle relative to a collimated
light source to simulate the effect of scattering from an object such as the solar array. In Figure 13 the test image for
the solar array simulation is shown on the left and the model calculation is shown on the right. The intensity wedge
on the left gives the calibrated intensity scale in units of B, (mean solar brightness units, a commonly used unit of
solar coronal observations and equivalent to about 4.839 x 10*® erg/s). Table 3 shows the correlation between the
image and the model calculation for various surfaces. We found that most of the discrepancies between data and
simulation came from the edges of the baffles and a correction to the way that the model treats the baffle edges was
necessary. In order to apply the correction on the model, the coating properties of the flat edge surface at the tip of
the baffles were changed. Using trial and error and also, for simplicity of implementation, we found that using
Lambertian scattering properties on those edges provided a reasonable way to apply a correction to the model.
Table 3 shows a problem with two surfaces — glints off the F4 baffle and the 14 baffle. Both of these issues will be
resolved for the flight design.

Proc. of SPIE Vol. 8862 88620H-10

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 06/20/2016 Terms of Use: http://spiedigitallibrary.or g/ss/'TermsOfUse.aspx



Figure 12. Stray Light Model On Test Stand. The instrument is mounted on a stand and is pointing down towards the
mounting table. The forward baffles are very black and are at the front of the instrument. The reflective side panels
surround the interior baffles in the interior of the instrument. The white bracket at the rear of the instrument is holding a
test camera.
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Figure 13. Comparison of Stray Light Image (Left) with Simulation (Right). The test image is a bigger field of view than the
simulation.
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Table 3. Feature brightness ratio between data and simulation

Ratio Ratio
Region name Coating (Data/ Simu) (Data/Simu)

No Correction After Correction
FaGlint IA382
I13LeftWingEdge IA382 160.94 2.60
I3RightWingEdge IA382 43.25 0.55
PBaffFrontBevel Black Anodized 1.18|N/A
PBaffRightBevel Black Anodized 2.40|N/A
14 Laser Black 3.42 1.17]
15Glint Laser Black 17.61 3.39
ISEdge Laser Black 3.59 0.99
I6Edge Laser Black 2.75 0.79
I6Bevel Laser Black 0.92 0.24)

8. SUMMARY

The Solar Orbiter mission will be the first venture of an imaging instrument outside of the ecliptic plane and
combined with the close encounter with the sun is very exciting. The SoloHI instrument is very mature - the Critical
Design Review occurs in September 2013. A compact instrument has been developed that meets all of the
requirements. A new APS detector has been developed and the flight lot has been run and is currently being
evaluated, with promising test results. The stray light analysis was significantly more advanced than SECCHI. The
analysis has shown that rejection of light being scattered by the solar array onto the instrument baffles is still a
significant concern.
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