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Solar Probe: Executive Summary

Solar Probe will be a historic mission, flying
into one of the last unexplored regions of the solar
system, the Sun’s atmosphere or corona, for the first
time. Approaching as close as 3 Rg above the Sun’s
surface, Solar Probe will employ a combination of
in-situ measurements and imaging to achieve the
mission’s primary scientific goal: to understand how
the Sun’s corona is heated and how the solar wind
is accelerated. Solar Probe will revolutionize our
knowledge of the physics of the origin and evolution
of the solar wind. Moreover, by making the only
direct, in-situ measurements of the region where
some of the deadliest solar energetic particles are
energized, Solar Probe will make unique and fun-
damental contributions to our ability to character-
ize and forecast the radiation environment in which
future space explorers will work and live.

Our First Visit to a Star

Two of the transformative advances in our under-
standing of the Sun and its influence on the solar
system were the discovery that the corona is several
hundreds of times hotter than the visible solar sur-
face (the photosphere) and the development—and
observational confirmation—of the theory of the
corona’s supersonic expansion into interplanetary
space as a “solar wind.”

In the decades that have followed these impor-
tant milestones in solar and space physics, the com-
position, properties, and structure of the solar wind
have been extensively measured, at high heliolati-
tudes as well as in the ecliptic and at distances far
beyond the orbit of Pluto. The corona and the transi-
tion region above the photosphere have been imaged
with unprecedentedly high resolution, revealing a
complex architecture of loops and arcades, while
photospheric magnetography has uncovered the
“magnetic carpet” of fine-scale flux bundles that
underlies the corona. Observational advances have
been accompanied by advances in theory and mod-
eling, with a broad range of models offering plau-
sible scenarios to explain coronal heating and solar
wind acceleration.

We now know more about the corona and the
solar wind than ever before. And yet the two funda-
mental questions, raised in the 1940s by the discov-
ery of the corona’s million-degree temperature and
in the early 1960s by the proof of the supersonic

EXECUTIVE SUMMARY

solar wind’s existence, remain unanswered: why is
the solar corona so much hotter than the photo-
sphere? And how is the solar wind accelerated?

The answers to these questions can be obtained
only through in-situ measurements of the solar wind
down in the corona. A mission to provide these mea-
surements, to probe the near-Sun particles-and-fields
environment, was first recommended in 1958, at the
dawn of the space age, by the National Academy of
Science’s “Simpson Committee.” Since then, NASA
has conducted several studies of possible implemen-
tations of a Solar Probe mission, and Solar Probe
has remained at the top of various National Acad-
emy and NASA science priority lists. Most recently,
the National Research Council’s “decadal survey” in
solar and space physics recommended implementa-
tion of a Solar Probe mission “as soon as possible”
(NRC, 2003), while NASA’s Sun-Solar System Con-
nection Roadmap identifies Solar Probe as a “Flag-
ship” mission that “is ready to fly and is our highest
priority for new resources” (NASA, 2005).

To date, however, nearly 50 years after the
Simpson Committee report and despite strong and
repeated endorsements of a Solar Probe by the
National Academy, NASA, and the solar and space
physics community, the closest any spacecraft has
come to the Sun is 65 Ry, far outside the region

05-01481-1

Artist’s concept of the Solar Probe, with the glowing cone
of the Thermal Protection System pointed toward the Sun
inside 0.8 AU.
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where the acceleration of the solar wind occurs.
Thus the need for a Solar Probe remains.

This report describes the results of an intensive
year-and-a-half study by the Solar Probe Science
and Technology Definition Team which demon-
strates that Solar Probe is fully ready to move
forward as a cost-effective and acceptably low risk
mission. Solar Probe will be the first spacecraft
to venture into the unexplored inner reaches of
the heliosphere where the solar wind is born.
Through high-cadence in-situ measurements of
the solar wind plasma, energetic particles, and
Jfields as close to the Sun as 3 R, supplemented by
coronal and photospheric imaging, Solar Probe
will provide the data needed to solve, finally, the
twin mysteries of coronal heating and solar wind
acceleration. This historic mission will transform
our understanding both of our Sun and of other
stars with hot, x-ray-emitting coronas and super-
sonic winds as well.

Solar Probe Science Objectives

Present observation, theory, and modeling provide
the following general picture of the corona and solar
wind. At times of lower solar activity, the solar wind
is bimodal, consisting of a dominant quasi-steady
high-speed wind that originates in open-field polar
coronal holes and a variable, low-speed wind that

& Cubtward IMF

Imerard IMIF

05-01481-65

At solar minimum the solar wind is dominated by a high-
speed flow from polar coronal holes, with a slower, variable
flow emanating from the equatorial streamer belt.

originates around the equatorial streamer belt. With
increasing activity, this orderly bimodal configura-
tion of the corona and the solar wind breaks down,
as the polar holes shrink and streamers appear at
higher and higher heliographic latitudes. At these
times, the bimodal wind structure is replaced by a
complex mixture of fast flows from smaller coro-
nal holes and transients, embedded in a slow-to-
moderate speed wind from all latitudes. The energy
that heats the corona and drives the wind derives
from photospheric motions and is channeled, stored,
and dissipated by the magnetic fields that emerge
from the photosphere and structure the coronal
plasma. Several fundamental plasma physical pro-
cesses—waves and instabilities, magnetic recon-
nection, turbulence—operating on a vast range of
spatial and temporal scales are believed to play a
role in coronal heating and solar wind acceleration.

Thus we have the general picture. But the devil—
and the physics—is, as always, in the details. For
example, the association of the fast and slow com-
ponents of the solar wind with large-scale magnetic
structures (coronal holes, streamers) in the corona
is well established. However, to understand coro-
nal heating and solar wind acceleration in coronal
holes, it is necessary to know the geometry and
dynamics of the expanding magnetic field and to
determine the role of fine-scale structures (such as
polar plumes and macrospicules) in coronal heating.
In the case of the slow wind, a critical unknown is
the morphology of the magnetic field in the regions
where the wind forms. Similarly, the morphology
of the magnetic field in active regions, which con-
tribute to the solar wind at least during solar maxi-
mum, is also unknown. Thus a major science objec-
tive of the Solar Probe mission is to determine the
structure and dynamics of the magnetic fields at
the sources of the fast and slow solar wind.

The precise mechanisms by which energy is
transferred from the photosphere and subsequently
dissipated to heat the corona and accelerate the
solar wind are not known. For example, low-fre-
quency Alfvén waves are thought to be launched
into the corona by photospheric motions. What
is the energy flux in these waves close to the
Sun? How is the energy of the waves dissipated?
Through phase mixing? Through resonant absorp-
tion by coronal loops? Through nonlinear cascade
processes? Observations suggest that ion cyclotron
waves play an important role in heating the corona

ES-2
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Model profiles of the solar wind speed (U) and the Alfvén
wave speed (V,) with distance from the Sun. The vertical
bar separates the source, or sub-Alfvénic, region of the
wind from the supersonic solar wind flow. Solar Probe is
the first mission to fly inside the solar wind source region.

and fast wind. But how and where are these waves
generated? Are they produced locally by plasma
instabilities, through turbulent cascade from lower-
frequency waves, or in the lower corona by recon-
nection? And generally, what is the role of recon-
nection (e.g., in nanoflares) relative to that of wave
dissipation in coronal heating? To answer these and
similar questions, Solar Probe will, as a second
main objective, trace the flow of energy that heats
the corona and accelerates the solar wind.

Solar Probe’s third major science objective is
to determine what mechanisms accelerate and

Solar Probe Science Objectives

EXECUTIVE SUMMARY

transport energetic particles at the Sun and in
the inner heliosphere. Two kinds of solar energetic
particle (SEP) events occur during active periods,
often both together: gradual events, in which par-
ticles are accelerated in the corona by shocks driven
by fast coronal mass ejections (CMEs), and impul-
sive events, in which particles are accelerated by
solar flares. In addition, even at the quietest times
there is a continuous outflow from the Sun of par-
ticles of intermediate energies (suprathermal to >10
MeV). The mechanism responsible for this outflow
is not known. Further questions concern the relative
contributions of reconnection, shocks, and turbu-
lence to particle acceleration in impulsive events, the
identity and source of seed populations for gradual
events, and the means by which energetic particles
are transported to high latitudes. Accomplishment of
this objective will not only advance our understand-
ing of a fundamental plasma process, energetic parti-
cle acceleration, but will also significantly contribute
to efforts to predict SEPs, which present one of the
most serious threats to astronaut health and safety.
The inner heliosphere is populated with dust
grains originating from comets and asteroids. This
inner heliospheric dust cloud, the source of the zodi-
acal light and the Sun’s F-corona, has not been well
characterized. Solar Probe’s unique path near the
Sun will make it possible to answer questions about
the size and mass distribution of the dust, about its

Determine the structure and dynamics of the magnetic fields at the sources of the solar wind
a. How does the magnetic field in the solar wind source regions connect to the photosphere and the

heliosphere?

b. How do the observed structures in the corona evolve into the solar wind?

c. Is the source of the solar wind steady or intermittent?

Trace the flow of the energy that heats the solar corona and accelerates the solar wind

a. How is energy from the lower solar atmosphere transferred to and dissipated in the corona?
b. What coronal processes shape the non-equilibrium velocity distributions observed throughout the

heliosphere?

c. How do the processes in the corona affect the properties of the solar wind in the heliosphere?
Determine what mechanisms accelerate and transport energetic particles
a. What are the roles of shocks, reconnection, waves, and turbulence in the acceleration of energetic particles?
b. What are the seed populations and physical conditions necessary for energetic particle acceleration?
c. How are energetic particles transported radially and across latitudes from the corona to the heliosphere?
Explore dusty plasma phenomena and their influence on the solar wind and energetic particle formation

a. What is the dust environment of the inner heliosphere?
b. What is the origin and composition of dust in the inner heliosphere?
c. What is the nature of dust—plasma interactions and how does dust modify the spacecraft environment close

to the Sun?

d. What are the physical and chemical properties of dust-generated species?

ES-3
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composition and origin, and about its interaction
with the near-Sun plasma and gas environment.
Of particular interest is the contribution of the dust
to the “inner source” of energetic particles. As its
fourth objective, Solar Probe will explore dusty
plasma phenomena in the near-Sun environment
and their influence on the solar wind and ener-
getic particle formation.

To address these objectives, Solar Probe will
explore a region of the solar system never before
visited by a spacecraft. With the data it trans-
mits back to Earth, solar and space physicists will
answer questions that cannot be answered by any
other means and will attain a deep understand-
ing of phenomena and processes in this fascinating
and critical region. And as with any great voyage
into uncharted realms, Solar Probe’s journey to the
Sun holds the promise of many more unanticipated
discoveries—new mysteries to challenge human-
kind’s ever-expanding knowledge of our home in
the universe.

Science Implementation

Solar Probe will address the four science objec-
tives through a combination of in-situ and remote-
sensing observations performed from a polar orbit
about the Sun. Inside a distance of 0.3 AU on both
sides of perihelion, Solar Probe will make in-situ
measurements of plasma, suprathermals, energetic
particles, magnetic fields, waves, and dust in the near-
Sun environment. Extreme ultraviolet and magnetic
imaging of solar wind source regions and white-light
imaging of coronal structures will be performed on
both inbound and outbound legs of the solar pass.
The remote-sensing observations will allow in-situ
measurements to be related to magnetic and plasma
structures at the Sun. Closest approach will occur at
a perihelion altitude of 3 Rg above the surface. Sup-
porting remote-sensing observations from ground-
based, sub-orbital, and space-based assets will be
coordinated with the perihelion pass to provide con-
text for Solar Probe’s in-situ measurements. A large
and dedicated theory and modeling program will be
an integral part of the Solar Probe mission, starting
3 years before the first perihelion pass.

Solar Probe’s baseline payload is a single,
integrated package consisting of both in-situ
and remote-sensing instruments serviced by
a common Data Processing Unit (DPU) and
Low-Voltage Power Supply (LVPS). The in-situ
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The Solar Probe trajectory. Encounter science begins at
0.3 AU, 5 days before closest approach, and lasts until 5
days after closest approach.

instrumentation includes a Fast Ion Analyzer
(FIA), two Fast Electron Analyzers (FEAs), an lon
Composition Analyzer (ICA), an Energetic Par-
ticle Instrument (EPI), a Magnetometer (MAG),
a Plasma Wave Instrument (PWI), a Neutron/
Gamma-ray Spectrometer (NGS), and a Coronal
Dust Detector (CD). The remote-sensing instru-
mentation comprises a Polar Source Region Imager
(PSRI), for EUV and magnetographic imaging of
the solar wind source regions, and a white-light
Hemispheric Imager (HI), for imaging coronal
structures. An integrated payload developed by a
single combined investigator team was baselined
in the study as a means of achieving the maximum
science return for the minimum mission costs and
of reducing payload mass and power while provid-
ing added functional redundancy.

Baseline Mission

The baseline mission provides for two flybys
of the Sun, separated by ~4.6 years, thus allowing
Solar Probe to measure the solar wind and corona
at different phases of the 11-year solar cycle, inde-
pendent of launch date. For a launch in 2014, the
first flyby will take place in 2018, around the pro-
jected activity minimum of solar cycle 24. The
second solar flyby will occur in 2023, at a time of
increasing solar activity.

Solar Probe will use a Jupiter gravity assist flyby
(closest approach ~12 R, minimizing exposure to
the jovian radiation belts) to achieve a polar orbit
about the Sun with a perihelion of 4 Rg (3 Rg above
the surface). The spacecraft will arrive at the Sun

ES-4



~4.1 years after launch, approaching from the south
with a maximum velocity of 308 km/s at perihe-
lion. For the first encounter, the perihelion pass is
designed to take place with Earth 15° off quadra-
ture, allowing for a high data rate (at least 25 kbps)
for real-time science telemetry and for simultane-
ous supporting remote-sensing observations from
Earth. Because of coronal scintillation effects, the
Ka band will be used for the real-time data trans-
mission. Pole-to-pole passage occurs entirely within
9 Ry and lasts ~14 hours.

The Earth—Sun geometry for the second encoun-
ter (34° off quadrature) will again allow for simul-
taneous remote-sensing observations from Earth.
However, the high-gain antenna will point away
from Earth so that only low-data-rate real-time
telemetry using the low-gain antennas will be pos-
sible. Extensive recorded data will be downlinked
after both encounters to provide the complete
detailed observations.

The Atlas 551 is baselined as the Solar Probe
launch vehicle, although the mission design allows
for dual-launch compatibility with a Delta IV
Heavy.

Solar Probe Spacecraft

The baseline Solar Probe is a 3-axis stabilized
spacecraft designed to survive and operate
successfully in the intense thermal environment
that it will encounter during its voyage around
the Sun. The spacecraft’s most prominent feature is
the Thermal Protection System (TPS), comprising
a large 2.7-m diameter carbon—carbon conical
primary shield with a low-conductivity, low-density
secondary shield attached to its base. The TPS
protects the spacecraft bus and instruments within its
umbra during the solar encounter. The bus consists
of a hexagonal equipment module and a cylindrical
adapter. It provides an efficient mechanical structure
that accommodates the instruments and spacecraft
subsystems and handles the loads from the TPS
and the launch loads. Solar Probe will be powered
by three multi-mission radioisotope thermoelectric
generators (MMRTGs). Simple monopropellant
will be used for AV maneuvers and attitude control.
The Guidance and Control System consists of two
redundant star trackers, an inertial measurement
unit, digital Sun sensors, 4 reaction wheels, and 12
thrusters. The spacecraft is equipped with one high-
gain antenna for data downlink during the first solar

EXECUTIVE SUMMARY
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The design of the Solar Probe spacecraft is based on
rigorous engineering studies that demonstrate the
technical feasibility and affordability of the mission.

encounter; a medium-gain antenna, the primary
antenna during the cruise phase of the mission; and
two low-gain antennas for emergencies or periods
when the pointing of the medium and high-gain
antennas is precluded. The X band will be used for
both data downlink and command uplink; the Ka
band will be used only for data downlink.

The imagers, CD, EPI, NGS, and one FEA are
mounted on the Solar Probe bus. The FIA, the
second FEA, and the ICA are mounted on a movable
ram-looking arm, which will be gradually retracted
as the spacecraft approaches the Sun. This arrange-
ment provides viewing to near (2° inside of) the
edge of the TPS umbra. To enable imaging of the
solar wind source regions, a retractable, thermally
robust periscope will be used to extend the PSRI
optics beyond the TPS umbra. Both the side-look-
ing arm and the periscope are designed to be fail-
safe. The MAG is mounted to the 2-m axial boom
that extends from the bottom deck of the spacecraft
and that also accommodates a solar horizon sensor
used for attitude safing during the solar encounter.
The PWI consists of three actuator-controlled 1.75-
m antennas mounted to the bottom deck.

Solar Probe and Human Exploration

Solar energetic particle (SEP) events present a
serious radiation threat to human explorers living
and working outside low-Earth orbit. Develop-
ment of an SEP forecasting capability is critical to
space radiation risk mitigation and management.
By making the first direct measurements of the
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near-Sun regions through which all SEPs must
travel, by directly sampling theregions where gradual
SEPs are energized, and by identifying the seed
populations for these dangerous particles, Solar
Probe will provide critical ground-truth data
needed for the development of the predictive
models that, combined with solar and helio-
spheric monitoring, will enable forecasting of the
space radiation environment in support of human
exploration.

Summary

Solar Probe is an exciting mission of explo-
ration, discovery, and deep understanding. It
will journey to one of the last unexplored regions
of the solar system and reveal how the corona is
heated and the solar wind accelerated, solving two

fundamental mysteries that have been top-prior-
ity science goals for many decades. The mission
described in this report is based on an exhaustive
and rigorous engineering study directed by the
present Science and Technology Definition Team.
Of paramount importance in the engineering study
were trades concerning mission safety and cost,
with the recommendation of a single integrated
payload and the baselining of the Atlas 551 as the
launch vehicle being key factors in achieving an
affordable mission. The rigor and thoroughness
of this study ensures that the described mission is
technically feasible, can be accomplished within
realistic resources, and can fully achieve its four
science objectives, thus transforming our under-
standing of the Sun and its sister Sun-like stars
and enabling exploration.

To understand the genesis of the heliospheric system, it is necessary to determine the mechanisms by which
the solar corona is heated and the solar wind is accelerated and to understand how the solar wind evolves in the
innermost heliosphere. These objectives will be addressed by a Solar Probe mission. Because of the importance of
these objectives for the overall understanding of the solar-heliosphere system, as well as of other stellar systems,
a Solar Probe mission should be implemented as soon as possible within the coming decade.

NRC, The Sun to the Earth—and Beyond, a Decadal Research Strategy in Solar and Space Physics (2003)
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1. Solar Probe and Human Exploration

NASA’s new “Vision for Space Exploration”
calls for an “extended human expedition to the
Moon” some time between 2015 and 2020 and
for the eventual human exploration of Mars. One
of the problems that must be solved for this vision
to become reality is the problem of space radia-
tion, which presents a serious threat to the health
and safety of future human explorers. A number
of major research initiatives are now under way to
improve our understanding of the biological effects
of radiation and to develop effective shielding mate-
rial. Another important aspect of space radiation
risk reduction and management is the develop-
ment of the capability to forecast the radiation
environment, and here Solar Probe has a unique
and significant contribution to make to human
exploration.

The two principal sources of space radiation with
which astronauts traveling outside Earth’s magneto-
sphere will have to contend are galactic cosmic rays
and solar energetic particles. Galactic cosmic rays
(GCRs) are very energetic particles that are accel-
erated by a variety of processes within the galac-
tic environment and then propagate into the solar
system. Most of the GCR flux is filtered by the outer
heliosphere; the remaining GCRs enter the solar
system, providing a radiation background whose
levels are modulated by the heliospheric magnetic
field, with the smallest fluxes observed around solar
maximum. The variability in the continuous GCR
background over the solar cycle is generally well
documented. The most pressing practical challenge
in reducing the GCR risk is the development of ade-
quate and cost-effective shielding for spacecraft and
shelters where astronauts can spend the majority of
their time.

In contrast to the relatively steady fluxes of GCRs,
solar energetic particle (SEP) events are episodic
and thus unpredictable, and can expose astronauts
and spacecraft systems to intense fluxes of particles
with energies >100 MeV for periods of hours to
days.! The effects of an SEP event on the health of
human explorers can be quite serious, depending on
such factors as the total absorbed dose and the dose

'An SEP event in April 2002 led to the loss of Japan’s Mars
mission, Nozomi; another SEP event in October 2003 rendered
the MARIE instrument on the Mars Odyssey spacecraft
inoperative. The loss of the MARIE instrument is ironic, as it
was designed to measure the radiation environment at Mars.
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rate, which in turn depend both on physiological
factors and on the characteristics of the SEP event
(energy spectra, flux, duration). Acute effects from
exposure to SEPs range from dizziness, nausea, and
headaches to radiation sickness and, in principle,
even death.

SEP events are divided into two types: short-
lived impulsive events, in which the particles are
accelerated in solar flares, and gradual events, in
which the particles are accelerated at shocks driven
by fast coronal mass ejections (CMEs) in the near-
Sun coronal environment. Both processes operate
together in some events, but generally speaking the
gradual events produce the largest fluences of parti-
cles and most dangerous radiation environments for
astronauts. SEP events occur most frequently from
solar maximum to several years beyond maximum.

One the largest SEP events recorded occurred
in August 1972, during the Apollo program, but
fortunately not during a mission. A recent study of
the health effects of SEP exposure based on data
from this event concludes that “the combination of
high doses and high dose rates delivered to crews
by solar particle events of the magnitude and dura-
tion of the August 1972 event is likely to produce
significant acute effects, which could be mission-
or even life-threatening unless a heavily shielded
space is provided for use by the crew” (Parsons
and Townsend, 2000). An extraordinarily intense
event occurred recently, on January 20, 2005, with
a very hard proton energy spectrum extending up to
400 MeV. An astronaut, exposed during this event
on the surface of the Moon and protected only by
a space suit, would have received an estimated
radiation dose of ~300 cSr, which would have been
enough to cause radiation sickness (http://www.srl.
caltech.edu/ACE/ACENews/ACENews87.html).

In contrast to GCRs, solar energetic particle
radiation presents a problem of monitoring and
forecasting rather than shielding: “It is not too diffi-
cult a task to provide appropriate shielding or storm
shelters to protect against exposure during SPEs,
but surveillance methods to predict and detect solar
particle events from both sides of the sun relative to
a spacecraft must be improved” (NRC, 1996). The
risk to future astronauts will come from SEP events
that catch them unawares as they are engaged in
exploration activities away from the shielded living
quarters, laboratories, or storm shelters of their
lunar or martian bases. In such cases, monitoring
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and real-time forecasting are vitally important if
astronauts are to receive the advance warning they
need in order to have enough time to find shelter.
Models that can provide real-time forecasting of
SEP spectra and fluxes are currently being devel-
oped and refined (e.g., the Space Weather Modeling
Framework at the University of Michigan). At pres-
ent, however, the accuracy of such models is lim-
ited by their dependence upon assumptions about
the physical conditions in the corona and inner
heliosphere, between 2 and 20 solar radii (Ry),
where gradual SEP events originate. Solar Probe

will explore this critical region for the first time
(Figure 1-1). It will directly address how SEPs can
be accelerated and transported in this region, iden-
tify their seed populations, and establish the physi-
cal conditions (e.g., magnetic field structure, turbu-
lence levels, and Alfvén speed) under which these
critically dangerous particles are generated (cf. Sec-
tion 2.3 below). Solar Probe will thereby provide
the “ground truth” for models that eventually will
be run in real time to make global predictions,
and it will thus play a truly enabling role in the
human exploration of the Moon and Mars.
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Figure 1-1. Model profiles of solar wind speed and Alfvén wave speed
with distance from the Sun. The vertical bar separates the source, or
sub-Alfvénic, region of the wind from the supersonic solar wind flow.
Solar Probe is the first mission to fly inside the solar wind source region
and to sample directly the critical region of the outer corona where solar
energetic particles (SEPs) are generated.
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2. Solar Probe Science Objectives and
Measurement Requirements
Remote-sensing observations from space-based
platforms such as Yohkoh, SOHO, and TRACE, as
well as from ground-based observatories, together
with in-situ measurements by Helios, IMP, Ulysses,
Wind, and ACE, have led to changing perspectives
in our understanding of coronal heating and solar
wind acceleration. As the time and space resolu-
tion of instrumentation has increased, the funda-
mental role played by the Sun’s magnetic field in
shaping dynamical processes on all scales in the
three-dimensional heliosphere throughout the solar
activity cycle has become more apparent. Signifi-
cant progress has been made in our knowledge of
coronal structures, particularly of fine-scale struc-
tures such as polar plumes, coronal bright points,
and the Sun’s “magnetic carpet”; and we have wit-
nessed fundamental advances in our understanding
of the nature of the solar wind, the association of
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its fast and slow components with specific coronal
structures, and its variability with changing solar
activity.

Important early clues about the bimodal struc-
ture of the solar wind came from the Helios mission,
the only mission to explore the inner heliosphere
as close to the Sun as 0.3-0.7 AU. Helios demon-
strated that properties such as solar wind speed, ion
temperatures, and turbulence amplitude increase
with distance from the heliospheric current sheet or
as a function of heliomagnetic latitude. In its two
orbits about the Sun’s poles, Ulysses has explored
the three-dimensional structure of the solar wind as
it changes over the course of a solar activity cycle
(Figure 2-1). Ulysses has shown that the fast solar
wind, with a speed around 750 km/s, is the basic,
quasi-steady outflow from the high-latitude solar
corona during the minimum phase of the solar cycle
and demonstrated that the fast wind originates from
regions where the coronal electron temperature is

Ulysses' Second Orbit
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Figure 2-1. Plots of solar wind speed as a function of heliographic latitude, illustrating the relation between
the structure of the solar wind and coronal structure at solar minimum (left) and solar maximum (right). The
baseline Solar Probe mission provides for two solar flybys, each at a different part of the solar cycle, so
that measurements can be obtained at both the quiet and active phases of the cycle. (Ulysses SWOOPS
solar wind data are superposed on composite solar images obtained with the SOHO EIT and LASCO C2
instruments and with the Mauna Loa K-coronameter [McComas et al., 2003]).



SoLAR PROBE SCIENCE AND TECHNOLOGY DEFINITION TEAM REPORT

relatively cool (Figure 2-2). This inverse correla-
tion between flow speed and coronal electron tem-
perature poses a fundamental challenge to one of
the basic tenets of the original theory of the solar
wind, which assumes high coronal electron tem-
peratures and heat conduction. A further challenge
to the original theory comes from SOHO measure-
ments, which suggest that the open corona expands
principally because of the very high, anisotropic
temperatures of the coronal ions, with the minor
species reaching temperatures of 10 MK at a few
solar radii.

Unlike the fast wind, which originates in coro-
nal holes, the slow solar wind is confined to regions
emanating from the magnetic activity belt. SOHO
observations suggest that the slow wind flows in a
bursty, intermittent fashion from the top of helmet
streamers, which were first seen to expand continu-
ously, in x-rays, by Yohkoh. The organization into
fast and slow components characterizes the solar
wind around solar minimum. As the solar activity
cycle progresses, however, Ulysses has shown that
the simple bimodal structure gives way to a much
more variable, but typically slower, solar wind at
activity maximum, apparently originating not only
from the much more sparse coronal hole regions and
quiet Sun, but also from coronal active regions. To
whatever degree the various models of solar wind
acceleration have succeeded in reproducing obser-
vations of the fast wind, still less success has been
obtained in efforts to understand the acceleration of
the slow wind.
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Figure 2-2. Solar wind speed, freezing-in tempera-
tures determined from O7+-to-O%* abundances,
and magnesium-to-oxygen ratios as a function of time
measured by Ulysses during a low-latitude crossing
of alternating high- and low-speed streams. The anti-
correlation of wind speed with electron temperature as
determined from the freezing-in temperature is dramatic,
calling into question the role of thermal electrons in driving
the solar wind (Geiss, Gloeckler, and v. Steiger, 1995).
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A third type of flow arises from large eruptions
of coronal magnetic structures, known as coronal
mass ejections (CMEs). Their initiation requires
an entirely distinct mechanism from the slow and
fast wind. One of the important developments in
solar and heliospheric physics during the last 25
years is the recognition that shock waves driven by
fast CMEs can relatively often accelerate particles
to energies exceeding 1 GeV and that such shock-
driven “gradual” energetic particle events are dis-
tinct from “impulsive” events associated with solar
flares. However, the identity of the seed particles and
the physical conditions necessary for the accelera-
tion of particles in gradual events are not known.

Although there are many models for various
aspects of magnetic activity, coronal heating, and
solar wind acceleration, the lack of magnetic field
and detailed plasma measurements in the region
inside 65 R does not allow their validation or fal-
sification. Basic unanswered questions concern the
dynamics of photospheric and coronal magnetic
fields in the source regions of the solar wind; the
storage, transport, and release of the mechanical
energy required for coronal heating; the specific
mechanism(s) for the conversion of energy between
the magnetic field and thermal particles; and the
sources of high-energy particles and the mecha-
nisms by which they are accelerated. These ques-
tions motivate three broadly distinct but interlinked
top-level Solar Probe objectives. A fourth top-
level objective of an exploratory nature concerns
the source, composition, and dynamics of dust in
the inner solar system. In the following sections,
these four main objectives are translated into spe-
cific scientific questions and basic measurement
requirements.

2.1 Determine the structure and dynamics
of the magnetic fields at the sources of the
fast and slow solar wind

In-situ measurements of the solar wind by
Ulysses and other spacecraft have confirmed the
origin of fast wind streams in coronal holes and
demonstrated the overall association of wind speed
and coronal structure throughout the solar activity
cycle (cf. Figure 2-1) (McComas et al.,2003). How-
ever, while the properties of the fast and slow wind
in interplanetary space are well-established, their
source regions have been explored only via remote



sensing observations, which have revealed that the
solar corona, even at solar minimum, displays a
rich variety of dynamic magnetized structures over
a wide range of temporal and spatial scales. Solar
Probe will combine remote sensing observations
(e.g., of the polar photospheric magnetic fields) with
in situ particles and fields measurements to deter-
mine how these dynamic structures merge, in time
and space, to yield the wind measured in interplan-
etary space.

2.1.1 How does the magnetic field in the solar
wind source regions connect to the photosphere
and the heliosphere? The geometry of the magnetic
field expansion in the inner corona, from the photo-
sphere out to a few solar radii, plays a fundamental
role in determining density distribution and solar
wind speeds in solar wind models, as the field lines
define the flow tubes along which mass and energy
flux are conserved. Close to the Sun, SUMER and
MDI observations from SOHO suggest that the
source of the fast solar wind is associated with the
strong supergranular network magnetic fields in cor-
onal holes (Hassler et al., 1999, Figure 2-3), which
rapidly fan out to fill the corona. Ulysses observa-
tions have shown that the radial magnetic field com-
ponent measured in the fast wind is largely indepen-
dent of latitude, so that any latitudinal gradient in
the average field at the coronal base must be washed
out by transverse non-radial expansion closer to the
Sun. This non-radial divergence of the magnetic field
is a fundamental property of the corona (e.g., Feld-
man et al., 1996) as it determines the areal expan-
sion along flux tubes, which has been shown to be
inversely correlated with the asymptotic solar wind
speed. It is thought that flux tube expansion is caused
by the excess high-latitude magnetic pressure, and
models suggest that it occurs out to radial distances
> 10 Rq. Based on Ulysses data, the magnitude of the
average polar magnetic field has been estimated to
be 6 G at solar minimum, though values up to 15 G
in the photosphere may not be excluded. At present,
there are no direct measurements of the polar mag-
netic field below 1.5 AU (Sittler and Guhathakurta,
1999; 2002). By measuring the radial magnetic
field in situ along its trajectory, and remotely sens-
ing the polar photospheric field at the same time,
Solar Probe will allow a complete description of
magnetic field and solar wind expansion free from
unknown parameters. These measurements will

2. SOLAR PROBE SCIENCE OBIJECTIVES AND MEASUREMENT REQUIREMENTS
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Figure 2-3. Polar coronal holes, such as that seen in
this SOHO/EIT image, are the source of the fast solar
wind. SUMER measurements of Doppler-shifted coronal
emission lines superposed on the magnetic network
(inset) suggest that the high-speed outflow from coronal
holes is associated with the chromospheric network
(Hassler et al., 1999). Solar Probe will make the first
in-situ measurements of such outflows and will test the
hypothesis that the primary source region for the fast
solar wind is in the magnetic network.

provide both a test of existing models of coronal
structure and rigorous constraints on future coro-
nal models.

The magnetic network in the quiet Sun looks
remarkably similar to the network in coronal holes
in spectral lines formed at lower, transition region
temperatures, while it is harder to distinguish in
lines formed at 10 K. If a similar coronal heating
mechanism is at work in both the quiet Sun and
coronal holes, any difference in their appearance is
presumably related to the magnetic field topology,
including, perhaps, its time dependence. The larger
densities, apparently higher electron temperature,
and different chemical composition of the quiet Sun
would then be the result of a larger filling factor of
closed magnetic field lines compared with that in
coronal holes. While the imprint of coronal holes
and equatorial helmet streamers is manifest in the
solar wind in the form of fast and slow streams and
embedded plasma sheets, the fate of the quiet Sun
corona is unknown. Is the plasma in the quiet Sun
confined by closed magnetic field lines, so that the
fast wind is entirely of coronal hole origin? Or is
there a mass loss from the quiet Sun as well, and if
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so, what is its speed and how does it merge with the
surrounding solar wind?

The magnetic field in active regions above
sunspots provides the strongest confinement of
hot plasma in the corona and is seen as bright x-
ray loops, which often end in cusp-like shapes at
their summit. At greater heights, these develop into
streamers, which at solar minimum are large and
elongated and form a belt around the solar magnetic
equator. Remote sensing observations by SOHO/
UVCS of the EUV emission lines of minor ions,
combined with multi-fluid models, provide some
clues about the source regions of the slow solar
wind in coronal streamers, but the magnetic field
topology in these regions and the role it plays in
plasma outflow are unknown.

The complexity of the coronal magnetic field
structure increases with increasing activity during
the solar cycle. At activity maximum, disk obser-
vations show the existence of very complicated
loop structures, and images of the extended corona
show streamers protruding from the solar surface
not only in the equatorial regions but at all latitudes
around the disk as well (Figure 2-4). Solar Probe
will determine where the slow solar wind forms
in and around streamers and whether specific
magnetic signatures, such as embedded current-
sheets, are associated with its formation. Further,
studies of solar wind sources during periods of
solar maximum indicate a contribution to the
wind from inside active regions as well. Solar
Probe will determine the topology of magnetic field
lines within active regions that give rise to solar
wind flow.

Solar Probe will travel over coronal holes, the
quiet Sun, and the active solar corona at distances
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between 9 and 4 Rg and under both quiet and active
conditions. It will trace the origin of the fast and
slow wind and correlate the flow speed with closed/
open magnetic field line topologies, as measured by
photospheric field measurements and determined
indirectly through the in-situ measurement of such
parameters as electron and energetic particle bi-
directional streaming. Relating the in-situ coronal
observations with surface structures will require
remote sensing: ecliptic viewing of the white-light
corona to trace field lines in the plane of the Solar
Probe orbit, tomographic images from the all-sky
coronagraph to identify coronal structures in the
local spacecraft environment, and a polar view of
the photosphere and photospheric magnetic fields
from the spacecraft perspective to identify and
locate the source region structures.

At present, relating the solar wind to the coronal
magnetic structures in which it originates involves
mapping the measured photospheric field out to
some radius and extrapolating the solar wind flow
radially backward to this same radius, where a
boundary condition—typically that the magnetic
field be radial—is imposed. The radius where the
connection between solar wind backwards extrapo-
lation and solar magnetic field forward extrapola-
tion are matched is typically located at ~2-3 Rq. In-
situ magnetic field measurements by Solar Probe
during the fast latitude scan around perihelion
will provide definitive ground truth for such map-
ping, and data from the polar passages will allow
a better reconstruction of the magnetic field from
the Sun into interplanetary space.

In-situ measurements of the heliospheric mag-
netic field suggest a global structure that is gener-
ally similar to that predicted by Parker (1958), with
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Figure 2-4. SOHO/LASCO C2 images showing the evolution of the streamer belt during the rising phase
of solar cycle 23. With increasing activity, polar coronal holes shrink and streamers appear at higher and
higher heliolatitudes. The solar wind loses its orderly bimodal character and becomes a complicated mixture
of fast flows from small coronal holes and transients embedded in a moderate-to-slow wind from all latitudes.
Solar Probe will relate the flow speed measured in situ with the magnetic field structures in the coronal and

photospheric source regions.



a spiral structure caused by the combination of solar
wind expansion and solar rotation and a warped
current sheet separating the northern and southern
polarities. However, it has been proposed (Jokipii
and Kota, 1989)—but not confirmed observation-
ally inside 1.9 AU—that photospheric motions of
magnetic field lines at low frequencies over the
poles produce strong and variable deviations from
the Parker’s prediction for the global field struc-
ture at high latitudes. The resulting large-amplitude
interplanetary fluctuations would be responsible
for large changes in the predicted drift of galactic
cosmic rays into the heliosphere. Ulysses observa-
tions of the magnetic field orientation in corotating
rarefaction regions also show large deviations from
Parker’s model (Murphy et al., 2002; Schwadron,
2002). Further evidence that the field deviates from
the Parker model at large distances from the Sun
came from the surprising detection by Ulysses of
solar energetic particles at higher latitudes caused
by shocks associated with cororating interaction
regions (CIRs) formed at lower latitudes (McK-
ibben et al., 2001). It has been suggested that the
observed departures from the Parker spiral result in
part from the rigid rotation of coronal holes, which
implies efficient reconnection between the open
coronal hole field lines and the quiet Sun and the
resulting diffusion of open field lines across coronal
hole boundaries (Fisk, 1996; Fisk and Schwadron,
2001). In-situ measurements by Solar Probe of the
magnetic field along a polar orbit spanning from a
few AU down to 4 Rg will help test such theories of
the heliospheric magnetic field.

Measurement Requirements

* In-situ magnetic field and plasma velocity
measured continuously inside 0.3 AU

* Solar wind density, temperature, and
composition as a proxy for individual flow tubes

e Electron distribution function (bidirectional
streaming as evidence of closed magnetic
field topology), correlated with solar wind
composition and velocity and magnetic field data

* Photospheric magnetic field at high latitudes
and line-of-sight velocity fields

* All-sky coronagraph imaging of the polar
regions

2.1.2 How do the observed structures in the
corona evolve into the solar wind? The outer solar
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atmosphere is structured by the magnetic field over
a wide range of scales. Active regions and the quiet
Sun display extended arcades and loops with thick-
nesses down to present observational resolution
limits of a 1000 km or less, merging into the helmet
streamers observed over the activity belt in coro-
nagraph images. White light and UV coronograph-
spectroscopic observations show coronal holes to
be far from featureless as well. Bright striations, or
plumes, can be traced all the way from the solar
surface out to 30 Rq (Figure 2-5).

The relationship of plumes to the fast wind is
poorly understood. They appear above x-ray bright
points in the coronal holes, and are denser by factors
of 2 or more than the surrounding regions. UV lines
in the plumes appear to be narrower (i.e., the plumes
are cooler) than in the darker lanes separating them,
while measurements of outflows suggest that the
dark lanes are preferential outflow regions (Teriaca
et al., 2003). Earlier measurements also revealed an
apparent large first ionization potential (FIP) effect
in plumes, thus excluding the possibility that they
could be the source of the fast wind. However, more
recent analyses using SOHO/CDS data have shown
that plumes do not have a significant FIP effect,
contradicting the earlier observations (Del Zanna,
Chiuderi, and Parenti, 2004). Moreover, the scale
height temperature in plumes seems to be too high
to allow them to remain in static equilibrium (Wil-
helm et al., 1998), and dynamic wave activity,
suggestive of acceleration mechanisms, has been
observed in plumes by SOHO/EIT (DeForest and
Gurman, 1998; Ofman, Nakariakov, and DeFor-
est, 1999) and SOHO/UVCS (Ofman et al., 1997,
2000). Finally, Doppler dimming measurements
using SOHO/SUMER in the height range 1.05-1.35
R have found outflow velocities in plumes of order
60 km/s, exceeding those in the interplume regions
(Gabriel et al., 2003).

Fine-scale structures are observed in the fast
wind as well as in coronal holes, including the
so-called microstreams and pressure-balanced
structures. These are fluctuations in radial veloc-
ity that last about 16 hours in the spacecraft frame
and have a magnitude on the order of 50 km/s. Such
structures may be a remnant of the original accelera-
tion process (see Section 2.1.3), or perhaps are the
final result of the merging of plume and interplume
regions. By flying through the polar coronal holes
over a range of distances from 30 to 8 R, Solar
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Figure 2-5. Top: The Solar Probe orbit (yellow dots)
superposed on a composite image showing the polar
plumes and interplume regions from the surface out to
a distance of 30 Rg (DeForest et al., 2001). Bottom:
Composite showing detailed plume structure in the lower
corona (Teriaca et al., 2004). It is unknown how polar
coronal plumes are formed, how their density structures
are maintained in the solar wind, and what their fate in
the more distant heliosphere is, as in-situ measurements
from 1 AU are unable to identify them. Coronal plumes
may or may not be a primary source of solar wind, a
question which Solar Probe will answer.

Probe will observe and cross coronal plumes or
their remnants, estimate their filling factor and
contribution to the overall solar wind flow, and
assess the expansion factors of the flow tubes
carrying the solar wind flow. These observations

will make it possible to clarify how microstreams
Jorm and evolve and to determine what their rela-
tionship to coronal fine-scale structures is. Achiev-
ing this objective will require both in-situ measure-
ment of the magnetic field and plasma velocity and
full distribution function (density temperature and
composition of solar wind) to identify individual
flow tubes and use of the tomographic reconstruc-
tion technique of the all-sky white-light corona-
graph, which will provide information on the filling
factor and geometrical distribution of plumes.

The LASCO and UVCS telescopes on the SOHO
mission have made important contributions to our
knowledge of the origins of the slow solar wind
streams around helmet streamers (Figure 2-6).
Sequences of LASCO difference images obtained

0938 UT
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Figure 2-6. Difference images from the SOHO/LASCO
coronagraphs showing the expulsion of material from the
streamer belt (Sheeley et al., 1997). These images show
how dynamic the release of mass from the magnetically
confined corona may be. Solar Probe will cross structures
such as these at perihelion and will give detailed mea-
surements of magnetic field, density, and velocities.
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Relating Coronal and Solar Wind Structures

Plasma measurements in the solar wind have revealed a multitude of structures, from pressure-balanced struc-
tures to magnetic holes to micro-streams. It is not known if and how such structures are related to the coronal
plumes observed in the corona via remote sensing. Our ability to determine the geometrical structure of coronal
plumes and rays, as well as of equatorial streamers, suffers from the line-of-sight integration effects typical of
an optically thin plasma. In-situ measurements of basic plasma properties and composition and the magnetic
field as a function of distance from the Sun will not suffer from this limitation, however, and can be compared
with the coronal structure as it is observed by both ground-based coronagraphs and Solar Probe’s Hemispheric
Imager itself. Sequences of images acquired as Solar Probe approaches and crosses coronal plumes will be
used to determine the dimension and filling factor of the plumes. In-situ measurements will identify structures
in the plumes such as entropy jumps and tangential discontinuities and will be compared with remote-sens-
ing observations. Such structures can confidently be identified as spatial owing to the long lifetime of a plume
relative to the time required for the spacecraft to pass through it. (Remote-sensing observations have shown
that plumes are relatively stable structures with a lifetime of several hours. Solar Probe will cross a plume in a
matter of minutes. For example, the spacecraft will traverse a plume that is 10,000 km in diameter at the Sun

and ~120,000 km across at 8 Rg in 10 minutes.)

in 1996 (sunspot minimum) give the impression of
a quasi-continuous outflow of material in “puffs”
from the streamer belt (Sheeley et al., 1997). A
quantitative analysis of moving features shows that
they originate above the cusp of helmet streamers
and move radially outward, with a typical speed of
150 km/s near 5 Rg, increasing to 300 km/s at 25
R (Figure 2-7). The average speed profile is con-
sistent with an isothermal corona at the temperature
T= 1.1 x 10° K (SOHO/UVCS measurements indi-
cating a temperature 1.6 x 10° K in the streamer
core, at activity minimum) and a critical point near
5 Rg. The ejection of material may be caused by
loss of confinement due to pressure-driven insta-
bilities as the heated plasma accumulates or to cur-
rent-driven instabilities (tearing and or kink-type
instabilities) in the sheared field of the streamer.
Sheeley et al. (1997) conclude that the features they
observe trace the wind motion like “leaves in the
wind.” Solar Probe will cross the paths of these
ejecta from streamers and will ascertain whether
the ejection of coronal material occurs in a con-
tinuous flow or whether the puffs are in fact dis-
connecting plasmoids. If the latter, Solar Probe
will determine the magnetic field configuration of
the plasmoid as well as the magnetic morphology
at the point of disconnection in the corona.
Comparison of Galileo radio data with SOHO/
UVCS images clearly shows the association of the
slow wind with streamer stalks, that is, with the
regions above the cusps of helmet streamers that
include the current sheet (Habbal et al., 1997). It is

not known, however, whether there is a single cur-
rent sheet that runs along the nearly equatorial strip
of maximum brightness in the white corona, i.e.,
along the streamer belt (as surmised by Wang et
al., 1997), or whether there are a number of stalk/
sheet structures of finite longitudinal extent. Nor
is the structure of current sheets in streamer stalks
known. Do they have a simple structure, or are they
made up of multiple sheets in a more complex mag-
netic field morphology, as is suggested in part by
SOHO/UVCS measurements (Noci et al., 1997)
and multiple current sheet crossings in situ (Smith,
2001)?

During periods of maximum activity the solar
wind flow is much more variable and structured
than the simple bimodal case found at solar mini-
mum. The solar wind speed is typically lower,
with the exception of very high speed CME-driven
flows, and the source regions of the wind are more
uncertain. The quasi-stationary (non-CME driven)
flows appear to originate not only from coronal
holes and their boundaries, but also from active
regions, which are associated with both the slower
and moderately fast winds. The solar wind from
active regions seems to be structured into sub-
streams separated by distinctive structures such
as magnetic holes, plasma sheets, or lower entropy
regions (Neugebauer et al., 2002).

White-light all-sky coronagraph images by
Solar Probe from a polar perspective above 20 R
will reveal the geometrical distribution of plumes
in coronal holes, the plasma structures enveloping
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Figure 2-7. Scatter plots of the speed of density
perturbations, or plasma puffs, as determined from
difference images from the SOHO/LASCO instrument,
as a function of distance from the Sun, together with a
best fit for the radial velocity profile (Sheeley et al., 1997).
The plasma puffs serve as tracers of the slow solar wind,
which experiences acceleration over a more (top panel) or
less (bottom panel) extended radial distance from the Sun.
Solar Probe will directly measure densities and speeds
within this full distance range, determining the contribution
of plasmoids to the overall mass flux from the Sun.

active regions and helmet streamers, and their fill-
ing factors, while in-situ measurements of plasma
and magnetic field properties will clarify magnetic
field morphology, the nature of plasma/current
sheets, and the source regions of solar wind.

Measurement Requirements

* In-situ magnetic field and plasma velocity and
full distribution functions (solar wind density,
temperature, and composition as a proxy for
individual flow tubes)

¢ Electron distribution function (bidirectional
streaming as evidence of closed magnetic
field topology), correlated with solar wind
composition and velocity and magnetic field
data

* Photospheric magnetic field at high latitude and
line-of-sight velocity fields

* All-sky coronagraph imaging of coronal
structures

2.1.3 Is the source of the solar wind steady or
intermittent? As observed in situ at large dis-
tances from the Sun, the solar wind appears as a
continuous, if structured, plasma outflow. Its quasi-
steady character may be a property of the outflow
at the solar source. However, the apparently quasi-
stationary wind may also result from a number of
spatially limited, impulsive events that are distrib-
uted over smaller scales (Neugebauer, 1991; Feld-
man et al., 1997).

There is abundant evidence for the intermittent
or “pulsed” (Feldman et al., 1997) character of the
high-speed wind: observations of microstreams
and persistent beam-like features in the fast wind
(Figure 2-8); interplanetary scintillation measure-
ments of field-aligned density structures having a
10:1 radially-aligned axial ratio and apparent field-
aligned speeds ranging from ~400 to ~1280 km/s
(Coles et al., 1991; Grall et al., 1996); and remote
sensing observations of the chromosphere, transi-
tion region, and corona revealing explosive, bursty
phenomena (microflares) associated with magnetic
activity over an extremely wide range of energy and
time scales. Feldman et al. (1996, 1997) have inter-
preted the fine-scale structures observed in the fast
wind as remnants of spicules, macrospicules, x-ray
jets, and H-alpha surges and hypothesize that the
fast wind results from the superposition of transient
reconnection-generated jets. If this hypothesis is
correct, then the heating of the corona leading to
its time-dependent acceleration to form an ensem-
ble of outward-going jets should be accompanied
by the annihilation of oppositely-directed mag-
netic flux bundles clustered near the magnetic
network, in turn leading to transient hard x-ray
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Figure 2-8. Two-beam model fit to the logarithm of phase
space density for the Ulysses proton spectrum in the high-
speed solar wind (Goldstein et al., 2000). A proton beam
with a drift speed of about 50 km/s, i.e., the Alfvén speed,
gives the best fit. By measuring the plasma continuously
within 65 Rg, Solar Probe will determine where this
beam forms and whether it is the direct remnant of the
acceleration mechanism or is produced in situ by wave—
particle interactions.

and gamma-ray bursts, along with neutron pro-
duction in the 1 to 10 MeV energy range, which
could be detected by Solar Probe.

For the slow solar wind, evidence in favor of an
intermittent origin is even more abundant. As men-
tioned above, blobs of plasma appear to be lost by
helmet streamer structures overlying active regions,
and various mechanisms have been proposed for
this process. At solar maximum, an important and
definitely intermittent solar wind component is pres-
ent in the form of CMEs, and the fine-scale struc-
ture of the solar wind from active regions suggests
at least a spatially structured origin for the various
flow streams. More generally, smaller CME-like
events at all scales could contribute significantly to
the solar wind throughout the activity cycle.

Recent models of the solar wind (e.g., Feldman et
al., 1996; 1997; Fisk, 2003; Schwadron and McCo-
mas, 2003) require an intermittent, bursty origin for
the solar wind, as the mass flux is lost by the recon-
nection of closed loops to open field lines. Loops
may act as plasma storage deposits, accumulating
energy and matter that will be injected in the solar
wind. For a given energy flux, hotter loops contrib-
ute a larger mass flux, and therefore the asymptotic

2. SOLAR PROBE SCIENCE OBIJECTIVES AND MEASUREMENT REQUIREMENTS

wind speed is lower. The inverse correlation of
electron temperature and solar wind speed inferred
from in-situ observations (Gloeckler et al., 2003)
may thus be an intrinsic signature of the loops
that are the source of solar wind. In this view, all
solar wind material comes from plasma that was
once confined in coronal loops and has therefore
been injected into the wind via magnetic reconnec-
tion with open field lines (McKenzie and Mullan,
1997). This view is also supported by in-situ mea-
surements of the abundance of elements with a low
first ionization potential (FIP bias), whose coronal
accumulation can only occur in loops. FIP bias is
close to 2 in the fast wind or high-latitude region
and greater than 3 everywhere else (Zurbuchen et
al., 2002), evidence that the fast wind comes from
small, short-lived loops, while slower wind may
come from larger, longer-lived structures.

Direct, in-situ measurements of the structure
of the solar wind, of the ion and electron distri-
bution functions, and of elemental abundance
variations close to the Sun will provide the data
required to test these models. Solar Probe will
directly measure both the electron distribution func-
tion and flow speeds of minor ions in the coronal
hole, and, at perihelion, may directly sample com-
position differences on closed and open fields. By
continuous direct sampling the plasma flow as the
spacecraft approaches the Sun, Solar Probe will be
able to assess the spatial and temporal character of
the filling factor of the fast solar wind, while imag-
ing the coronal structures that it will cross above 10
Rg. It will measure how microstreams in the fast
wind change and whether they merge with pressure-
balanced or other density-enhanced plume-like
structures. The time-dependent variability observed
in the wind might also increase close to the Sun,
revealing signatures of multiple sources such as
bursty events or micro-CME’s.

Measurement Requirements

* In-situ magnetic field and plasma velocity at
high cadence in inner heliospheric regions
(below 20 Rg)

* Solar wind density, temperature, and
composition

¢ Electron distribution function (bidirectional
streaming as evidence of closed magnetic
field line topology), correlated with solar wind
composition and velocity and magnetic field;
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strahl; high-energy tails of proton and helium
distribution functions at high cadence

* Neutron and gamma-ray emissions

* Energetic electrons and ions

2.2 Trace the flow of the energy that heats
the solar corona and accelerates the solar
wind

The solar corona loses energy in the form of
radiation, heat conduction, waves, and the kinetic
energy of the solar wind flow. It is estimated that
the energy flux required to balance such losses
from the corona varies from & = 107 erg/cm?/s
for active regions to € = 5-8 x 10° erg/cm?/s for
coronal holes and streamer belt cusps (Withbroe
and Noyes, 1977). This energy must come from
mechanical energy residing in photospheric con-
vection, the solar magnetic field acting both to
channel and store this energy in the outer atmo-
spheric layers. However, the mechanisms by which
the energy is transferred and dissipated to gener-
ate the hot corona, solar wind, and heliosphere
throughout the Sun’s activity cycle remain one of
the fundamental unanswered questions in solar
and heliospheric physics.

Remote-sensing measurements of the solar
corona and in-situ measurement of particle distri-
bution functions in the fast and slow solar wind
streams have shown that the heating process is
correlated with magnetic structure, and at solar

minimum, with the basic bimodal nature of the solar
wind. SOHO/UVCS observations using the Dop-
pler dimming technique (Li et al., 1998; Kohl et al.,
1998) (Figure 2-9) and interplanetary scintillation
measurements (Grall et al., 1996) indicate that the
high-speed solar wind is rapidly accelerated near
the Sun, reaching speeds of the order of 600 km/s
within 10 Ry (Grall et al., 1996; Figure 2-10).
Observations of comet C/1996Y1 confirm a most
probable speed of about 720 km/s for the solar wind
at 6.8 Rq (Raymond et al., 1998). Such rapid accel-
eration appears to result from the extremely large
and anisotropic effective temperatures in the lower
corona that have been deduced from measurements
by SOHO/UVCS. These temperatures are much
higher perpendicular to the magnetic field. The fast
solar wind measured in situ shows what may be a
relic of this anisotropy, which is smaller than that
inferred from coronal observations, but persists
in the distance range from 0.3 to 5 AU. Proton,
alpha-particle, and minor ion distribution functions
in the fast wind also present a non-thermal beam-
like component whose speed is comparable to the
local Alfvén speed. All these properties suggest
that Alfvén or ion—cyclotron waves play a major
role in coronal heating and solar wind acceleration.
It is difficult, however, to separate remnant signa-
tures of solar wind acceleration from in-situ pro-
cesses. Measurements close to the Sun are required
to distinguish the effects of in-situ processes and
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Figure 2-9. SOHO/UVCS emission line width observations show anisotropic velocity distributions of neutral
hydrogen (a proxy for protons) and O°* and preferential acceleration of minor ions relative to the hydrogen
atoms. Shaded areas indicate uncertainties due to thermal broadening. Preferential acceleration of the minor
ions may result from ion-cyclotron resonance or from wave-particle interactions involving nonlinear Alfvén
waves. Solar Probe will establish the role of various wave-particle interactions in heating the corona and

accelerating the solar wind (Kohl/ et al., 1998).
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Figure 2-10. Apparent flow speed of the fast wind
vs. distance determined from radio scintillation mea-
surements by EISCAT, VLBA, and Spartan 201-01,
showing rapid acceleration of the solar wind at distances
<10 Rg (Grall et al. 1996). These measurements rely on
the phase shifts in radio signals caused by the movement
of density structures across the line of sight, and therefore
contain the effects of compressive waves. Solar Probe
will provide continuous direct measurements of the solar
wind inside 65 Rg, with significantly smaller error bars
down to 5-10 Rg.

obtain a more direct measure of the acceleration
mechanism(s).

The different properties of the turbulence
observed in the fast and slow solar wind are fur-
ther evidence of the role played by turbulence and
wave—particle interactions in coronal heating. Fast
streams contain stronger fluctuations in transverse
velocity and magnetic fields, and display a higher
degree of correlation between the velocity and mag-
netic fluctuations (often described as a well-devel-
oped spectrum of quasi-incompressible Alfvén
waves propagating away from the Sun). In the slow
wind, this correlation occurs at a much lower level,
while larger fluctuations in density and in the mag-
nitude of the magnetic field are present, indicating
a more evolved magnetohydrodynamic (MHD)
turbulent state there. This difference in turbulence
state between fast and slow wind streams, together
with the fact that slow wind distribution functions
are much closer to equilibrium, suggests that the
outward propagating wave flux contributes to the
heating of the steady fast wind, while the slow wind
is heated much more variably. It is not known, how-
ever, how the turbulent flux increases toward the
Sun, whether it is sufficient to power coronal heat-
ing and solar wind acceleration, and how it is driven

2. SOLAR PROBE SCIENCE OBIJECTIVES AND MEASUREMENT REQUIREMENTS

by time-dependent events in the photosphere, chro-
mosphere, transition region, and lower corona.

By providing the first in-situ measurements of
the distribution functions, waves, turbulence, and
electromagnetic fields from 0.3 AU to 4 Ry, and by
correlating them with plasma and magnetic field
structures, Solar Probe will be able to answer the
basic questions of how the solar corona is powered,
how the energy is channeled into the kinetics of par-
ticle distribution functions in the solar corona and
wind, and how such processes relate to the turbu-
lence and wave—particle dynamics observed in the
heliosphere.

2.2.1 How is energy from the lower solar atmo-
sphere transferred to, and dissipated in, the
corona? An abundant amount of mechanical energy
is available in photospheric motions. The question
is: How is this energy transmitted upwards and dis-
sipated in the right place, within a few solar radii
of the surface, to heat the corona? The coincidence
of magnetic and thermal structures suggests that the
magnetic field plays a fundamental role in channel-
ing, storing, and dissipating the energy, both via the
emergence of photospheric flux tubes and through
their continuous distortion and convection by the
photospheric velocity fields. Photospheric motions
on different timescales have different effects, which
may be broadly divided into two categories: power at
periods below a few minutes propagates in the form
of MHD waves (AC), while power at lower frequen-
cies is stored by currents or gradients in the coronal
magnetic field (DC) (Hollweg, 1974; 1978).

Because of the high coronal temperatures, the
resistivity of the coronal plasma is weak (i.e., mag-
netic Reynolds numbers are of order S ~ 10! based
on collisional resistivity). Weak resistivity implies
that the dissipation of MHD waves must occur
via the development of steep gradients and small
scales—through nonlinear steepening or a turbulent
cascade, for example, or through phase-mixing and
resonant absorption. In the case of energy stored in
DC currents, dissipation occurs by means of cur-
rent sheet collapse and magnetic reconnection.
Ultimately, both mechanisms require large electric
fields, so that particle acceleration occurs, resulting
in non-thermal particle distributions.

Whether the solar corona is heated by low-
frequency waves resulting from motions natu-
rally arising in the photosphere or whether the
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Tracing the Flow of Energy in the Corona

As the Solar Probe approaches the Sun, it will carry out the first direct measurements of local particle distribu-
tion functions, density and velocity field fluctuations, and electromagnetic fields. Cross-correlations between
density, velocity, and magnetic and electric field fluctuations will be used to distinguish energy in dynamic
fluctuations from thermal broadening. The amount of energy in the electrons will be determined directly, thus
placing quantitative limits on the role of electron heat-flux in coronal energy transport. In the fluctuations, tem-
poral and spatial wave-vectors perpendicular and parallel to the magnetic field directions will be convolved and
Doppler-shifted in the spacecraft frame. The Doppler shift for transverse scales of order 105 km at the polar
transit (corresponding to supergranule scales at the surface) is of the order of magnitude of 10~3 Hz, which is
close to frequencies of the characteristic 5-minute oscillations. Again, cross-correlation of velocity, density, and
electromagnetic fluctuations will allow a partial separation of spatial and temporal effects. Measurements of the
minor ions, in particular alpha particles, will also allow filtering of some of the dominant Alfvénic wave-modes so
that the relative role of the so-called Alfvénic turbulence can be quantitatively determined. Identifying smaller-
scale structures, both propagating (shocks from the steepening of compressible modes) and non-propagating
(current sheets), will also require use of the complete distribution functions and electromagnetic fluctuations at
the highest resolutions. In the latter case, multi-instrument coordination will be achieved using pattern recogni-

tion from in-situ and simulated data.

dominant energy source resides in the currents
stored viaslower field line motions has been the subject
of strong debate. Among the MHD waves, only Alfvén
waves would appear to survive the strong gradients
in the chromosphere and transition region, because
slow modes steepen into shocks while fast modes
suffer total reflection. Transmitted waves propagate
at large angles to the radial direction, since a 100-s
wave with an Alfvén speed of 2000 km/s has
a wavelength along the direction of the field of
2 x 10° km, while the perpendicular coherence will
be at most 10* km. Longer-period waves must have
an even larger ion anisotropy. Waves reaching the
lower corona must therefore be shear Alfvén waves,
although discrete coronal structures such as loops
and plumes might channel surface waves and propa-
gate energy as global oscillations as well.

Several mechanisms for the dissipation of waves
have been proposed, among which phase-mixing
(Heyvaerts and Priest, 1983) and resonant absorp-
tion (lonson, 1978) are the most widely invoked.
Both processes rely on gradients in coronal struc-
tures or, more generally, on the presence of non-
uniform phase speeds, resulting in the corruga-
tion of wave-fronts and the development of small
scales as the waves propagate. It is not clear, how-
ever, that wave dissipation by either process could
occur within the distance required to produce the
high-speed wind (i.e., 1.5 Rg from the coronal
base in open field regions) (Hansteen et al., 1997).
Phase mixing and resonant absorption might play a
specific role in coronal structures such as plumes,
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where guided surface and slow-mode waves have
been remotely observed and modeled (Ofman et al.,
2000). Alternatively, the upward-transported waves
may drive low-frequency turbulence and a quasi-
perpendicular cascade involving counter-propagat-
ing waves (Matthaeus et al., 1999) to provide the
source for extended heating at smaller scales needed
to drive the fast wind from coronal holes. In any of
these scenarios, the details of the kinetic processes
that convert small-scale fluid motions into thermo-
dynamic internal energy remain to be discovered.
Parker (1988) argued that most of the energy
reaching the corona must come from the slow dis-
placement of closed field lines in low-lying loops,
which are tangled until they spontaneously develop
current sheets and then reconnect, resulting in ele-
mentary dissipation events known as nanoflares. In
this scenario, the energy for coronal heating is stored
in presently unmeasured coronal magnetic field
fluctuations. On the basis of coronal heating energy
requirements, Parker estimated that 10>* ergs must
be released per elementary event. MHD numeri-
cal experiments have shown how power-law distri-
butions in energy release are a natural outcome of
the Parker scenario, with indices not far from those
observed in x-ray flaring events (Georgoulis et al.,
1998). The original nanoflare heating scenario has
been strongly debated, observational work having
focused mostly on the power-law index character-
izing the distribution of the panoply of small-scale
energetic events observed in the corona, transition
region, and network. However, extrapolating the data



to lower energies and inferring the total contribution
of such events to coronal losses is subject to strong
uncertainties (Cargill and Klimchuk, 2004). The
direct detection of nanoflares is beyond the scope of
the Solar Probe mission. However, the detection of
energetic particles and their spectra, as well as the
measurement of the coronal magnetic field and its
[fluctuations at perihelion, where confined coronal
plasma may be traversed, will provide important
indirect evidence for the lower energy scales to
which bursty events extend.

Recently the role of low-lying loops and recon-
nection at transition region heights due to photo-
spheric dragging of network and intra-network fields
(magnetic carpet vs. canopy) has been stressed as a
potential source of energy, in the form both of direct
heat and of waves launched by reconnection (Axford
and McKenzie, 1992; Schrijver, 1997; Longcope et
al., 2003; Fisk, 2003). High-frequency modes of
this type (e.g., ion—cyclotron waves) (Marsch and
Tu., 2001) can propagate into the corona, where they
can drive the heating of both protons and minor ions
(see Section 2.2.2 below). Similar phenomena may
be involved in the polar radial magnetic field inver-
sions observed by the Ulysses spacecraft (Yamau-
chi et al., 2004). Reconnection, buffeting of field
lines associated with photospheric oscillations, and
direct field line dragging by photospheric velocity
fields have also been invoked to account for the for-
mation of chromospheric and coronal features such
as spicules and macrospicules (Sterling, 2000),
although no theory has yet been able to completely
describe such phenomena.

With a comprehensive measurement of plasma
and electromagnetic fluctuations in the inner solar
wind (<20 Ry), Solar Probe will determine how
the energy that powers the corona and wind is
dissipated and what the dominant dissipative
structures are, as well as the frequency spectrum
of electromagnetic fluctuations. Small-scale mag-
netic reconnection, of both the “anti-parallel” and
“component” types, occupies an important place
in the closed field line Parker mechanism and in
open field line cascade and phase mixing models.
An important set of investigations on Solar Probe
will therefore be the multi-instrument detection
of signatures of small-scale reconnection, such
as bidirectional plasma jets, accelerated particles,
magnetic field, and velocity gradient correlations
along the trajectory.

2. SOLAR PROBE SCIENCE OBIJECTIVES AND MEASUREMENT REQUIREMENTS

Energy transport and dissipation mechanisms
strongly depend on the mean free path of particles
in the coronal plasma, which varies drastically both
with distance from the Sun (from the base of the
corona to the supersonic solar wind), as well as
across coronal structures (coronal holes to helmet
streamers). This dependence has led to the sugges-
tion that coronal heating arises from energy stored
in non-thermal wings of particle distribution func-
tions generated between the chromosphere and
transition region or, more generally, in the region
where the solar atmospheric plasma changes from
collisional to collisionless. The higher temperatures
and subsequent outflows would then arise naturally
through velocity filtration by the Sun’s gravitational
potential (Scudder, 1994).

By measuring electron and ion distribution func-
tions up to large energies as a function of distance
from the Sun in the inner heliosphere, Solar Probe
will be able to assess the contribution of the veloc-
ity filtration mechanism to shaping coronal dis-
tribution functions. Solar Probe will clarify the
relative role of reconnection compared to other
heating mechanisms and will for the first time
identify the coronal regions above which Cou-
lomb collisions are negligible.

Measurement Requirements

* Magnetic field, velocity field, and density
fluctuations and their spectra

 Particle distribution functions of protons,
electrons, alpha particles, and possibly minor
ion species; suprathermal populations

» High-cadence 3-axis electric and magnetic field
plasma wave measurements

* Plasma wave electric and magnetic field wave
form for coherent structure identification

2.2.2. What coronal processes shape the non-
equilibrium velocity distributions observed
throughout the heliosphere? The significant broad-
ening of minor ion emission lines observed in coro-
nal holes with Spartan and UVCS on SOHO results
from unresolved ion motions and is indicative of
high-temperature anisotropies in the coronal holes,
with preferred heating in a direction perpendicular
to the radial and preferential acceleration of minor
ions over neutral hydrogen, which in the lower
corona should be strongly coupled to protons (Li et
al., 1998; Kohl et al., 1998). Preferential heating of
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minor ions with respect to protons and temperature
anisotropies is also observed in the fast solar wind,
where in-situ measurements have shown that the
perpendicular temperature in the thermal core com-
ponent of the proton velocity distribution is higher
than the parallel temperature. In-situ measurements
have also shown that the magnetic moment is not
conserved, implying that plasma turbulence heats
the ions significantly in directions perpendicular to
the magnetic field from 0.3 out to 1 AU and beyond.
Whether this turbulent heating is the primary energy
source closer to the Sun, however, is unclear; also,
because the temperatures determined from remote-
sensing techniques are indirect and are dependent
on empirical modeling, discriminating turbulent
bulk perpendicular and parallel motions from real
temperatures requires direct measurement. By car-
rying out such measurements inside 0.3 AU for
protons, helium, and minor ions, Solar Probe will
clarify the role of turbulence and wave—particle
interactions in shaping the particle distribution
functions. Solar Probe temperature data will
also provide a yardstick for future remote sens-
ing temperature observations. We emphasize that
remote sensing measurements of the Lyman-alpha
line determine properties of the neutral hydrogen
distribution, whose coupling to protons depends
crucially on the density profiles; semi-empirical
models of the solar wind require an average mean
proton temperature of at least 3 MK between 2 and
4 Ry, but only Solar Probe will for the first time
measure the proton temperatures in the corona
directly (perhaps approaching or passing beyond
the temperature maximum at low latitudes), lead-
ing to an understanding of the energetically dom-
inant wave—particle interaction properties.

In addition to the core component, the proton
distribution in the fast solar wind has an accelerated
beam component whose drift speed is comparable
to the Alfvén speed, which is close to the alpha par-
ticle drift speed with respect to the protons (Feld-
man et al., 1974; Marsch et al., 1982; Tu et al.,
2004). (The two principal explanations put forward
for the presence of such beams are direct generation
in the jet superposition picture of solar wind forma-
tion (Section 2.1.3) and wave—particle interactions
in the solar wind acceleration region. The relative
drift of protons and alpha particles is observed
beyond 0.3 AU in the solar wind, and should reach
enormous values if it remains close to the Alfvén

speed approaching the Alfvénic point. Solar Probe
measurements of the shape of the proton and alpha-
particle distribution functions will describe this
phenomenon below 0.3 AU and determine how this
drift originates, yielding clues about the responsible
mechanisms.

In-situ measurements of the solar wind and
remote sensing observations of coronal holes (Sec-
tion 2.2.1) strongly implicate resonant interaction
with ion—cyclotron waves as the mechanism respon-
sible for heating and accelerating coronal hole ions
to generate the fast solar wind. The evidence point-
ing to this mechanism includes observations of
extended proton heating, minor ion heating, equal
thermal ion velocities, and greater-than-mass-
proportional ion temperatures. A natural process
that might lead to these effects is “cyclotron sweep-
ing” (Hollweg and Isenberg, 2002), which relies
on the gradual decrease with distance from the
Sun of the ion—cyclotron frequency relative to the
Alfvén wave frequency. Minor ions, with resonance
at lower frequency, would therefore come into
resonance closer in the corona, and naturally tap
higher-energy regions of the turbulent spectrum,
assuming a standard, decreasing shape for energy
as a function of frequency. Although this process
may work for minor ions, its efficiency is dramati-
cally reduced for protons (Isenberg, 2004), calling
its relevance into question as a whole. Solar Probe
measurements of the high-frequency wave spec-
tra and wave-mode analysis, together with proton
and alpha-particle distribution functions, will
determine the relevance of ion—cyclotron waves
in regulating solar wind acceleration processes.

Other possibilities exist for converting collective
plasma energy into thermal energy, thereby shap-
ing plasma distribution functions: in addition to
the cyclotron mechanisms discussed above, which
feed on fluctuations that vary along the magnetic
field, there are also a variety of processes that are
powered by cross-field perpendicular fluctuations.
Among these are oblique wave damping or Landau
damping, weakly collisional and/or compressive
damping, and mechanisms involving nonlinear
dynamics of current sheets that might be formed
by small-scale shears or reconnection activity.
The last-mentioned include kinetic (lower hybrid)
plasma turbulence, electron solitary structures,
mode conversion, and nonlinear beam instabilities.
As an example, in the solar wind, there is evidence
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that the dissipation of kinetic Alfvén waves at large
perpendicular wavenumbers, due at least in part to
Landau damping and gyroresonant effects, contrib-
utes significantly to plasma heating (Leamon et al.,
1998).

Solar Probe data will allow identification of the
heating mechanisms that operate in the corona and
of their relative contributions to coronal heating. Do
these same processes occur inside 20 Rg? What are
the properties of both high- and low-frequency fluc-
tuations responsible for wave—particle interactions
and turbulence? Solar Probe will measure the
proton and alpha particle distribution functions
and the temperatures of minor ion species and
their anisotropies and will determine their rela-
tionship to fluctuations in the magnetic field and
the bulk velocity field. Solar Probe will thereby
identify the basic interactions shaping the distri-
bution functions in the solar wind acceleration
region, providing the ground truth knowledge
needed to answer the most basic questions about
energy dissipation and heating in the corona.

Measurement Requirements

 Particle distribution functions of protons,
electrons, alphas, and possibly minor ion
species

* Magnetic, velocity, density, and temperature
fluctuations in the MHD range (below the
proton cyclotron frequency)

* Plasma wave measurements at high cadence;
electric field measurements

2.2.3. How do the processes in the corona affect
the properties of the solar wind in the helio-
sphere? The fast wind displays Alfvénic turbu-
lence, i.e., fluctuations sharing many properties of
large-amplitude Alfvén waves propagating away
from the Sun (including nearly vanishing magnetic
pressure fluctuations), but with a flat frequency (f)
spectrum, E; ~ 1/f. The origin of the shape of this
“flicker noise” spectrum is not understood, although
it is suggestive of the presence of scale-invariant
processes, such as reconnection, in the lower corona
(Matthaeus et al., 1986). At higher frequencies the
spectrum gradually steepens, which is presum-
ably associated with an active turbulent cascade.
The break point between the two spectral forms
is, roughly, at the measured correlation scale of the
fluctuations, which gradually evolves towards lower
frequency with increasing heliocentric distance.

2. SOLAR PROBE SCIENCE OBIJECTIVES AND MEASUREMENT REQUIREMENTS

Is the lower-frequency 1/f spectrum a remnant of
the wave flux that contributes to plasma heating in
the lower corona? The existence of a broad spec-
trum is evidence in itself of significant dynamic
evolution, for otherwise significant traces of trans-
mission through the coronal cavity should be found,
in the form of preferred frequencies or broad “lines”
in the spectrum (Velli, 1993). But if the very-low-
frequency solar wind fluctuations are remnants of
coronal heating, then Solar Probe will encounter
and detect additional required factors, such as a flux
of “inward” type Alfvénic fluctuations, a possible
component of compressive fluctuations, and signa-
tures of an incompletely understood mechanism for
containing the inward waves in the presence of the
turbulence near the Alfvénic critical point. There
has been some debate as to whether signatures of
the global solar oscillations, such as the 5-minute
photospheric p-modes, survive in the solar wind,
as measurements are very close to the noise level
as measured in situ (Thomson et al., 1995). Solar
Probe measurements will also determine whether
such oscillations are present in the corona, before
there is time for nonlinear dynamics to smooth
them out.

Simple extrapolation, along with interplanetary
scintillation observations (Canals et al., 2002),
suggests that Solar Probe will observe rms velocity
field fluctuations of about 200 km/s at the Alfvénic
critical point, while at the base of the corona limits
obtained from spectral line-widths indicate a turbu-
lent velocity near the transition region of 30 km/s
(Chae et al., 1998, Figure 2-11a). Observations of
fluctuation amplitudes from the Sun out to 1 AU are
summarized in Figure 2-11b (Cranmer and van
Ballegooijen, 2005). Such measurements appear to
be broadly consistent with an Alfvén wave propaga-
tion that is modified very little by nonlinear effects,
in which case there would be little or no contribu-
tion from these waves to coronal heating. Solar
probe will unequivocally determine whether the
currently observed fluctuations are in fact one of
the principal agents in the coronal heating and
wind acceleration process.

By measuring the fluctuations of velocity, density,
temperature, and magnetic fields from 0.3 AU down
to 4 Rg, Solar Probe will determine how the Alfvé-
nic turbulence observed in high-speed solar wind
streams is generated and how it evolves, how much
energy is available, how it is distributed in space and
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Figure 2-11. (a) Non-thermal component to line model broadening in the solar atmosphere
as a function of temperature showing a maximum around 30 km/s at transition region heights
(Chae et al., 1998). (b) Composite of observations of magnetic field and velocity field fluctuation
amplitude with height in the solar atmosphere (Cranmer and van Ballegooijen, 2005). Solar
Probe will fill the gap between the data labeled UVCS and IPS by directly measuring velocity
and magnetic field fluctuations with continuous coverage between 65 and 4 Rg. It will also
obtain the spectral distribution of the fluctuations and clarify their role in coronal heating and

solar wind acceleration.

time, and what wave-modes and/or structures are
excited. Solar Probe will also ascertain whether the
observed in-situ fluctuations are indeed the remnant
of the coronal heating process and will determine
how their evolution is coupled to the evolution of the
thermodynamic properties of the plasma itself, prin-
cipally temperature, density, velocity, and average
magnetic field. Moreover, beyond their importance
for addressing fundamental questions in solar phys-
ics, Solar Probe’s measurements of the properties
of turbulence and nonlinear plasma dynamics
in the corona and solar wind will be a watershed
Jor all of astrophysics, where these phenomena
are invoked over widely different contexts, from
accretion disks to the collisionless shocks occur-
ring in galaxy-cluster formation.

Apart from determining the initial conditions for
the origin the solar wind turbulent spectra, coro-
nal processes have a large impact on other solar
wind properties. For example, the composition of
the solar wind and its variation with wind speed,
which also follows a bimodal pattern, show that the
slow wind is enhanced in low first ionization poten-
tial (FIP) elements with respect to photospheric
values (Zurbuchen et al., 2002). This most prob-
ably results from the longer confinement time, in or
around closed coronal loop type structures, of the
slow solar wind plasma (Section 2.1.3). Solar Probe
will measure the abundances of heavy ions in the
slow and fast wind close to the Sun, ions that to date
have been observed only remotely or far from the
Sun in situ. Solar Probe may also be able to detect
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light FIP elements, such as Na, which, due to their
low abundance, have not been observed so far. The
measurement of the FIP effects in these elements
can provide strong constraints on the mechanism
responsible for the FIP effect and yield clues to the
ionization processes in slow and fast solar wind
plasma.

The outer solar corona between 5 and 20 Ry plays
a fundamental role in determining large-scale prop-
erties such as solar wind angular momentum loss
and global heliospheric structure. This is because
the Alfvénic critical surface, where the solar-wind
speed overtakes the Alfvén speed, defines the point
where the plasma ceases to corotate with the Sun,
i.e., where the magnetic field loses its rigidity to the
plasma. This is also the region where the velocity
gradients between the fast and slow speed streams
develop, determining the initial conditions for the
development, further out, of corotating interaction
regions (CIRs). In crossing this critical distance
range for the first time, Solar Probe will obtain
precise measurements of the plasma flow, mag-
netic field, and their gradients. These measure-
ments will make it possible to determine the
initial conditions for the development of helio-
spheric structure, enabling a predictive approach
to mean global heliospheric structure based on
actual coronal measurements.

Measurement Requirements

* Basic plasma (proton, alpha particles, minor
ions) and magnetic field measurements

* Plasma wave electric field measurements to
above the plasma frequency for quasi-thermal
noise spectroscopy and high-resolution
electric and magnetic field wave-form data for
electromagnetic fields

* Plasma wave electric and magnetic field
measurements up to the proton cyclotron
frequency

» Electron temperature gradient, density gradient,
electric field/interplanetary potential

* Remote sensing of underlying photospheric mag-
netic structure for correlation with in-situ data

2.3. What mechanisms accelerate and
transport energetic charged particles?

The current paradigm (e.g., Reames, 1999)
defines two classes of solar energetic particle
(SEP) events. Gradual events are accelerated by

2. SOLAR PROBE SCIENCE OBIJECTIVES AND MEASUREMENT REQUIREMENTS

CME-driven shocks and are characterized by
roughly coronal abundances and charge states.
Impulsive events are generally much smaller events
associated with impulsive x-ray flares and are char-
acterized by enrichments in *He, heavy ions such
as Fe, and electrons, with charge states character-
istic of temperatures ranging from ~5 to 10 MK.
This paradigm distinguishes between two separate
acceleration processes and acceleration sites, both
driven by eruptive events on the Sun: (1) CME-
driven shock acceleration starting in the high
corona and continuing into interplanetary space and
(2) acceleration at the flare site, presumably driven
by magnetic reconnection. Both processes are
known to operate in larger SEP events, and studies
at 1 AU during Solar Cycle 23 present a complex
picture of events that often exhibit characteristics of
both gradual and impulsive SEP events (e.g., Cohen
et al., 1999; Cane et al., 2002; Tylka et al., 2004).
In addition to such transient energetic events, obser-
vations at 1 AU show a continual outflow of inter-
mediate-energy particles from the Sun extending
from suprathermal energies to >10 MeV/nucleon.
The mechanisms responsible for the acceleration of
these particles are not known.

Distinguishing the various acceleration processes
occurring at the Sun on the basis of data acquired at
1 AU is difficult. Transport through the interplane-
tary medium washes out the time structure, reduces
the intensities by orders of magnitude, and leads to
mixing of particles from different acceleration sites.
Solar Probe measurements, made at distances as
close to the Sun as 4 R, will not suffer from trans-
port effects, because the Probe will sample ener-
getic particles close to their acceleration sites on
the Sun and will explore, in situ, acceleration sites
in the corona and inner heliosphere. In particular,
recent results from ACE, SOHO, and WIND point
to the increasing importance of the high corona (2
Rg <1 <20 Ry) as an acceleration site for energetic
ions and electrons—a region that Solar Probe will
sample directly. These measurements will address
key questions important for understanding solar
energetic particle acceleration and transport. The
following discussion presents examples of how
Solar Probe can address these questions.

2.3.1 What are the roles of shocks, reconnec-
tion, waves, and turbulence in the acceleration
of energetic particles? In 3He-rich SEP events,
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abundance ratios of 3He/*He commonly exceed
those in the solar wind (~5 x 10~%) by 3 orders of
magnitude or more. In addition, heavy nuclei abun-
dances (relative to coronal values) tend to increase
with increasing mass, resulting in roughly tenfold
enhancements of Fe/O of and in enhancements of
“ultraheavy” (Z > 30) elements by factors as large
as 102 to 10° (Mason et al., 2004; Reames, 2004;
see Figure 2-12). Explanations of this highly selec-
tive fractionation have generally focused on plasma
processes that heat and/or accelerate ions in a cer-
tain range of charge/mass ratio, including models
based on electromagnetic ion—cyclotron waves (see,
e.g., the review by Miller, 1998). However, Mason et
al. (2004) have suggested that these processes fail
to account for the overall composition pattern and
suggested that coronal shocks may be the accelerat-
ing agent in impulsive SEP events.

About 1000 impulsive SEP events per year are
estimated to occur on the Sun during solar maxi-
mum, but the number may be much larger because
many small events undoubtedly go undetected at
1 AU. Figure 2-13 shows a series of ~10 events
observed at 1 AU during a period of several days.
Observations of the same *He-rich SEP event by

=I
10° |
©
2 108
% E Impulsive SEPs :
2 T / 1
(0] L 3
Z 10 - -
© E
o
= £
S 101 | 7 am
F Solar System
10—3 :1 e a P e g \:
50 100 150 200 250
MaSS (AMU) 05-01481-79

Figure 2-12. Nuclei with mass >90 (Z > 40) are
overabundant in impulsive solar energetic particle
events (compared to solar material) by factors ranging
from ~10 to ~50 when normalized to Fe. Since Fe
is itself overabundant by a factor of ~10, the Z > 40
overabundance is even greater when normalized to He or
oxygen (observations by Mason et al., 2004). The origin
of these overabundances is not understood.
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Figure 2-13. Energy vs. time plot showing a series of
impulsive events observed by ACE in 1998 (Mason et al.,
1999). Because of velocity dispersion, the highest-energy
particles arrive first.

IMP-8 at 1 AU and by Helios at 0.32 AU show that
the event is ~100 times more intense at 0.32 AU
and much more localized in time (Figure 2-14).
Observed even closer to the Sun, these events will
appear as intense bursts of only minutes in dura-
tion. With simultaneous solar observations from
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Figure 2-14. Time profiles of an impulsive 3He-rich event
observed at 1 AU on May 17, 1979 by ISEE-3 and at 0.32
AU by Helios-1 (based on data in Mason et al., 1989).
Both spacecraft were magnetically well connected to
the flare site. Note that the peak intensity is ~100 times
greater at 0.32 AU. Closer to the Sun the event will be
even more localized in time.
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1 AU it should be possible to trace events observed
by Solar Probe to the flare site, to measure the
flare properties, and to obtain the underlying
magnetic field configuration. In addition to com-
position measurements, Solar Probe will mea-
sure near-relativistic (V > 0.1 c) electrons from
these events within a fraction of a minute of their
release. These electrons are particularly important
for untangling acceleration processes because their
acceleration sites can be sensed remotely by micro-
wave radio emission or hard x-rays. Analogously
for energetic ions, Solar Probe may also observe
gamma rays and neutrons from these solar flare
events, providing information on the accelerated
particle components on closed field lines in the
solar atmosphere.

Although the occurrence rate of SEP events is
greatly reduced at solar minimum, strong evidence
suggests that particle acceleration occurs continu-
ously on the Sun or in the inner heliosphere, even
at solar minimum. All solar wind species that have
been measured (H*, He™, and He™*) exhibit supra-
thermal tails that extend up from several times the
solar wind speed (~10 keV/nucleon (Figure 2-15).
These tails are more prominent in the ecliptic than
over the poles, and they are continuously present,
even in the absence of solar activity or interplan-
etary shocks (e.g., Gloeckler et al., 2000). The
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Figure 2-15. All solar wind species somehow develop
suprathermal tails extending to >100 keV/nuc somewhere
between the Sun and 1 AU, as illustrated in these data
from Ulysses and ACE (Gloeckler et al., 2000). The
mechanism for creating these tails is not known. Note
that 10 times the solar wind speed is close to ~100 keV/
nucleon.
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fact that even interstellar pickup He* exhibits a
suprathermal tail suggests that the acceleration
occurs (by some unknown process) in the inner
heliosphere (e.g., LeRoux et al.,2002). However, evi-
dence also indicates that 3He is continuously accel-
erated at the Sun, even during the quietest periods,
suggesting that more or less continuous accelera-
tion may be occurring in microflares such as those
reported by RHESSI (Krucker et al., 2002). Solar
Probe will investigate these acceleration pro-
cesses by exploring the inner heliosphere to dis-
tances where no spacecraft has ventured before,
and by searching for particle acceleration associ-
ated with microflares and other processes at dis-
tances where the particle intensities will be orders
of magnitude larger than at 1 AU. The small-
scale, randomly occurring “component” reconnec-
tion that typifies microflares may be an indicator of
a scale-invariant dissipation process that not only
heats coronal plasma (see Section 2.2.1), but also
produces a stochastic component of the electric
field that contributes to particle acceleration. The
production of these dissipative structures may be
related to the small-scale termination of the cas-
cade of plasma turbulence that connects large with
small scales and may be distributed throughout the
heliosphere (Matthaeus and Lamkin, 1986; Ambro-
siano et al., 1988). Solar Probe plasma, field, and
energetic particle instruments will examine these
processes, including the geometrical properties
of the plasma fluctuations (see Section 2.3.3) in
critical, previously unexplored regions.

Hard x-ray, gamma-ray, and neutron observations
by Solar Probe can also reveal the occurrence of
sporadic and/or continuous particle acceleration on
the Sun. Solar neutron observations on Solar Probe
are of special interest because low-energy neutrons
that do not survive to 1 AU can only be observed
close to the Sun. (~1 MeV (10 MeV) neutron intensi-
ties at 5 Rg are ~1.5 x 1019 (3.7 x 10%) times greater
than at 1 AU.) Neutron observations close to the
Sun may reveal evidence of small nanoflares, which
have been suggested as a principal source of energy
for heating the corona (see Section 2.1.3).

Measurement Requirements

* Composition and energy spectra of energetic
ions and electrons

e Suprathermal ions and electrons

* Neutron and gamma-ray emissions
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* In-situ magnetic field and solar wind properties
* Photospheric EUV and magnetic field
measurements

2.3.2 What are the seed populations and physi-
cal conditions necessary for energetic particle
acceleration? SOHO has observed more than 8000
CME:s since 1996, but has measured only about
100 large SEP events during this same time period
(particle intensities >10 particles/cm?sr-s with E >
10 MeV). The acceleration mechanism (first-order
Fermi acceleration) in gradual SEP events is gen-
erally well understood. Moreover, it is known that
faster CMEs can form shocks more easily and that
shocks driven by fast, wide CMEs accelerate parti-
cles more efficiently. It remains a mystery, however,
why, for a given CME speed, the peak intensity
of >10 MeV protons can vary by a factor of ~10*
(Kahler, 2001).

To forecast large SEP events reliably, it is neces-
sary to determine why some CMEs accelerate par-
ticles more efficiently than others. The suggested
possibilities include: (1) the presence or absence
of a pre-existing population of suprathermal ions,
left over either from a previous gradual event
(e.g., Kahler 2001) or from small impulsive flares
(Mason et al., 1999); (2) the presence or absence
of successive, interacting CMEs (Gopalswamy et
al., 2002); (3) pre-conditioning and production of
seed particles by a previous CME (Kahler, 2001;
Gopalswamy et al., 2004); (4) improved injection
efficiency and acceleration rate at quasi-perpen-
dicular (as opposed to quasi-parallel) shocks (Tyvlka
et al., 2005); (5) variable contributions from flare
and shock-accelerated particles (Cane et al., 2003),
including acceleration of associated flare particles
by the shock (Li and Zank, 2004; Cliver et al.,
2004); and (6) production of SEPs in polar plumes,
where shock formation may be easier (Kahler and
Reames, 2003).

Timing studies have shown that gradual SEP
events are first accelerated at distances between ~3
and 12 Rg (Kahler, 1994; Mewaldt et al., 2003).
Formation of the CME-driven shock requires that
che s sz + Vfast’ Wwhere Vfast = (VAZ + 082)1/2, VA
is the Alfvén speed, and c is the sound speed (see
e.g., Kahler and Reames, 2003). It has therefore
been suggested that SEPs originate beyond ~3 Rg
because there is a peak in the Alfvén velocity at ~3
Rg, such that it is only beyond this radius that shocks

can be easily formed and sustained for typical CME
speeds (e.g., Gopalswamy et al., 2001; Figure 2-
16). In MHD simulations of SEP events driven by
coronal shocks (e.g., Zank et al., 2000; Sokolov et
al.,2004) it is necessary to assume or model a vari-
ety of conditions in the region where gradual SEP
events originate, including the magnetic field and
density profiles, the solar wind and Alfvén speeds,
the density of seed particles, and turbulence levels
that determine the particle diffusion coefficient.
Solar Probe will measure the solar wind and
magnetic field close to the Sun, the density and
energy spectrum of suprathermal seed particles,
and the spectrum of magnetic turbulence directly,
thus providing needed constraints on simulations
of SEP events.

The probability that Solar Probe will encounter
particle intensity levels characteristic of large SEP
events at 1 AU (e.g., >100 particles/cm?sr-s with
E > 10 MeV) is about 80% during solar maximum
conditions (Feynman et al., 2000). It is much less
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Figure 2-16. Estimated speed profile of the fast
magnetosonic mode (Vy,,) in the quiet Sun (QS) and in
the active region (AR) coronas (from Gopalswamy et al.,
2001). Conditions for shock formation differ in the three
regions marked 1, 2, and 3. A coronal mass ejection
(CME) can form a shock if the CME speed exceeds
the sum of V plus the solar wind speed (SW), one
estimate for which is shown above. Shocks formed inside
~3 Rg will not propagate into the quiet corona beyond
~3 Rg unless they have speeds greater than ~540 km/s;
however, the CME driver could form a new shock once
beyond the peak. The height of the peak in the V_, curve
depends on the actual density and magnetic field values
in a given location, but the shape of the curve will be the
same. Solar Probe will directly measure these quantities
into 4 Rg, and determine how they vary. By measuring
where and how easily shocks can form, Solar Probe will
provide ground truth for models of solar energetic particle
acceleration by fast CMEs.
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Probing the Near-Sun Energetic Particle Acceleration Region

Solar energetic particle acceleration occurs within an extended region between 2 and 20 Rg. Correlated Solar
Probe measurements of energetic particle spectra and solar wind properties inside 20 Rg will be used to under-
stand and characterize the nature of SEP acceleration near the Sun. From Solar Probe data it will be possible to
establish, for example, the average profile of the Alfvén and sound speeds in the corona. With this information, the
effectiveness of CMEs in creating shocks and the strength and number of the resulting shocks can be assessed.
Further, Solar Probe may detect the presence of smaller and perhaps more frequent CMEs and shocks that are
blended into the background and thus indistinguishable at 1 AU but that are suspected to play perhaps a quite
important role in solar energetic particle acceleration. The basic information needed to understand how efficiently
shocks accelerate particles will be obtained from measurements of turbulence upstream and downstream of
shocks in the corona. Other observations—e.g., of small-scale bursts or the absence thereof or the appearance
of distinct features in what is a power-law tail in the ion and electron particle distribution functions at 1 AU—uwiill
clarify the nature of the acceleration processes and can be used to test ideas about the scale invariance of
energy release events. The postulated role of wave—particle interactions would be confirmed, for example, by the
observation of bump-on-tail distributions for the electrons, which are capable of creating ion—cyclotron waves that

could then accelerate and energize minor ions.

likely, however, (~10-20% probability) that the
Solar Probe flyby will take place while a CME-
driven shock is accelerating >10 MeV particles
inside 100 RS. Nonetheless, Solar Probe measure-
ments of the ambient conditions that exist prior to
such events will be of enormous value to our efforts
to understand SEP acceleration and transport.

In addition, Solar Probe will almost certainly
observe a significant level of the particle accelera-
tion activity that must be going on continually on
the dynamic Sun because the intensity of events
too small to be detected at 1 AU will be orders of
magnitude greater in the near-Sun region. Captur-
ing a large SEP event would yield fascinating data,
but measurements of even the expected low-level
activity would provide definitive information on the
unknown details of near-Sun SEP acceleration and
transport.

Measurement Requirements

* Basic plasma (proton, alpha particle) and
magnetic field measurements, and their
gradients

* Major and minor ion distribution functions
extending to high-energy tails

* Composition and spectra of ions extending from
energies through ~100 MeV/nuc, including 3He

* Plasma wave electric field measurements to
above the plasma frequency for quasi-thermal
noise spectroscopy

* Plasma wave electric and magnetic field
fluctuation spectra

* Remote sensing of underlying photospheric mag-
netic structure for correlation with in-situ data

* Remote sensing of active regions, flares, and
CMEs

2.3.3 How are energetic particles transported
radially and across latitudes from the corona
to the heliosphere? Ulysses measurements have
shown that SEPs can reach high latitudes (McK-
ibben et al., 2001). Three explanations for these
observations have been proposed: (1) the CME
shocks accelerating the particles extended to high
latitudes and crossed the interplanetary magnetic
field lines connecting to Ulysses; (2) significant
particle cross-field diffusion took place; and (3)
magnetic field lines connecting high latitudes
with low-latitude active regions existed in the
solar corona, allowing particles to reach high lati-
tudes close to the Sun. On the basis of a compari-
son of onset times at Ulysses with onset times in
the ecliptic for events with the same solar origin,
Dalla et al. (2002) conclude that high-latitude
events are not compatible with direct scatter-free
propagation along a magnetic field line, but rather
the large path lengths and late release times sug-
gest that propagation to high latitudes requires
scattering. By approaching the Sun along a polar
trajectory Solar Probe will encounter energetic
particles at all latitudes and determine how
scattering properties from the corona into the
solar wind vary with magnetic field and turbu-
lence intensities. These measurements, together
with magnetic field measurements, will also
help to identify large-scale deviations from the
Parker spiral configuration (Section 2.1.1) and
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determine their role
scattering.

Energetic electrons are observed in both impul-
sive and gradual SEP events. Because of the elec-
trons’ near-relativistic velocities, the onset times of
electron events at 1 AU are often used to deduce
SEP release times near the Sun for comparison with
their associated electromagnetic signatures. Sur-
prisingly, the deduced release times almost always
appear to be delayed by ~10 minutes with respect
to electromagnetic signatures such as soft x-ray and
optical emissions from flares and associated radio
emissions (e.g., Krucker and Lin, 2000; Haggerty
and Roelof, 2002). This discrepancy has resulted in
considerable debate concerning its cause—whether
storage and subsequent release of the electrons, lon-
gitudinal propagation of the acceleration mecha-
nism from the flare site to the injection site, or radial
transport of the acceleration mechanism in the form
of a CME-driven shock (Haggerty and Roelof,
2002). Close to the Sun propagation delays will be
minimized, and energetic electron measurements
combined with interplanetary magnetic field
observations will reveal where and how particles
are released from the Sun and/or accelerated in
interplanetary space.

in energetic particle

Measurement Requirements

* High-energy ions and electrons

* In-situ vector magnetic field

* Photospheric EUV and magnetic field
measurements

* Remote sensing of active regions, flares, solar
radio bursts, and CMEs

2.4 Explore dusty plasma phenomena and
their influence on the solar wind and ener-
getic particle formation

The origin of dust in the inner solar system is not
well understood. The ultimate sources of the dust
population are thought to be the release of dust from
comets and asteroids and the breakup of meteoroids
(Figure 2-17). Subsequent dust—dust collisions
lower the average mass of the dust particles. Dust
orbital motion combines with Poynting—Robertson
deceleration to increase the dust number densities
towards the Sun (Burns et al., 1979). Inward from
1 AU, the fragmentation of cometary meteoroids
locally is believed to produce a majority of dust
particles (Griin et al., 1985; Ishimoto, 2000; Mann
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Figure 2-17. Sketch illustrating the dust environment
near the Sun. Most of the dust near the Sun is bound
in Keplerian, roughly circular orbits near the ecliptic,
although some dust particles are ejected by radiation
pressure on hyperbolic trajectories as p-meteoroids.
Comets and asteroids are the principal sources of
the solar dust cloud, with smaller contributions from
sungrazing comets and interstellar dust. Solar Probe will
make the first-ever in-situ measurements of the near-Sun
dust environment (Mann et al., 2004).

et al., 2004). Dust particles attain electric surface
charge through photo-ionization, electron emission,
and interaction with the solar wind. While larger
(>1 wm) particles move primarily in Keplerian
orbits, smaller charged grains are deflected by the
interplanetary magnetic field. The degree of deflec-
tion depends on the surface charge, which has not yet
been directly measured for dust particles in space,
and on the magnetic field magnitude and direction
and their variation in time (Mann et al., 2000). In
addition, dust dynamics is likely to be influenced by
events such as coronal mass ejections, which may
even lead to dust destruction (Misconi, 1993, Ragot
and Kahler, 2003).

The interaction of dust in the inner heliosphere
and the solar-wind plasma influences not only the
dust population but the local plasma and gas envi-
ronment as well. Notably, dust grains in the inner
heliosphere are important as a source of pickup
ions, protons as well as heavier species, which differ
from the solar wind in their charge state and veloc-
ity distribution. These “inner source” pickup ions
are potential candidates for subsequent acceleration
and may contribute to the anomalous cosmic ray
population (Cummings et al., 2002). The interac-
tion of the solar wind with dust particles also gen-
erates energetic neutral atoms (ENAs), which can
be detected from Earth orbit (Collier et al., 2001);
smaller variations in this ENA flux may be due to
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structures in the dust population (Collier et al.,
2003).

Although the dust supply from the frequently
observed sungrazing comets is negligible, they
provide an impressive example of the fate of solar
system objects in the inner solar system and in the
vicinity of the Sun. They also illustrate how the pres-
ence of small bodies can influence the local envi-
ronment. For example, SOHO/UVCS observations
of the sungrazing comet C/2001 C2, at heliocentric
distances of 4.98 and 3.60 R, revealed sequential
fragmentation events along the comet’s path and
provided evidence for the creation of a population
of neutral hydrogen through the exchange of charge
between coronal protons and material sublimated
from pyroxene dust grains as well as between coro-
nal protons and atoms created from the photodis-
sociation of water (Bemporad, 2005).

Despite some valuable observations (e.g., from
Helios and Ulysses), much of our understanding
of dust in the inner heliosphere is theoretical and
model-based, and many basic questions remain
open, awaiting detailed measurement of the near-
Sun dust population. What, for example, are the
mass distributions and fluxes of dust particles as a
function of distance from the Sun? How are dust
fluxes correlated with fluxes and velocity distribu-
tions of pickup ions? What are the major elemental
compositions and bulk density of the dust and how
do they vary with distance from the Sun? In-situ
observations with Solar Probe will be crucial in
resolving many of the present uncertainties regard-
ing dust origin, its composition, and spatial distri-
bution. Since dust is a common component of inter-
stellar material as well as most likely of other stel-
lar systems, Solar Probe results will have a direct
bearing on certain astrophysical problems, with the
near-Sun dust cloud serving as an analogue for cir-
cumstellar dust clouds, for example.

2.4.1 What is the dust environment in the inner
heliosphere? Because of current observational
limitations, there are great uncertainties in our
knowledge and models of the spatial distribution
of dust in the inner heliosphere and even at 1 AU.
Brightness observations of dust are limited by line-
of-sight geometry and biased by large dust grains.
Thus they do not reveal the complex dynamics of
small dust particles nor do they allow their size
distribution and composition to be derived. Given

2. SOLAR PROBE SCIENCE OBIJECTIVES AND MEASUREMENT REQUIREMENTS

these and other observational limitations, the
mass distribution of dust at 1 AU is described by
the interplanetary flux model (IFM) (Griin et al.,
1985). It is assumed that the IFM can be extrapo-
lated inward to give an estimate of the mass dis-
tribution in the near-Sun environment. The radial
dependence consistent with 1 AU observations is
flat inside 10 Rg with an inner cutoff at 2 Rq and
an approximate 1~! decrease beyond 10 Rg. Most
(~90% at 1 AU) of the dust is believed to be con-
centrated near the ecliptic plane (which takes 23%
of the volume of the sphere). At high latitudes, a
second, spherically symmetric component with a
steeper increase toward the Sun is assumed. This
picture is consistent with zodiacal light observa-
tions and based on the hypothesis that comets and
asteroids and meteoroids from comets and aster-
oids are the main sources of the dust cloud (Mann
et al.,2004).

One recent study suggests that the density at
1 AU may be enhanced by up to a factor of 3 in
the middle mass range (Love and Brownlee, 1993)
compared with that given by the interplanetary flux
model. In addition, mutual collisions may increase
dust densities for masses smaller than 10~/ g com-
pared with the distribution extrapolated from 1 AU
(Mann et al., 2004). Number densities near the Sun
may thus exceed those given by the present model
by an order of magnitude. Moreover, since part of
the collisional evolution takes place in meteoroid
trails, the dust distribution in the inner solar system
may not be homogeneous within the cloud (Mann
and Czechowski, 2005).

Coronal observations show that the dust number
density is influenced by sublimation inward from
10 R, but there is no feature that indicates the
beginning of the dust-free zone outside 2 Rg. This
implies that some species survive to this distance
or even closer (see Section 2.4.2 below). Although
Solar Probe will not reach distances where the dust-
free zone is expected, it will cross regions where
volatiles and significant amounts of the other dust
compounds sublimate.

Solar Probe will characterize the near-Sun dust
environment by determining how the mass distri-
bution of dust and impact directions vary along
the spacecraft trajectory and how the observed
impact signals vary with the mass and impact
parameters of the dust particles. Solar Probe
dust measurements will likely require substantial
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Determining the Distribution of Cosmic Dust near the Sun

Solar Probe will make in-situ measurements of the dust flux along the spacecraft trajectory. While it will not be
possible to distinguish spatial variations in the flux from temporal variations directly, it should be possible to dis-
tinguish between temporal and spatial effects indirectly by comparing the dust measurements with the particles
and fields measurements. That is, variations in the flux of small grains that are correlated with magnetic field
variations are likely due to Lorentz forces, while fluxes of dust particles varying over a broad size spectrum and
correlated with field data are more likely to result from local dust sources. Measurements close to known mete-
oroid streams will be useful in determining the nature of the variability observed in the dust fluxes. Imaging with
the Hemispheric Imager will permit deconvolution of the size distribution of the large-grain dust population in the
environment of the spacecraft. Comparison of the "foreground” dust brightness pattern with brightness patterns
determined from other space-based coronagraphs will help in characterizing the size distribution of the large par-
ticles and its variation within the inner heliosphere. Combining models of the diffraction pattern of large particles
with the size distribution of small dust particles measured in situ will make it possible to trace the change in the
size distribution over a large range of particle sizes. By determining the size distribution of the dust as a function
of distance from the Sun, Solar Probe will trace the sublimation sequence of particles and therefore provide some
basic data about the dust composition. Solar Probe dust measurements will be used with dust distribution models

to fully describe the distribution of dust in the inner heliosphere.

revision of the paradigm of a homogeneously dis-
tributed dust cloud that is stable in space and time.

2.4.2 What is the origin and composition of dust
in the inner heliosphere? While the sources of dust
are thought to be mainly comets and asteroids, it is
not clear how much each source contributes. Col-
lision models suggest that the contribution of com-
etary dust to the inner heliospheric dust population
is greater near the Sun than in the outer solar system
beyond 1 AU. Little is known about the com-
position of dust. Laboratory studies, both past
and ongoing, on dust samples (e.g., interplane-
tary dust collected in the stratosphere and dust
currently collected during space missions)
provide important information about the col-
lected species, but the samples are limited to
those dust particles that survive the collection
process and, moreover, there are spatial biases.
In-situ spacecraft measurements have so far
not been successful in determining dust com-
position, but some relevant data on element
abundances have been obtained during flybys
at comet Halley (Kissel et al., 1987). These
Halley data suggest that cometary dust has a
completely different composition from come-
tary material, namely a high abundance of the
elements C, H, O, N, as well as an extremely
low density, i.e., a porous structure (Figure 2-
18). Even less is known about the composition
of the dust material close to the Sun. If dust
originates from comets, dust grains should be
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rich in the elements C, H, O, N, which according to
some models form organic refractory compounds. In
addition to C, H, O, N, the dust is expected to consist
to a great extent of silicates and components such as
sulfides and metal oxides. Solar wind and suprather-
mal solar particle material will also be implanted in
the surface of grains, enriching the grains in noble
gases such as He and Ne. (If the energy of the imping-
ing ions significantly exceeds that of the solar wind,
then they will simply pass through the grains). This
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Figure 2-18. Sketch illustrating the evolution of a cometary
dust grain. Cometary dust grains are produced by collisions in
meteoroid streams inward from 1 AU. Solar Probe will cross the
region where the organic refractory material and the silicate
material from comets sublimates. By sampling pickup ions created
from the sublimated material, Solar Probe will obtain clues to the
composition the organic refractory materials in comets.



implantation process should lead to the production
of molecules such as OH, H,, NH, and other light
molecular species near the surface of the grains.
Ulysses observations of pickup ions at distances
of several AU suggest that this is in fact the case.
Finally, it has been proposed that an accumulation
of silicon nano-dust forms near the Sun (Wimmer-
Schweingruber and Bochsler, 2003; Habbal et al.,
2003),! a suggestion that is currently under critical
debate (Mann et al., 2004; Mann and Czechowski,
2005).

Sublimation releases material from the dust
grains into the solar wind, where it is converted into
pickup ions (see Section 2.4.4). The sublimation
of meteoritic silicates produces highly refractory
metal oxides that can survive at distances as close
to the Sun as 2 Rq. It is not known at what distance
from the Sun CHON materials sublimate. They are
clearly not highly volatile, however, since otherwise
they would sublimate in the vicinity of the comet.

Solar Probe measurements of pickup ions
created from material released from the dust by
sublimation will provide information about the
composition of dust. This information, combined
with measurements of spatial variations of dust
fluxes, will help establish the relative contribu-
tions of the sources of the dust cloud as well as
dust composition.

2.4.3 What is the nature of dust-plasma inter-
actions and how does dust modify the spacecraft
environment close to the Sun? As indicated in the
preceding sections, the interaction of the dust with
solar-wind plasma significantly affects the dynamics
and distribution of the dust—e.g., through charging,
the Lorentz force, the pseudo Poynting—Robertson
effect, and ion drag. In addition to its interaction
with the quasi-stationary wind, the near-Sun dust
population also interacts with and is influenced by
transient events such as CMEs (Ragot and Kah-
ler, 2002). Collisional evaporation, particularly in

! Some solar eclipse observations have been interpreted as
evidence for the existence of silicon nano-particles near the Sun
(Habbal et al., 2003). If true, this finding would be interesting
for astrophysical studies, since it has been suggested that
silicon nano-particles play a role in the extended red emission
(ERE) observed in the diffuse interstellar medium (Witt et al.,
1998; Zubko et al., 1999). More recent attempts to search for
features of silicon nano-particles, on the other hand, were not
able to detect their signature (Singh et al., 2004). The majority
of solids thought to be present in cosmic dust sublimate within
0.1 AU of the Sun, with some refractory compounds such as
metal oxides (e.g., MgO) (Mann and Murad, 2005) surviving
as close as a few solar radii to the Sun.

2. SOLAR PROBE SCIENCE OBIJECTIVES AND MEASUREMENT REQUIREMENTS

cometary meteoroid trails, is expected to influence
the solar wind parameters measured locally. For
example, a recent study shows that dust collisions in
the inner solar system can produce some of the heavy
species in amounts comparable to the observed
inner source fluxes (Mann and Czechowski, 2005).
The material released in such collisions may be
responsible for the enhancements of the interplan-
etary field measured by Ulysses in association with
meteoroid trails (Jones et al., 2003; Figure 2-19).
These enhancements—which last for minutes to
hours, are clustered in space, and occur more fre-
quently in the inner solar system—may be the result
of mass loading of the solar-wind plasma induced
by collisional vaporization in the dust trails (Mann
and Czechowski, 2005). It is still an open question
how noble gases observed in the inner source are
produced, with the solar wind surface interactions
being a distinct possibility.

Dust impacting the spacecraft will influence
the plasma environment of the spacecraft and may
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Figure 2-19. Cross-sectional sketch of cometary dust
trail illustrating the formation of an interplanetary field
enhancement (IFE). Such IFEs have been observed with
Ulysses and correlated with meteoroid trails (cf. Jones et
al., 2003). Solar Probe will test the hypothesis that the
IFEs result from mass loading of the solar wind by material
produced by collisional vaporization in dust trails.
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bias plasma and field measurements. Signals due to
impact-generated ion cloudlets have been observed
by plasma experiments on several spacecraft in the
vicinity of planetary rings (Gurnett et al., 1983;
Meyer-Vernet et al., 1986), in the interplanetary
medium (Gurnett et al., 1997), and during encoun-
ters with the comets Giacobini-Zinner, Halley, and
P/Borrelly (Neubauer et al., 1990; Oberc and Par-
zydlo, 1992; Tsurutani et al., 2003).

Dust fluxes are expected to be especially high near
the Sun. Solar Probe will measure these fluxes and
characterize the near-Sun dust environment and
its effects on in-situ plasma measurements.

2.4.4 What are the physical and chemical char-
acteristics of dust-generated species? Neutral and
ionized material is released from dust grains by var-
ious mechanisms, including vaporization, sublima-
tion, desorption, or direct collisions, and moves at
speeds comparable to those of the dust grains (~50
km/s and higher). The neutral gas is quickly ion-
ized by the solar wind and photons and, along with
the ionized gas, is picked up by the solar wind to
form part of the “inner source” pickup ion popula-
tion (Geiss et al., 1996; Gloeckler and Geiss, 1998;
2001). Inner source pickup ions, discovered with
Ulysses, have provided limited knowledge con-
cerning the composition of the gas released from
dust and constraints on the spatial distribution and
fluxes of dust grains. One of the surprising results
has been the detection of noble gases and light
elements in the inner source pickup ions having a
composition remarkably similar to that of the slow

solar wind. Molecular ions in the mass range up to
~40 amu have also been detected. These measure-
ments imply that recycling of solar wind particles
through adsorption and desorption constitutes an
important mechanism for the origin of the inner
source pickup ions. However, the fluxes of dust
required to account for the amounts of observed
pickup ions exceed by orders of magnitude the
fluxes deduced from zodiacal light observations.
Further progress in resolving the origin of inner
source pickup ions will require in-situ measure-
ments close to the Sun as well as better models of
dust microphysics.

Solar Probe will measure both the dust fluxes
and pickup ion densities and composition as a
Junction of radial distance and latitude with suf-
ficient resolution, sensitivity, and dynamic range
to characterize the species generated from the
dust grains near the Sun and to elucidate the
mechanisms by which material is released from
the dust.

Measurement Requirements

* Spatial variation of dust flux as a function of
radial distance and latitude from 4 Rg to 5 AU
 Distribution functions and composition of inner

source pickup ions
* Solar wind bulk parameters
* Solar wind ion composition
* Plasma wave electric field measurements
» Energetic particle spectra and composition
* Magnetic field orientation and strength
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3. Science Implementation

The Solar Probe science objectives will be
addressed through a combination of in-situ and
remote-sensing observations performed from a 90°-
inclination orbit about the Sun (Figures 3-1 and
3-2). (The baseline payload is described below, in
Section 3.2). Beginning at a distance of 0.3 AU
and for 5 days after perihelion, Solar Probe will
make in-situ measurements of plasma, suprather-
mals, energetic particles, magnetic fields, waves,
and dust in the near-Sun environment. EUV and
magnetic imaging of solar wind source regions will
be performed between 65 and 20 Rg on both the
inbound and outbound legs; white-light imaging
of the corona will be performed at a high cadence
inside 20 Rg and at a lower cadence outside 20 Rg,
both inbound and outbound. Closest approach will
occur at a perihelion altitude of 3 Rg above the solar
surface, with the Earth off-quadrature to allow for
supporting remote-sensing observations of coronal
structures and the sub-Probe disk from ground-
based, sub-orbital, and space-based assets (see Sec-
tion 3.3 below).

The Baseline Mission provides for two flybys of
the Sun, each at a different phase of the solar cycle.
With a launch in 2014, Solar Probe’s first encounter
will take place in 2018, around the projected activ-
ity minimum of solar cycle 24 (Sello, 2003), with

3. SCIENCE IMPLEMENTATION
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Figure 3-2. The variation in plasma parameters from 1 to
30 Rg, as determined for typical fast solar wind conditions.
Scale lengths are the thermal Larmor radius, the electron
skin depth, and Debye length. Frequencies are the
electron plasma frequency and the proton cyclotron
frequency. Values plotted are constrained by SOHO
measurements of coronal density and temperature and
Ulysses in-situ data from 1 AU.

the Earth 15° off-quadrature. The second encounter
will occur ~4.6 years after the first, allowing Solar
Probe to measure both the quiet and the active
phases of the 1l-year solar cycle, independent of
the final launch date. The two encounters will yield
four independent data sets, two from the northern
hemisphere and two from the southern hemisphere,
both approaching and receding. These data will be

R < 20 Rg high-cadence white-light imaging of
coronal structure; in-situ particles and fields

65 Rg > R > 20 Rg EUV and low-cadence white-light imaging
of coronal structure; measurement of polar magnetic fields;
in-situ solar wind monitoring

104 Rg

q
B.2Au 65 Ry

+10D

+1D

-10D

65 Rg
104 Rg 0.3 AU

0.5AU

Fast solar wind; coronal
hole expansion; north-
south comparison

Perihelion: slow solar
wind acceleration; streamer
structure; current sheet

Coronal heating; fast solar wind
acceleration; polar plumes; waves
and turbulence properties
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Figure 3-1. Solar Probe science measurements and objectives as function of orbital position.
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used for comparative studies of coronal structure
in the northern and southern hemispheres at two
fixed epochs and of changes in the corona and solar
wind as a function of the solar activity cycle. An
additional benefit of the second encounter is that it
will afford investigators an opportunity to optimize
instrument operations and observing strategies
based on the analysis of data acquired during the
first flyby. Further, the second encounter’s 34° off-
quadrature geometry will expose a larger portion
of the solar disk to viewing from Earth during the
remote observing campaign conducted in support
of the flyby.

The measurements required to address the four
Solar Probe science objectives are listed in Section
2, at the end of the discussion of each subquestion.
They are summarized in the Traceability Matrix
(Table 3-1), which also briefly suggests investiga-
tive strategies that might be employed in answering
the subquestions. The Science and Technology Def-
inition Team (STDT) followed a strict traceability
process to derive measurement requirements from
the science objectives and subquestions and instru-
ment specifications from the measurement require-
ments. Measurements that are required to address
a specific question are identified in the Traceability
Matrix by the letter “R,” while “S” denotes sup-
porting measurements. As can be seen from the
Traceability Matrix, Solar Probe will address each
science question with multiple kinds of measure-
ments, thus ensuring comprehensiveness and pro-
viding redundancy and resiliency in the event that a
particular instrument should fail.

3.1 Minimum Criterion for Success

Science objectives 2.1, 2.2, and 2.3 relate directly
to Solar Probe’s overall goal: to determine how the

Resolving Space-Time Ambiguities

Sun’s corona is heated and how the solar wind is
accelerated. Thus the STDT recommends that the
following requirement be established as the mini-
mum success criterion for the Solar Probe mission:
Solar Probe must address any two of the three
questions under each of the first three science
objectives (Sections 2.1, 2.2, and 2.3). Although
the Baseline Mission (two passes with perihelion
at 4 Rg) will provide the richest scientific yield,
enabling comparative studies of the corona and
solar wind at two different phases of the activity
cycle, the STDT considers that the minimum suc-
cess criterion can still be satisfied if resource con-
straints permit only one solar pass and/or require
that perhelion be raised from 4 Rg to 5 Rg.

3.2 Baseline Payload

To meet the Solar Probe science objectives, the
STDT recommends an integrated payload compris-
ing in-situ and remote-sensing instruments serviced
by a common data processing unit (CDPU) and low-
voltage power supply (LVPS). The use of a common
DPU/LVPS reduces mass, power, cost, and com-
plexity through the sharing of resources among the
instruments. As pointed out in the 1999 Solar Probe
report (Gloeckler et al., 1999), development of the
payload as an integrated package under the direc-
tion of a single principal investigator would provide
for streamlined, efficient project management and
effective cost and schedule control. A single inte-
grated payload has been assumed in the engineer-
ing study and cost estimate.

Solar Probe’s in-situ instrumentation consists
of a Fast Ion Analyzer, two Fast Electron Analyz-
ers, an lon Composition Analyzer, an Energetic
Particle Instrument, a Magnetometer, Plasma Wave
Instrument, a Neutron/Gamma ray Spectrometer,

Distinguishing between spatial structures and temporal variations is a well-known problem in the interpretation of in-
situ data acquired from a single spacecraft. In the case of Solar Probe, this problem will be resolved by (1) imaging
the local corona with an onboard wide-angle white-light coronagraph and (2) remotely observing the corona and
underlying regions from Earth-based and near-Earth imagers, while simultaneously performing in-situ measurements
of the coronal plasma and fields. At 30 Rg, Solar Probe will already be embedded in both large- and small-scale
coronal structures such as polar plumes and streamers (cf. Figure 2-5). The Probe’s white-light Heliospheric Imager
(Section 3.2.8) will image these structures and the local environment through which the spacecraft is flying, and
the resulting images can then be analyzed together with the simultaneous remote observations and in-situ data
to distinguish spatial from temporal effects. In addition to this technique, it should be possible to perform limited
statistical studies using the four data sets from the two solar flybys to establish which features in the in-situ data are
indicative of spatial structures and which result from temporal variations.



Table 3-1 Traceability Matrix. All measurements/instruments are included in the Solar Probe Baseline Mission. “R” denotes measurements required to address the question in whose row they appear; “S” denotes supporting measurements.
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Measurements/Instruments

KEY CD: Coronal Dust Detector HI: Hemispheric Imager
R: Required EPI: Energetic Particle Instrument MAG: Magnetometer 13 .
S: Supporting FEA: Fast Electron Analyzer NGS: Neutron/Gamma Ray Spectrometer q o m ‘EI o - g
FIA: Fast lon Analyzer PSRI: Polar Source Region Imager zZ g <§t w 3 E g @ & -
ICA: lon Composition Analyzer PWI: Plasma Wave Instrument 8 EFfSlCan ‘;’: g S5 3 u 5
<B8E |- < = g2 s W o 30
s=90« |GO = O A~ T = =z oz _ -
oLl i 0= EOG =T o €5 WS
<b =0 |WeF < s o-g D> & c s =3 = =
- — — - J20>5 (2«45 43 wws U< 3 Q83 o9 éEf
Science Objectives Objective Questions Strategy aoon wa= &= k= zx < ©= h == ==
2.1 Determine the a. How does the magnetic field in the Coordinate in-situ observations and remote-sensing of surface (65-20 R,) and corona
structure and dynamics | solar wind source regions connect to the (high-cadence white-light imaging <20 R;); intercompare in-situ measurements along R s s R R R
of the magnetic fields at | photosphere and the heliosphere? the trajectory.
the sources of the fast
and slow solar wind b. How do the observed structures in the Identify in-situ signatures of density and magnetic field structures or boundaries and
corona evolve into the solar wind? compare with coronal structure as observed with remote sensing. R S S R R R
c. Is the source of the solar wind steady Perform statistical study of temporal, radial, and latitudinal variations of composition
or intermittent? and plasma and field data; relate to filamentary structure and filling factors. R S S R S R
2.2 Trace the flow of a. How is energy from the lower solar Characterize the turbulence and energy budgets and their evolution along the
the energy that heats atmosphere transferred to and dissipated | trajectory; compare with sources at the Sun and along the trajectory; search for R S R R R S S
the solar corona and in the corona? signatures of candidate dissipation mechanisms at kinetic scales.
accelerates the solar . o -
wind b. What coronal processes shape the Compare measured electromagnetic fields and distribution functions of protons,
non-equilibrium velocity distributions electrons,and heavy ions and their variability. R R R R
observed throughout the heliosphere?
c. How do the processes in the corona Use measured amplitude and spectra of electromagnetic and plasma fluctuations to
affect the properties of the solar wind in assess role of Alfvénic turbulence in coronal heating and solar wind acceleration; with R S R R S
the heliosphere? modeling, determine origin of spectra (photospheric or coronal).
2.3 Determine what a. What are the roles of shocks, Correlate energetic particle distributions and their temporal variations with shocks,
mechanisms accelerate | reconnection, waves, and turbulence in signatures of reconnection, and properties of turbulence properties. R R R R S S S
and transport energetic | the acceleration of energetic particles?
har rticl - - - o - -
charged particles b. What are the seed populations and Correlate suprathermal and energetic particle distribution functions with measured
physical conditions necessary for plasma and electromagnetic field properties. R R R R
energetic particle acceleration?
c. How are energetic particles transported | Determine energetic article distribution functions and composition and turbulence
radially and across latitudes from the properties along the trajectory, along with measured and modeled large-scale R R R R s R s
corona to the heliosphere? magnetic field.
2.4 Explore dusty a. What is the dust environment of the Compare dust measurements with brightness patterns from coronagraph and models
plasma phenomena and | inner heliosphere? to characterize size distribution. S S R S
their influence on the - — — — - —
solar wind and energetic b. What is the origin and composition of Derive information about dust composition from measurements of dust-generated
particle formation dust in the inner heliosphere? spegies and from sublimation sequence determined from size distribution as function R S R
of distance from the Sun.
c. What is the nature of dust-plasma Correlate plasma distribution functions, composition measurements, and dust
interactions in the near-Sun environment? | properties. R S S R S
d. What are the physical and chemical Measure composition of dust-generated species; correlate with dust, solar wind, and
characteristics of dust-generated magnetic field data. R S
species?
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and a Coronal Dust Detector. The remote-sensing
instrumentation comprises a Hemispheric Imager
for white-light imaging of coronal structures and a
Polar Source Region Imager for EUV and magnetic
imaging of the photosphere. The specifications for
each instrument and their rationale are discussed in
the sections that follow.

Tables 3-2 and 3-3 summarize, respectively,
the instrument specifications and resource require-
ments for the baseline payload. To determine the
instrument specifications, the STDT translated the
Solar Probe science objectives into measurement
requirements (cf. Table 3-1) and these into spe-
cific sensitivity, range, and resolution requirements.
The mass, power, and data rate allocations shown
in Table 3-3 are based on those of past or existing
instrumentation or components.

3.2.1 Fast Plasma Instrumentation. The Solar
Probe Fast Plasma Instrumentation consists of a
single Fast Ion Analyzer (FIA) and a pair of Fast
Electron Analyzers (FEAs). The FIA and one of the
FEAs are mounted, together with the Ion Composi-
tion Analyzer (ICA), on a movable arm on the ram
side of the spacecraft; the arm is gradually retracted
as the spacecraft approaches the Sun. This arrange-
ment provides viewing to near (2° inside of) the
edge of the heat shield umbra. The second FEA
is mounted on the anti-ram side of the spacecraft
body, pointing 180° away from the first. While the
mission-unique aspects of Solar Probe will require
new designs for the FIA and FEA instruments, the
basic designs and subsystems can be drawn from a
wide variety of previous heritage missions such as
Ulysses, ACE, Helios, and Wind.

Fast Ion Analyzer (FIA). The FIA should be capa-
ble of measuring two- and three-dimensional dis-
tribution functions for protons and alphas over the
energy/charge range of 50 eV/q to 20 keV/q. This
energy range covers the lowest and highest expected
speeds for 100 km/s protons and 1400 km/s alpha
particles, respectively. The FIA’s 3D temporal reso-
lution of 3 seconds and 0.1 second for 2D distribu-
tion functions allows identification of boundaries in
the solar wind down to ~1000 km near perihelion
and wave modes (e.g., the gyrofrequency is ~30
Hz over the poles). The energy resolution (AE/E)
should be approximately 5%, which does a good
job of resolving the supersonic solar wind beam out
to beyond 1 AU. The sensitivity and dynamic range

3. SCIENCE IMPLEMENTATION

need to be adequate to measure 2D (energy and one
angle) ion distributions in 0.1 s at 20 Rg without
saturating the detectors all the way into perihelion.
The FIA’s field of view (FOV) needs to observe as
much of the ram side of the viewing space as pos-
sible. For example, a top-hat analyzer with an ~330°
fan in the X-Y plane (with some obscuration by the
spacecraft) that deflects over 90° (£45°) in the X—Z
plane, extending upward from the edge of the heat
shield obscuration, provides adequate coverage. To
resolve the ion distributions everywhere from 1 AU
into perihelion, FIA’s angular resolution needs to be
~5° around the solar wind beam and ~30° over the
remainder of its FOV.

Fast Electron Analyzer (FEA). The FEAs should
be capable of measuring two- and three-dimen-
sional electron distribution functions over the energy
range from ~1 €V to 5 keV. This energy range covers
from the lowest energy photoelectrons, through the
thermal core population and well up into the supra-
thermal halo population. The FEAs’ 3D temporal
resolution of 3 s (0.1 s for 2D distribution functions
of energy and one angle) is matched to the FIA to
help resolve plasma conditions and structures on the
same scales. The energy resolution (AE/E) should
be approximately 10%, which does a good job of
resolving the hot electron distributions. Like the
FIA, the FEA requires a sensitivity and dynamic
range adequate to measure the 2D distributions in
0.1 s at 20 Rg without saturating the detectors all
the way into perihelion. Together the FEAs need
to observe as much of 4r steradians as possible;
all-sky imagers and deflecting top-hat analyzers
are both appropriate approaches for achieving the
needed FOVs. To resolve possibly very narrow halo
electron beams (the strahl), the FEAs need angular
resolutions that approach 3° in at least one dimen-
sion at higher energies around the magnetic field
direction (this information is supplied real-time
from the magnetometer via the payload DPU), while
~30° angular resolution is adequate to measure the
remainder of the halo population and the core and
photoelectron populations at lower energies.

3.2.2 Ion Composition Analyzer (ICA). The ICA
is mounted, together with the FIA and one FEA,
on the movable ram-looking arm referred to above.
The ICA should be capable of measuring two- and
three-dimensional distribution functions of He and
heavy ions in the solar wind, over an energy range
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Table 3.3 Instrument Resource Requirements

3. SCIENCE IMPLEMENTATION

Instrument Mass | Power Peak Data
(kg) (W) Rate (kbps)

Fast lon Analyzer (FIA) 2.8 3.7 10
Fast Electron Analyzer (FEA) 5.0 7.2 20
lon Composition Analyzer (ICA) 7.0 6.0 10
Magnetometer (MAG) 25 25 1.1
Plasma Wave Instrument (PWI) 5.0 5.0 3.5
Energetic Particle Instrument, Low Energy (EPI-Lo) 1.4 2.3
Energetic Particle Instrument, High Energy (EPI-Hi) 2.7 1.7
Neutron/Gamma Ray Spectrometer (NGS) 2.0 3.0 0.5
Coronal Dust Detector (CD) 15 3.8 0.1
Hemispheric Imager (HI) 1.5 4.0 70
Polar Source Region Imager (PSRI) 3.5 4.0 70
Common DPU/LVPS 10.8 14.0 N/A
Total 45.7 57.2 123.2

from ~100 eV/q to ~60 keV/q and a mass range from
2 to > ~60 amu. The required energy range covers
all major solar wind species that will be observed
during the solar encounter. ICA’s 3D temporal reso-
lution of 10 s (at 20 Rg) permits temporal and spatial
effects to be distinguished and allows comprehen-
sive assessment of the non-thermal properties of the
distribution functions that are generally expected
from various solar wind acceleration and heating
mechanisms. Furthermore, with the required mass
range the ICA will measure species with low ionic
charge states (i.e., He*) and high masses (i.e., SiO,),
such as those produced from neutral sources in the
inner heliosphere or created by the solar wind’s
interaction with dust near the Sun (e.g., inner source
pickup ions). The energy resolution (AE/E) should
be 4-5%, sufficient to resolve the supersonic solar
wind beam out to beyond 1 AU. The sensitivity
should be sufficient to measure He/O ratios every
10 s at 20 Rq which can be achieved scaling from
1 AU observations of solar wind composition and
charge states. The dynamic range should be ~10%.
The ICA FOV needs to observe as much of the ram
side of the viewing space as possible due to the large
amount of variability expected due to turbulence or
waves in the outer corona. This can be achieved,
for example, with a top-hat and swept FOV, or
with an instrument with large instantaneous FOV
as done on MESSENGER, provided that the edge
of the FOV extends to close to the heat shield. To
resolve the ion distributions everywhere from 1 AU

to perihelion, ICA’s angular resolution needs to be
~10° around the solar wind beam and ~20° over the
remainder of its FOV.

3.2.3 Energetic Particle Instrument. The Solar
Probe Energetic Particle Instrumentation (EPI)
consists of a low-energy sensor (EPI-Lo) and a
high-energy sensor (EPI-Hi). Both packages are
to be mounted on the spacecraft body, where they
view particles incident from both the sunward and
anti-sunward hemispheres.

EPI Low-Energy Instrument (EPI-Lo). The EPI
low-energy instrument is required to measure the
composition and pitch-angle distributions of ener-
getic particles. The composition includes hydro-
gen to iron as well as energetic electrons. As a
minimum the detector should be able to make the
ion measurements from ~20 keV/nucleon to
~1 MeV/nucleon and the electron measurements
from ~25 keV to ~1 MeV. Composition measure-
ments should discriminate protons, 3He, “He, C, O,
Ne, Mg and Si, and Fe. The measurements should
have sufficient angular spread and resolution to
enable pitch-angle measurements of the differential
particle fluxes for a (nominal) radial magnetic field.
A “slice” field of view of ~10° wide and >120° and
at least 5 angular bins would suffice; at least 120°
coverage and an angular resolution of no worse
than 30° are required. The wider opening should
be aligned with the spacecraft spin axis with the
field of view just clearing the thermal protection
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system. Larger solid-angle coverage and better spe-
cies resolution are, of course, preferred. The prefer-
ential mounting is with the instrument field of view
in the ram direction (or as close thereto as possible)
to enhance the coverage of the particle popula-
tion via the aberration due to the spacecraft veloc-
ity (at a 4-Rg perihelion, the spacecraft speed is
~300 km/s, and an energy of 20 keV/nucleon cor-
responds to a speed of ~2000 km/s). The sensitiv-
ity should be at least ~1 (cm? ster s keV)~!. Timing
resolution should be no worse than 1 s fore™, 5 s for
protons, and 30 s for heavier nuclei. The capabilities
described here can be achieved with energetic par-
ticle instruments of the type currently being flown
on MESSENGER and included in the payloads of
STEREO and New Horizons.

EPI High-Energy Instrument (EPI-Hi). The
EPI high-energy instrument (EPI-Hi) is required
to measure the composition and energy spectra of
energetic nuclei with 1 £ Z <26 from ~1 to 100
MeV/nucleon, as well as energetic electrons from
~0.3 to 3 MeV. The source of the energetic ions to be
observed over the course of the Solar Probe mission
range from quiet-time intensities of cosmic rays, to
low-energy ions accelerated in CIRs and transient
interplanetary shocks, to ions accelerated in small,
impulsive events associated with solar flares, to
solar energetic particles accelerated in large grad-
ual events. As a minimum, the charge resolution
should be sufficient to measure differential intensi-
ties of H, He, C, N, O, Ne, Mg, Si, and Fe, although
minor species are also of interest. It would also be
very useful (but is not required to satisfy the mini-
mum science requirements), to extend composition
measurements (of element groups) to include nuclei
with 30 < Z < 83 that are found to be enhanced in
some SEP events associated with impulsive solar
flares. It is required that 3He and “He be separately
identified whenever the *He/*He ratio exceeds
1%. Assuming that onboard particle identifica-
tion is used to sort species into a matrix of species
versus energy bins, the energy resolution of these
bins should be no worse than six intervals per
decade.

Near the Sun it can be expected that energetic
ions may be highly anisotropic and beamed along
the interplanetary magnetic field, which is expected
to be on average radial at closest approach, but
could be highly variable. It is therefore desirable for
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the EPI-Hi instrument to sample as much of 47 ste-
radians as possible, including, in particular, the for-
ward hemisphere. As a minimum EPI-Hi should be
able to observe particles with pitch angles ranging
from 30° to 120° with respect to the spacecraft Z-
axis with an angular resolution no worse than 30°.
EPI-Hi should have sufficient directional informa-
tion to be able to determine the magnitude and
direction of 3D anisotropies.

Although not well known, it is expected that the
intensity of SEP events will scale with distance from
the Sun (R) approximately as R (cf. Reames and
Ng, 1998, and references therein). To observe par-
ticle populations that range from quiet-time levels
near 1 AU to solar energetic particle (SEP) events
near the Sun requires a dynamic range of ~107.
The peak intensity of a typical impulsive event at
1 AU is ~1 to 10 protons/cm?-sr-s >1 MeV. Scal-
ing this to 4 Rg by R~ suggests that intensities up
to ~10° protons/cm?sr-s >1 MeV should be measur-
able. Particle intensities should be measured with a
timing resolution that is no worse than 1 s for elec-
trons, 5 s for H, and 30 s for Z = 2 nuclei. There is
considerable heritage for energetic particle instru-
ments in the 1 to 100 MeV/nucleon energy range.
Instrument designs that could be adapted to meet
these requirements (assuming modern, low-power,
low-mass electronics) have flown on Helios, Voy-
ager, ISEE-3, Ulysses, Wind, and ACE, and will be
flown on STEREO.

3.2.4 DC Magnetometer. The Solar Probe direct
current Magnetometer (MAG) will provide context
and definition of local magnetic structure and low-
frequency (<10 Hz) magnetic fluctuations. MAG
consists of one or more 3-axis sensors mounted
close to the end of a deployable, non-retractable
axial boom extending from the bottom deck of
the spacecraft. (Owing to the size of the Thermal
Protection System (TPS), MAG sensors can not be
placed sufficiently far from the spacecraft body for
a dual magnetometer configuration to be practical in
removing spacecraft fields. A second MAG sensor
could be used to provide low-power and low-mass
redundancy.)

The MAG sensor will be located close to the
search coil component of the Plasma Waves Instru-
ment (PWI), making it necessary for both to work
together to provide a suitable measurement environ-
ment. Close collaboration between the two teams



is critical to containing cross-contamination of
the instruments and providing for the success of
the mission. Signatures of plasma processes at the
proton inertial scale, which result in the conver-
sion of magnetic energy into heat, fall within the
frequency range of the PWI, and only two suitably
configured instruments will be able to provide the
needed plasma diagnostics.

MAG Performance. Photospheric structures with
scale sizes of tens of kilometers will have scale
sizes of hundreds of kilometers if they are coherent
out to the orbit of Solar Probe. A sample rate of 20
Hz gives a spatial resolution of approximately 30
km over the Sun’s pole, which will provide minimal
resolution of the magnetic structures. A burst or
snapshot mode of higher time resolution is used for
comparison with the PWI. Data telemetry compres-
sion to 16 bits/component (dynamic range 65536)
will permit adequate retention of measurement res-
olution. Total telemetry dedication of 960 bps will
permit adequate download of continuous 20-Hz
vector measurement plus snapshot buffer.

Extrapolation of Helios data acquired at dis-
tances =0.3 AU yields an average interplenetary
magnetic field (IMF) of approximately 260 nT at
20 Ry, the distance at which the primary mission
begins. Various measurements and theories sug-
gest that, within some regions and structures, the
magnetic field might be as high as 1 to 6 G at 4
Rg. MAG should be capable of switching sensitiv-
ity ranges. At least four ranges are needed, with the
most sensitive being |B| < 0.1 nT and the high-field
range [B| < 8.2 G. With some adjustment to accom-
modate the upper range, this requirement could be
met with magnetometers commonly flown on mag-
netospheric missions today.

Magnetic Cleanliness. For an expected field of
~250 nT, a DC cleanliness requirement at the mag-
netometer of 10 nT would be reasonable, with a low-
frequency AC requirement of 1 nT. Given the small
size of the spacecraft and short boom, cooperation
between the instrument and spacecraft teams in
controlling magnetic contamination is imperative
and the spacecraft will need an enforced minimal
magnetic cleanliness program. This program need
not add cost, since magnetic contamination need
only be contained to the level of the ACE space-
craft, but cleanliness must be addressed to achieve
the core science goals of the mission.

3. SCIENCE IMPLEMENTATION

3.2.5 Plasma Wave Instrument (PWI). The PWI
sensors consist of a 3-axis search coil for detecting
magnetic field fluctuations and a 3-element electric
field antenna. The search coil sensor is mounted
on the aft spacecraft boom, with the separation
from the DC magnetometer and other instruments
to minimize contamination of the search coil data
to be determined. The electric field antenna is
mounted on the base of the spacecraft, with the
three antenna elements separated by ~120°. Each
element is ~1.75 m long, with the last meter electri-
cally isolated from the inner part of the antenna.
The antenna inclination to the spacecraft axis is
varied with distance from the Sun, so as to main-
tain the outer 1-m segment in sunlight, while mini-
mizing heat input into the spacecraft. This arrange-
ment allows the maximum separation between the
outer antenna segments to facilitate quasi-thermal
noise spectroscopy measurements inside 20 Rg.
Having the end segments of the antenna elements
sunlit inside of 20 Ry enables low frequency (<
~3 kHz) plasma waves to be sampled. Character-
izing waves in this frequency range will provide
insight into processes at and below the ion inertial
scale.

Plasma wave instruments with the necessary
capabilities have been implemented on numerous
missions, including Cluster, Polar, FAST, and Geo-
tail. Similar antenna concepts have been used on
these missions; however, they were not designed to
work in the thermal environment expected for Solar
Probe. To be accommodated safely on the space-
craft, the PWI antenna will need to be made from a
refractory material that will operate at temperatures
up to 1400°C.

Search Coil Magnetic Field Measurements. The
PWI magnetic field experiment should operate in the
frequency range ~1 Hz to 80 kHz, allowing overlap
with the DC magnetometer at low frequencies and
to measure fluctuations beyond the ion cyclotron
frequency at high frequencies (The sensitivities of
the search coil and DC magnetometer are expected
to be equivalent at approximately 10 Hz). The
strawman instrument samples in frequency space at
40 channels per decade, with cross-spectral power
between the field components at 20 channels per
decade. Bursts of waveform data are also collected
at a cadence of up to 60 s to allow detailed study of
small-scale processes in the near-Sun plasma.
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Electric Field Measurements. The PWI elec-
tric field experiment should measure fluctuations
in the electric field from close to DC to above the
plasma frequency (1 Hz to 10 MHz was chosen for
the strawman instrument) so as to return informa-
tion on low-frequency wave, turbulence, and small-
scale structures and to diagnose plasma parameters
(density and temperature) using the technique of
quasi-thermal noise spectroscopy (QNS). QNS
requires sampling total electric field fluctuations
from low frequency to above the plasma frequency.
The strawman instrument has a sampling density
of 40 samples per decade and a temporal sampling
period of 0.1 s to allow rapid sampling of plasma
parameters local to the spacecraft. A sensitivity of
2 x 1077 V/m?/Hz at 10 MHz provides adequate
signal to noise for QNS measurements. The straw-
man instrument returns 3-axis measurements sam-
pled at 40 samples per decade, and as with the mag-
netic field, cross spectra between components are
returned. In the low frequency regime (<10 kHz),
cross spectra between E and B are measured to
facilitate identification of wave modes. Waveform
data that allow the study of small-scale phenom-
ena are returned as burst mode data with a 60-s
cadence.

3.2.6 Neutron/Gamma-Ray Spectrometer (NGS).
The NGS detector should be capable of detect-
ing and positively identifying neutrons and y-rays
from the Sun having energies that range up to 10
MeV. The neutron component should be capable of
intrinsic energy resolution sufficient to separate neu-
trons having energies below and above 1 MeV, and
better than 50% energy resolution for neutron ener-
gies between 1 and 10 MeV. This last requirement is
needed to separate quasi-steady-state neutron emis-
sion from transient neutron emission. The NGS will
measure the products of the acceleration of protons
(via neutrons and y-rays) and electrons (via y-rays)
as they interact with the dense low chromosphere
and photosphere. If microflares or nanoflares play a
significant role in coronal heating, these signatures
of particle acceleration will be present. Their spec-
trum and time variation provide information on the
acceleration process(es).

Upward-propagating protons and electrons may
be directly detected by Solar Probe, although the
probability of crossing the appropriate field lines
at the critical time may be small. The neutron and
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v-ray detection suffers no such restriction. Further-
more, Solar Probe’s close passage to the Sun pro-
vides tremendous advantage for detection of low-
energy neutrons because of their short lifetimes,
as well as for spectroscopy of faint y-ray bursts.
These observations will, for the first time, provide
solid statistical knowledge of frequency of energetic
acceleration in small solar flares.

A detection of a burst of y-rays would help refine
the energy spectrum of transient neutrons through
use of the measured time of flight between neutron
arrival times and the time of the gamma burst. The
detection sensitivity of the NGS should be sufficient
to measure neutrons produced by flares that release
greater than 10%* ergs.

A broad-band analysis of the y-ray spectrum can
provide a measure of the electron and ion compo-
nents that will complement the detection of neu-
trons. The neutron measurements are most sensitive
to the lowest-energy heavy-ion interactions, while
the ion-induced gammas sample higher energies
that may be present in the ion population. Brems-
strahlung from accelerated electrons will manifest
themselves in a continuum spectrum that is distin-
guishable from that of the ion-induced gammas.

NGS Performance. The NGS is mounted behind
the hydrazine tank. The presence of hydrazine
onboard can be used as a separate detection channel
via moderated neutrons. To adequately resolve the
onset and duration of a y-ray burst requires a sample
period of 4 s in each of 64 energy bins, encompass-
ing an energy band of 0.1 to 10 MeV. The neutron
channel, because of the moderating influence of the
hydrazine, will be detecting degraded neutrons with
timing but less spectroscopic information. The neu-
tron channel will require a sample period of 16 s
over a neutron energy range of 0.05 to 20 MeV, also
with 64-channel spectra. The detector must be able
to distinguish statistically between fast neutrons
and gammas and should possess an unambiguous
neutron-detection channel. A spectral resolution
better than 50% will allow broad-band analysis of
the gammas and neutrons, sufficient to resolve the
bremsstrahlung, nuclear, and neutron components.
Both neutron and gamma spectrometer functions
must efficiently reject charged particles.

Based upon extrapolation of measurements at 1
AU, an appropriate sensitive area for the y-ray spec-
trometer is 40 cm? at 1 MeV, providing a sensitive



area of 10° cm~2 when scaled to 1 AU. The neutron
spectrometer in the context of the spacecraft must
have an effective area of 40 cm? at 1 MeV.
Heritage instruments for the Solar Probe NGS
include those flown on Lunar Prospector, Mars
Odyssey, and MESSENGER. (Like NGS, the
MESSENGER instrument is located behind the
propulsion-system hydrazine tank.)

3.2.7 Coronal Dust Detector (CD). The CD
should be compact and lightweight and must be
able to cope with the near-Sun thermal and particle
environment. The CD assumed for this study is an
impact ionization detector based on the Mars Dust
Counter (Igenbergs et al., 1998). Such devices mea-
sure ions and electrons produced by the impact of
dust particles on the detector’s target area to derive
particle mass and have been successfully flown on
Ulysses, Hiten, Galileo, and Nozomi (e.g., Griin et
al., 1992; Sasaki et al., 2002). The CD is mounted
on the +X (ram) face of the Solar Probe spacecraft,
where it will be exposed to the maximum dust flux.
For an aperture area of 140 cm?, the dust model
described in Appendix B predicts that 2 x 10* par-
ticles of masses larger than 10~'7 g and up to 2 x
10% particles of masses larger than 1071 g would
be detected at the high-impact velocities that Solar
Probe will experience. Independent pointing and
special pointing accuracy are not required.

The CD will be operated continuously (except
when in direct sunlight). Only modest telemetry
allocation is required. The CD should have an
external cover to be removed after launch. No spe-
cial cleanliness is required, but purging with N,
should be considered. Issues to be addressed for
further development of the CD are the high voltage
parts and the influence of the radiation environment
and outgassing from the heat shield on the measure-
ments. Measurement of particle mass is standard
for impact ionization detectors but has not yet been
demonstrated for the high impact speeds that the
Solar Probe CD will experience.

Although a single sensor has been assumed in
the payload design, we have conservatively included
enough mass to accommodate a second sensor
mounted at a different location on the spacecraft
to provide a second look direction. The allocated
power is adequate to two alternately operated sen-
sors. Measurements from two sensors on differ-
ent spacecraft locations can be used to distinguish
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between particles in prograde and retrograde motion
as well as between particles in near-ecliptic and out-
of ecliptic orbits. If resources permit, an alternative
to two sensors would be a single detector with time-
of-flight (TOF) capability. This would enable TOF
measurement of the impact-produced ions, yielding
mass spectra and allowing the elemental composi-
tion of the dust to be derived.

3.2.8 Hemispheric Imager (HI). HI is a broad-
band, very-wide-angle, white-light coronagraph
with a ~160° FOV to image the local spacecraft
environment and provide tomographic imaging
of coronal structures (e.g., polar plumes) as Solar
Probe flies through the corona. HI will also be able
to observe coronal mass ejections (CMEs) and
other dynamic structures as they evolve. Coronal
tomography is a fundamentally new approach to
coronal imaging (similar to a medical CAT scan)
and is possible only because the imaging is per-
formed from a moving platform close to the Sun,
flying through coronal structures and imaging them
as it flies by and through them. HI observations of
the 3D coronal density structure are required to
resolve ambiguities in the interpretation of spatial
and temporal changes seen in the in-situ measure-
ments. HI heritage stems from the all-sky corona-
graph on SMEI, the HI wide-angle coronagraph on
STEREO, and instrument prototypes developed as
part of the 1995 Solar Probe Instrument Develop-
ment Program (Buffington et al., 1998).

The HI’s FOV and resolution derive from the
need to provide context for the in-situ instruments
and to be able to reconstruct the 3D density struc-
ture of the corona tomographically. The 160° FOV
is sufficiently large to view the corona from near the
solar limb to beyond the zenith. A wide-angle view
is particularly important for imaging faint coronal
features, because the coronal intensity contrast is
greatest along flux tubes and other magnetic struc-
tures near the zenith. The spatial resolution required
to image small-scale coronal structures is of order
1°. The temporal cadence required to provide con-
tinuous observations and sufficient data for 3D
tomographic reconstruction is ~90 s at perihelion.

3.2.9 Polar Source Region Imager (PSRI). PSRI
uses an imaging periscope to view the Sun’s poles
above 60° latitude at distances beyond 20 Rg. The
PSRI consists of two channels, a magnetograph
channel to image the polar magnetic fields and an
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EUV imaging channel to identify small-scale hot
coronal plasma structures. These two channels will
make it possible to relate the magnetic field struc-
ture to the heating of coronal structures at the poles
and to establish the linkage between these source
region(s) and the plasma flows measured at the
spacecraft. PSRI magnetograph channel heritage
stems from tunable etalon magnetographs flown on
the Flare Genesis Balloon and instrument designs
developed as part of the 1995 Solar Probe Instru-
ment Development Program (T7itle et al., 1999).
PSRI EUV channel heritage stems from SOHO/
EIT, TRACE, STEREO, GOES/SXI, and various
rocket programs.

The imaging periscope uses two channels, each
1 inch in diameter, to view the solar surface at the
Sun’s poles. The periscope will be extended for 10
seconds (and then retracted) every 10 min while
Solar Probe is beyond 20 Ry and above 50° heli-
olatitude. This operational sequence is based on a
detailed thermal and mechanical analysis by the
Solar Probe Engineering Team. During perihelion
passage, inside 20 Rg, the periscope will be stowed
behind the heat shield.

The FOV for the PSRI EUV channel is 3°. This
requirement is driven by the need to view the entire
polar region below the spacecraft from 20-65 Rg.
The spatial resolution requirement is driven pri-
marily by the need to resolve small-scale EUV
structures at the coronal base of polar plumes. This
spatial resolution can easily be achieved with the
current EUV imaging channel baseline pixel size of
10 arcsec (two pixel resolution = 20 arcsec), corre-
sponding to a 2-pixel resolution of ~2 Mm at 20 Ry
(comparable to a spatial resolution of 2.5 arcsec at 1
AU). This single-pixel angular resolution is derived
from the assumption of using a 1024 x 1024 format
detector to image the full 3° FOV. A 1-s exposure
in the EUV yields a single-pixel signal-to-noise
ratio of ~10 for quiet Sun observations and ~30 for
bright structures, which is adequate for the science
requirements.

The PSRI magnetograph channel is designed
both to probe the overall magnetic structure of
the pole and to compare the presence of mixed-
polarity magnetic structures to the solar wind con-
ditions associated with polar plume footpoints. The
magnetograph channel FOV requirements are identi-
cal to those of the EUV channel. The magnetograph
channel spatial resolution is driven by the need to
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spatially resolve small-scale mixed polarity struc-
tures (~4 Mm). Because of the differential nature
of magnetic flux measurements, the signal-to-noise
ratio must be at least 100 in each pixel to achieve
quantitative measurements of the magnetic field.

3.2.10 Common Data Processing Unit (CDPU).
The CDPU integrates the data processing and low-
voltage power conversion for all of the payload sci-
ence instruments into a fully redundant system that
eliminates replication, increases redundancy, and
reduces overall payload resources. The CDPU con-
sists of redundant sides (A and B), each of which
contains a processor board, a low-voltage power
supply board, a low-voltage distribution board,
a serial instrument interface board, and a custom
instrument interface board. The processor board
employs a high-speed 32-bit processor and at least 2
Gbit of memory to service the instrument interface
boards and perform all of the control and data pro-
cessing that each instrument requires. This includes
real-time control and servicing as well as process-
ing of acquired data through fast-Fourier transform
(FFT), compression, and custom algorithms that the
instrument teams specify. The low-voltage power
supply board and low-voltage distribution board
efficiently convert the primary spacecraft power
bus using DC-DC converters to the secondary volt-
age rails required by the instrument electronics and
distribute those voltage rails to the science instru-
ments. The serial instrument interface board is used
for instruments whose front-end electronics pro-
duce results in digital form. This information will
be transmitted serially from the instrument to the
CDPU, buffered in memory on the interface board,
and processed by the CDPU software. Other instru-
ments require discrete control and analog conver-
sion to process the data produced by their front-end
electronics. The custom instrument interface board
services these instruments, providing the control,
processing, and data buffering required to integrate
each instrument.

The CDPU provides a unified interface to the
payload for the spacecraft. The spacecraft selects
which side of the CDPU will be powered, leaving
the redundant side off as a cold spare. The payload
CDPU communicates with the spacecraft over a
MIL-STD-1553 bus, accepting commands and pro-
ducing CCSDS packets ready for final processing
by the spacecraft for telemetry to the ground.



3.3 Supporting Scientific Activities

Solar Probe is analogous to a planetary flyby
mission, in that the unique observations that justify
the mission will be carried out in less than a day
at perihelion. To obtain the maximum scientific
return from this “burst” of observations, the Solar
Probe mission needs to be supported by (1) theory
and modeling and (2) a coordinated campaign of
observations by relevant ground-based, suborbital,
and space-based assets during the Probe’s perihe-
lion pass.

3.3.1 Theory and Modeling. Experience has shown
that a broad involvement of the scientific commu-
nity in targeted theoretical and computer modeling
studies, both before and after the period of intense
data gathering, multiplies by a significant factor the
scientific return from exploratory space missions. To
facilitate broad community participation in the Solar
Probe mission, the Solar Probe STDT recommends
that NASA establish a competitive Solar Probe Affil-
iated Scientist (SPAS) theory and modeling program.
Affiliated Scientists should be fully involved early
enough in the mission that their work can contrib-
ute to operational decisions (for example, concern-
ing the design of burst-mode data collection during
the perihelion pass). Affiliated Scientists should be
selected 3 years prior to Solar Probe’s first perihe-
lion passage, with support through the first encoun-
ter plus 4 years. The SPAS program should provide
for semi-annual meetings of Affiliated Scientists
and Solar Probe investigators and, after perihelion
passage, for several community workshops on spe-
cific aspects of Solar Probe science (e.g., magnetic
reconnection and turbulence, plasma acceleration,
etc.). We envision NASA support for 8 to 12 Affili-
ated Scientists and/or small subject teams, with an
equivalent number supported by other national and
international agencies.

3.3.2 Solar Probe Observation Campaign. Solar
Probe’s perihelion pass—the first passage of a
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spacecraft within 4 stellar radii of a star—will
be so unique, exciting, and important a scientific
opportunity for the solar and space physics and
astrophysics communities that all relevant national
and international scientific assets should be dedi-
cated to providing supporting observations in a
coordinated perihelion pass campaign. As part of
its education and public outreach component, this
campaign should also provide for the participa-
tion of amateur solar astronomers from around the
world.

During its first flyby of the Sun, Solar Probe will
pass 15° in front of the disk, inside the east limb as
viewed from Earth. This orbit is designed to permit
observation from Earth of the sub-Probe solar sur-
face as well as to allow coronagraphic observations
in the days and hours leading up to perihelion pas-
sage. A wide range of ground-based, sub-orbital,
and space-based observations will thus be able pro-
vide unique and important contextual information
for the Solar Probe measurements, substantially
enhancing the science return from Solar Probe.
Conversely, the remote observations will benefit
from the unique ground-truth measurements pro-
vided by Solar Probe, which will allow benchmark
calibrations of many observational techniques that
rely on important but hitherto unverified assump-
tions about the near-Sun environment.

The planning and coordination of the Solar Probe
perihelion pass campaign should be the responsibil-
ity of the Solar Probe team and Affiliated Scien-
tists. (An example of how such a coordinated obser-
vational, data analysis, and theory campaign can be
organized is provided by the RHESSI Max Mille-
nium Program.) Funding for specific ground-based
and/or suborbital solar observations should be pro-
vided by the Solar Probe project. We anticipate that
support for other campaign activities will be pro-
vided by COSPAR, the International Astronomical
Union, the National Science Foundation, and other
national and international scientific agencies.
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4.0 Mission Implementation

Throughout the present Solar Probe study, the
STDT worked very closely with an engineering
team from The Johns Hopkins University Applied
Physics Laboratory (JHU/APL), with support from
the Jet Propulsion Laboratory (JPL), the Goddard
Space Flight Center, and STDT member and other
institutions. This process led to the technical mis-
sion implementation described in this section,
which clearly demonstrates that at least one detailed
mission concept (1) is technically feasible, (2) fully
addresses all four science objectives, and (3) mini-
mizes risk and cost of implementation. During the
five full STDT meetings, in several smaller sub-
team meetings, and in numerous teleconferences,
STDT and engineering team members discussed
and refined the science objectives, measurement
requirements, instrument resource requirements
and accommodation, orbit and encounter geometry,
risks and risk reduction measures, and cost saving
options. Ideas that emerged from these discussions
were incorporated in rigorous mission design and
engineering trade studies. The STDT encouraged
the engineering team to draw on their own extensive
internal experience with space missions, along with
examining external ideas and solutions, in order to
develop the most detailed and technically complete
and accurate engineering study possible.

Among the various engineering challenges the
team addressed, significant effort went into the
design of the Probe’s Thermal Protection System
(TPS), accommodating instrument concepts de-
fined by the STDT, and assessing the effects of
the near-Sun dust environment on the spacecraft.
Throughout the study we focused on minimizing
both cost and technical risk as our prime consid-
erations. Appreciable cost savings were achieved
through the decision to configure the science
payload as a single, integrated package, serviced
by a common data processing unit, and through
other design solutions that allow Solar Probe to
be launched on an Atlas 551 in addition to being
dual-compatible with the Delta IV Heavy to cover
any launch vehicle uncertainty. The result is a
technically feasible, acceptably low-risk and
affordable mission that can survive in the unique
thermal and dust environment near the Sun and
that will fully achieve all of the Solar Probe sci-
ence objectives. The sections that follow describe
this baseline Solar Probe mission. Additional
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supporting material is presented in the appendices.
Key requirements that flow down from the science
objectives and drive the mission and spacecraft
designs are summarized below:

Mission Requirements

* Perihelion distance of 4 Rg (3 Ry altitude)

* Solar approach trajectory approximately 90° out
of the ecliptic

* A Sun-spacecraft-Earth geometry at
encounter that allows simultaneous Earth-
based observations to support Solar Probe
observations.

* A Sun-spacecraft-Earth geometry that allows
real-time science data return throughout the first
encounter

* At least two solar encounters, preferably at
different solar activity levels

Spacecraft Requirements

* Survive solar intensity at perihelion 3000 times
that near Earth

* Survive intense radiation environment at Jupiter
flyby

* Protect the instruments and spacecraft from the
dust environment near the Sun

* Provide reliable power over the distance range
0.02-5.5 AU

* Provide significant real-time data throughout
the first solar encounter

* Provide large total science data return for the
solar encounter (~121 Gbits for first encounter)

* Accommodate significant payload mass (~52
kg) and average power (53 W)

* Provide science boom for magnetometer and
Plasma Wave Instrument (PWI) search coils

* Provide required actuations of instruments
and antennas for proper placement and FOV
orientations during the encounters

4.1 Baseline Mission Design

The baseline mission design uses a direct Jupiter
gravity assist (JGA) trajectory to place Solar Probe
into a polar orbit about the Sun with a perihelion of 4
Rg (Figure 4-1). Venus and/or Earth gravity assists
prior to the JGA were also considered as a means of
reducing launch energy but were rejected because
they would lengthen the time from launch to solar
encounter and because of the perceived risks of an
Earth flyby with a nuclear-powered spacecraft. A
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2nd Sun encounter, Jul 15, 2023
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Figure 4-1. Solar Probe mission summary.

20-day launch window opens every 13 months to
allow the desired trajectory and Sun—Earth geom-
etry for the first encounter to be achieved. The cur-
rent baseline mission assumes a launch in October
2014.

4.1.1 Launch and Launch Vehicle Selection.
Solar Probe will be launched from the Eastern Test
Range at Cape Canaveral Air Force Station, Flor-
ida. For a 2014 launch, the 20-day launch window
opens on October 11. The maximum launch energy
C, for this window is 125 km?/s2. For a 2015 launch,
the maximum C; would be reduced to 122 km?/
s?. Based on the current estimate of Solar Probe
launch mass (including a 30% margin) and launch
vehicle performance calculations provided by Ken-
nedy Space Center (KSC), assuming the contracted
performance for the New Horizons Pluto mission,
either an Atlas 551 or a Delta IV Heavy, combined
with a STAR 48B third stage, could provide the high
launch energies required by Solar Probe. The Atlas
551 has been baselined as the Solar Probe launch
vehicle for this study.

4.1.2 AV Requirement. Solar Probe’s onboard AV
requirement is fairly small because no deterministic
burns are required and a free return trajectory will
be used for the subsequent encounter. An estimated
150 m/s of AV is budgeted for:

* Maneuvers to correct launch vehicle dispersion
errors

42

e Maneuvers to correct navigation errors prior to
the JGA and solar encounters

* De-spin after third stage separation

* Momentum de-saturation

4.1.3 Jupiter Gravity Assist. For a 2014 launch,
the JGA will occur in March 2016, with a closest
approach distance of approximately 12 R;. This
target point was selected to achieve the desired
solar encounter geometry with acceptable radia-
tion doses at the Jupiter flyby. It results in a 4.1-year
cruise from launch to the first solar encounter. A
shorter 3.1-year flight time is possible but requires
closest approach to Jupiter to occur at a distance less
than 5 R, thus exposing the spacecraft to unaccept-
ably high levels of radiation from Jupiter’s radiation
belts.

4.1.4 Solar Encounter. Solar Probe will approach
the Sun from the south, reaching a maximum
velocity of 308 km/s at perihelion. The pole-to-
pole passage will take place within 9 Rg and will
last roughly 14 hours. The encounter trajectory and
timeline are shown in Figure 4-2. The first solar
encounter will take place with the Earth 15° off
quadrature as Solar Probe passes through perihe-
lion (Figure 4-3). This geometry will allow the
Probe to transmit data in real-time at a high data
rate during the encounter and will enable simul-
taneous contextual imaging from Earth of the
coronal structures through which the spacecraft
is flying.
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Figure 4-2. Solar encounter trajectory and timeline. Science operations begin at perihelion — 5 days (65 Rg)
and continue until perihelion +5 days.

7.1 Rs / +5.6 hr.

Figure 4-3. Geometry of the
first solar encounter. Earth is
positioned 15° off quadrature
relative to the Sun-—spacecraft
line, allowing simultaneous ob-
servation from Earth of coronal
features being sampled in situ
by Solar Probe. The high-gain
antenna points earthward, en-
abling real-time data transmis-
sion at a high data rate.
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4.1.5 Subsequent Solar Encounters. Because of
launch mass limits and potentially high AV require-
ments of retargeting, we decided to accept a free
return trajectory for the second solar encounter.
Depending on the launch year, the orbital period for
a free return trajectory will vary with an average of
around 4.5 years. For a 2014 launch, the orbit period
will be 4.6 years, with a second solar encounter
occurring on July 15, 2023 (8.8 years after launch).
The encounter geometry will be 34° off quadrature
(Figure 4-4), which will again permit simultane-
ous remote-sensing observations from Earth. High-
data-rate real-time telemetry will not be possible
during this encounter, however, because the high-
gain antenna (HGA) will be pointed away from
the Earth. For this encounter, the low-gain antenna
(LGA) will provide the necessary communications
for housekeeping and status, while the science data
will be stored and sent after the second encounter
is completed.

Figure 4-4. Second solar encounter geometry, with Earth 34° off quadrature.
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4.2 Mission Concept of Operations

4.2.1 Launch and Early Operations. Solar Probe
will be launched from Cape Canaveral within a
20-day launch window on an Atlas 551 with a
STAR 48 third stage. As stated above, the nomi-
nal launch date is October 11, 2014. Except for
propellant budgeted for launch vehicle dispersion
and navigation corrections, the entire AV necessary
for achieving the Jupiter flyby will be supplied by
the launch vehicle. For the first and second-stage
fly-out, the spacecraft will be 3-axis stabilized
by the launch vehicle. For the third-stage fly-out,
the stage will be spin-stabilized at approximately
60 rpm.

Upon separation from the third stage, Solar
Probe will perform a de-spin maneuver and assume
a 3-axis stabilized orientation with the medium-
gain antenna (MGA) pointed toward the Earth.
Communications will be established through the
MGA. The MGA will be the
primary antenna for com-
munications until the HGA
is released from its stowed
position and checked out.
The first 90 days after launch
will be allocated to checkout
of the spacecraft, which can
easily be supported by 8-hour
contact periods 3—4 times per
week. During the first 7 days
after launch, coverage will be
continuous.

4.2.2 Outbound Cruise.
After the initial checkout is
completed, the number of
contacts will be reduced to
one 8-hour contact per week,
which will be adequate for
navigation updates as well
for cruise science telemetry.
All contacts will be initi-
ated through the MGA and
switched to the HGA if higher
data rates are desired. Solar
Probe will remain 3-axis sta-
bilized, with the fixed MGA
pointed toward Earth. During
non-contact periods, a slow
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rotation about the antenna axis (Y) may be intro-
duced to minimize the cumulative angular momen-
tum effects of solar pressure torque.

4.2.3 Jupiter Gravity Assist. Thirty days before
the Jupiter encounter, the number of contacts with
the spacecraft will increase to 3—4 per week to
allow analysis, execution, and evaluation of a navi-
gation burn planned for approximately 21 days prior
to the flyby. This burn will provide corrections nec-
essary to ensure that the gravity assist targets the
spacecraft for the 4 Ry perihelion solar encounter.
Additional corrections may be needed soon after
the Jupiter encounter to correct any residual errors
from the gravity assist maneuver.

4.2.4 Inbound Cruise. From 1 month after the
JGA maneuver until 3 months before the solar
encounter, the spacecraft will return to its cruise
configuration and contacts will be reduced to one
per week. Three months prior to the encounter,
the number of contacts will again increase to 3—
4 per week for instrument calibration, testing of
spacecraft modes planned for the encounter, and
instrument practice runs in preparation for the
encounter. At ~0.8 AU, Solar Probe will point the
TPS toward the Sun to protect the spacecraft and
instruments from the intense solar flux. Because of
the HGA gimbal limitation imposed by the TPS,
the spacecraft may be required to off-point by as
much as 13° from 0.8 to 0.3 AU in order to keep
the HGA pointed towards the Earth. However,
the spacecraft and instruments will remain safely
within the protective umbra of the TPS at these
distances.

4.2.5 Solar Encounter. At 0.3 AU, 5 days prior to
perihelion, the primary science phase of the mis-
sion will begin, and telemetry will be continuous
with Ka-band link, with a portion of the science
and housekeeping data being sent in real time. A
single-axis gimbal-and-arm mechanism that con-
trols the rotation of the HGA about the X-axis,
together with rotation of the spacecraft about the
Z-axis, will enable the HGA to track the Earth
while the TPS remains pointed at the Sun. During
the encounter, the data rate will support at least
25 kbps. All science and housekeeping data will
be recorded redundantly on two solid-state record-
ers (SSRs). All in-situ instruments will operate
throughout the solar encounter, with the retractable
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arm maintaining the apertures of the fast plasma
instrumentation near the edge of the umbra to
maximize their field-of-view to the solar wind.
The Polar Source Region Imager (PSRI) will begin
solar surface imaging at about 65 R¢ and will con-
tinue to operate until 20 Rg. The PSRI periscope
will be retracted for a period of time after each
image to allow it to cool after direct solar exposure.
At 20 Rq inbound, the PSRI will cease taking data,
and the Hemispheric Imager (HI) will increase
its imaging cadence. At 20 Rg on the outbound
leg, the HI cadence will decrease, and the PSRI
will resume imaging of the solar surface until the
Probe reaches 65 Rg. Throughout the encounter,
the three Plasma Wave Instrument (PWI) electric
field antennas will be actuator-controlled to extend
~1 m beyond the TPS umbra into direct sunlight.
An extensive autonomous fault protection system
will ensure that a safe spacecraft attitude is main-
tained in the event of any single hardware or soft-
ware failure.

4.2.6 Post Encounter. The solar encounter phase
will end 5 days after perihelion, and retrieval of
non-real-time science data from the recorders will
begin. During this time daily 8-hour contacts will
be provided. The TPS will remain pointed toward
the Sun until the spacecraft is beyond 0.8 AU. Con-
tact will be maintained by pointing the HGA in the
same manner as during the encounter. At 0.8 AU,
the spacecraft can be re-oriented to provide con-
tinuous antenna coverage to the Earth. The planned
121 Gbits of recorded science and housekeeping
data will be telemetered back to Earth in approxi-
mately 101 days assuming 8-hour contacts per day
and an average data rate of 45 kbps.

4.2.7 Subsequent Encounters. A free return tra-
jectory was selected for subsequent encounters to
minimize the amount of propellant required and
meet launch mass requirements. The free return
period is dependent on the actual launch date but
is approximately 4.6 years for a 2014 launch. The
resulting west limb geometry relative to Earth for
the second encounter will restrict HGA coverage,
allowing only low-data-rate telemetry through the
LGAs for real-time communications during the
solar encounter. The recorded data will be sent after
the encounter but additional contact time will be
required because of the unfavorable relative geom-
etries between Earth and the spacecraft.
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Low-resolution in-situ science data will be col-
lected and telemetered throughout the pre- and
post-encounter cruise phases of the mission.

4.3 Mission Environment

Solar Probe must be able to operate and survive
under extreme environmental conditions, which
present significant challenges for the engineering
design of the spacecraft. To achieve a polar orbit
about the Sun, Solar Probe must perform a close
Jupiter flyby, thereby exposing it to Jupiter’s intense
trapped radiation as well as to a thermal environ-
ment with very low solar flux. As the spacecraft
approaches and flies past the Sun, it will be exposed
to intense solar flux and bombardment by particles
from the circumsolar dust cloud. In addition, the
effects of coronal lighting and solar scintillation in
the near-Sun environment must be accounted in the
design of the attitude control and telecommunica-
tion systems.

4.3.1 Solar Flux. The most challenging spacecraft
design driver is the intense solar flux to which Solar
Probe will be exposed. At perihelion, the flux will
be 400 W cm~2, which is roughly 3000 times that
at Earth orbit. As discussed in detail in Section 4.6
below, the TPS, consisting of primary and second-
ary shields, protects the instruments and spacecraft
bus from direct exposure to this intense flux. Except
for the PSRI periscope and PWI electric field anten-
nas, the instruments and spacecraft components
will reside within the umbra of the TPS at all times
during the encounter. (The PSRI periscope will
extend outside the umbra for multiple cycles lasting
up to 30 seconds during the inbound and outbound
legs while the spacecraft is beyond 20 Rg.)

As described above, Solar Probe will not turn the
TPS toward the Sun until it is within 0.8 AU of the
Sun. Thus the instruments and spacecraft compo-
nents must be capable of accommodating a direct
solar flux of up to 0.212 W cm2 at 0.8 AU. In addi-
tion, during the JGA maneuver, Solar Probe will, at
5.5 AU, be in a region where the solar flux is ~30
times less than it is at Earth. Thus the spacecraft
must be able to maintain the instruments and sub-
systems within allowable temperature limits over a
rather dramatic range of thermal environments.

4.3.2 Radiation. Solar Probe will be exposed to
three kinds of ionizing radiation: electrons and

protons trapped in the jovian magnetosphere, solar
energetic protons during solar maximum conditions,
and gamma rays from the radioisotope thermoelec-
tric generators (RTGs). Table 4-1 gives the ionizing
dose from each source received behind 100 mils of
aluminum spacecraft shielding. The radiation dose
near Jupiter was calculated for a closest approach
distance of 12 R; (Divine and Garret, 1983). The
RTG gamma ray flux was derived from measure-
ments of the Cassini RTGs. The JPL-91 solar proton
flux model (Xapsos et al., 1996) was used at the
95% confidence level to estimate the solar ener-
getic particle dose for solar maximum conditions.
The relatively high total dose and the large initial
dose during the Jupiter flyby influenced both the
spacecraft design and mission operations concept.
All electronics devices for this mission are selected
to be radiation-tolerant to the total dose defined in
Table 4-1. As a precaution, radiation-sensitive com-
ponents not required for the JGA maneuver, includ-
ing the redundant integrated electronics modules
(IEMs) and star trackers, will be turned off while
the spacecraft passes through Jupiter’s radiation
belts to minimize radiation effects.

4.3.3 Coronal Lighting. Coronal lighting near the
Sun is an environmental factor that can have signifi-
cant consequences for maintaining attitude control.
Excessive coronal lighting can increase background
noise and degrade the star tracker’s ability to detect
star constellations needed to determine spacecraft
attitude. Although coronal lighting conditions can
be estimated from data acquired by remote-sens-
ing instruments in orbit at 1 AU, uncertainty about
the actual lighting conditions will remain until a
mission near the Sun is performed. Because of
this uncertainty, the Solar Probe concept incor-
porates two star trackers, facing in approximately
orthogonal directions, and a high-precision inertial
measurement unit (IMU). Additionally, the space-
craft design concept incorporates a safing sensor

Table 4-1. Solar Probe total radiation dose

Dose with Margin
Component Margin (krad Si)
Jupiter Pass X 2 30
RTG gamma X 1.5 4
Solar protons X 3 10
Total 44




that detects the edge of the solar horizon if the star
trackers are blinded for an extensive period.

4.3.4 Solar Scintillation. The effects of solar
scintillation have been well characterized based on
mission data from the Near Earth Asteroid Rendez-
vous (NEAR) mission as well as from the Magellan
and Galileo missions. During the NEAR mission
measurable telemetry losses in the X-band down-
link were experienced around solar conjunction
once the angle between the Sun, the Earth, and the
spacecraft came within 2.3° In the case of Solar
Probe this angle will be less than 2.3° for ~14 hours
during the spacecraft’s pole-to-pole/perihelion
pass. Based on the NEAR experience, an X-band
downlink was not considered reliable to meet the
real-time telemetry goals during this most critical
period of the Solar Probe mission. Instead, the Ka-
band has been baselined for the real-time data trans-
mission during the first solar encounter because it
is relatively unaffected by solar scintillation. The
baseline telecommunications design provides at
least 25 kbps of real-time telemetry throughout the
solar encounter.

4.3.5 Micrometeoroids and Dust. Solar Probe
will encounter several different dust environments
and must be shielded against high-velocity impacts
by particles of various sizes. During its journey in
the ecliptic to Jupiter, the spacecraft will encounter
a micrometeoroid and dust environment typical of
that experienced by deep space missions that pass
through the asteroid belt and near Jupiter. Once in
polar orbit, and for most of its cruise, it will see
mostly interstellar dust, similar to the dust envi-
ronment experienced by Ulysses. As Solar Probe
passes near the Sun, however, it may encounter
significantly more dust, particularly within 30° of
the ecliptic (Mann et al., 2004) as it approaches
perihelion. As discussed in Section 3.4, there is
considerable uncertainty about the dust environ-
ment near the Sun, especially inside 10 Rg where
observations are limited and dust destruction plays
a significant role in the distribution of the dust
population. In this region, it is expected that Solar
Probe will encounter mostly small particles con-
sisting of carbon and some refractory silicate mate-
rial with a bulk density of ~2.5 g/cm?. To define the
shielding requirements for Solar Probe, a dust
model was developed based primarily on the work

4. MISSION IMPLEMENTATION

of Mann et al. (2004). The model employs the fol-
lowing assumptions:

1. The number density of the dust in ecliptic orbits
(within £30° inclination) varies with distance as
l/r out to 10 Rg.

2. 5% of the dust within 30° of the ecliptic is in
retrograde orbits.

3. Beyond 30° inclination, the flux is 10% that of
item 1 for particles smaller than 5 wm and 5%
that of item 1 for particles larger than 5 wm.

4. 50% of the flux at >30° inclination is in retrograde
orbits.

5. All dust trajectories close to the Sun are
circular.

6. As the distance from the Sun decreases to within
10 Ry, the number density of dust particles
remains constant because of dust destruction.

Mann et al. (2004) estimate that significant dust
particle collisions occur in the inner heliosphere
that redistribute the particle flux greatly in favor of
smaller particles, as illustrated in Figure 4-5. How-
ever, to account for uncertainties in the actual cir-
cumsolar dust environment, it was conservatively
assumed that there are no collisions between parti-
cles. A quantitative comparison between the results
of models with and without collisions is provided
in Section 4.14 and demonstrates the level of con-
servatism in the estimates of critical particle size
used in the engineering model. Specific equations
and calculations used to model the near-Sun dust
environment are presented in Appendix B. An anal-
ysis was also performed to verify that no known
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Figure 4-5. Predicted dust environment at 0.1 AU. The
particle size distribution was calculated according to
three different collision models (a, b, and c) as well as
for a non-collision model. The models are described by
Ishimoto (2000).
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Sun-grazing comets, including the well-known
Kreutz family, intersect the Solar Probe trajectory.

4.4 Spacecraft Overview

The Solar Probe spacecraft will operate in envi-
ronments from 0.02 to 5.5 AU from the Sun and in
close proximity to Jupiter (12 Ry) and will accom-
modate the science payload defined by the STDT.
The spacecraft concept is illustrated in Figure 4-6.
The major Solar Probe components are illustrated
in the block diagram in Figure 4-7. This section
provides an overview of the baseline design, dis-
cusses the fault protection approach, and summa-
rizes the Solar Probe mass and power requirements.
The individual subsystems and related design issues
are described in subsequent sections.

4.4.1 Spacecraft Description. Solar Probe is 3-
axis stabilized spacecraft. Its most prominent fea-
ture is the Thermal Protection System (TPS), a
large conical carbon—carbon primary shield that is
2.7 m in diameter with a low-thermal-conductivity,
low-density secondary shield attached at its base.
The TPS protects the spacecraft bus and instru-
ments within its umbra during the solar encounter
and is attached to the bus with 12 struts. The sci-
ence instruments are mounted either directly on the
bus, on a retractable/extendable arm on the +X side
of the spacecraft, or on the aft science boom. The
science boom also carries a solar horizon sensor
(SHS) for backup attitude safing during the solar
encounter. Three deployable carbon—carbon plasma
wave antennas are mounted 120° apart on the side
of the bus. These antennas will penetrate beyond
the umbra created by the TPS during the encounter.
Instrument low-voltage power and data processing
are provided by a common Data Processing Unit
(DPU). The hexagonal bus carries the spacecraft
subsystems and provides an efficient mechanical
structure to handle the launch loads and integrate
with the launch vehicle.

Three Multi-Mission Radioisotope Thermo-
electric Generators (MMRTGSs) provide primary
power to the spacecraft. They are mounted high on
the bus to minimize the diameter of the TPS and
are positioned to facilitate installation via access
doors in the launch vehicle fairing. A lithium-ion
battery is included as a secondary power source to
handle transient peak loads (e.g., from thruster fir-
ings). A power system electronics (PSE) box uses

MMRTG (3)
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Instrument Arm -
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Figure 4-6. Solar Probe spacecraft.

shunt regulation to control spacecraft power. A
power distribution unit (PDU) provides the relays
to switch power loads as well as to provide pulsed
loads to thrusters and single event actuators.

The command and data handling (C&DH) sub-
system consists of dual integrated electronics mod-
ules (IEMs) and redundant attitude interface units
(AIUs). The IEMs are a central feature of the Solar
Probe avionics design and provide a packaging solu-
tion for the command and data handling hardware,
central processor, and communications electronics
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that is highly mass and volume efficient. Commands
and data are routed throughout the spacecraft through
a redundant digital 1553 bus. The AIUs provide the
required interfaces between the digital bus and the
attitude sensors. The baseline avionics architecture
is based on that flown on previous JHU/APL mis-
sions, including NEAR, TIMED, MESSENGER,
and New Horizons.

The guidance and control (G&C) subsystem
consists of redundant star trackers and an inter-
nally redundant inertial measurement unit (IMU)
as the primary attitude determination sensors, with
digital solar aspect detectors (DSADs) and the SHS
as back-up sensors for safing. The DSADs will be
used outside of 0.8 AU, while the SHS will be espe-
cially designed for coarse near-Sun attitude deter-
mination. Four reaction wheels are used for attitude
control.

The telecommunications subsystem consists of
a gimbaled high-gain antenna (HGA), a medium-
gain antenna (MGA), and two low-gain anten-
nas (LGAs). Owing to its relative insensitivity to
coronal scintillation, the Ka-band will be used for
data downlink via the HGA during the first solar
encounter. The X-band will be used for both com-
mand uplink and data downlink.

The propulsion subsystem consists of a single
hydrazine tank with 12 4-N thrusters, which will be
used for momentum control and trajectory correc-
tion maneuvers. The hydrazine propellant tank is
central to the bus.

4.4.2 Spacecraft and Mission Reliability. Solar
Probe employs both hardware and functional

Table 4-2. Hardware redundancy

redundancy to reduce the risk of failure and ensure
mission reliability. The fault protection approach
adopted for the mission is based on several con-
siderations. First, during a solar encounter atti-
tude control must be precisely maintained to avoid
exposing instruments and the spacecraft to direct
solar flux. At the start of the solar encounter,
control must be maintained within 15° to keep
components safe within the umbra. At perihelion,
the maximum off-pointing allowed is reduced
to only 2° Inability to recover very quickly from
an attitude control fault could quickly result in a
loss of the mission. Attitude control during the
encounter is rendered even more challenging
by uncertainties in the solar encounter environ-
ment such as coronal lighting, which could blind
a star tracker, or torques induced by high-speed
dust impacts. Second, the science data collection
will occur over relatively short periods (~14 hours
during the pole-to-pole pass), which means that the
spacecraft must have significant onboard autonomy
and hot backup systems during the solar encoun-
ters. In addition, the 9-year duration of the Solar
Probe mission also influences hardware selection
and redundancy decisions.

Hardware redundancy is incorporated in all
spacecraft components and subsystems that can
practically be made redundant (Figure 4-7 and
Table 4-2). However, years of space flight his-
tory have shown that classic hardware reliability
models predict only a portion of mission failures.
Many anomalies have common causes or stem from
design or manufacturing flaws resulting in the fail-
ure of two identical units near or at the same time.

Functional Area Hardware Redundancy Comments
Spacecraft Central e 2 processors e Hot spare during solar encounter
Processing e  G&C processing on same processor
Instrument Data * 2 processors ¢ Redundancy at board level in single DPU
Processing e 2setsof
instrument
electronics
e 2LVPS
Attitude Determination e 2 startrackers e One star tracker turned off during Jupiter flyby
(cruise) e redundant gyro in
IMU
e Multiple sun
sensor heads




Table 4-2. Hardware redundancy (continued)
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Functional Area Hardware Redundancy

Comments

Attitude Determination e 2 startrackers e  Both star trackers on
(solar encounter) e redundant gyro in

IMU
Attitude Control e 4 reaction wheels e  Three wheels needed for 3-axis control
Propulsion e 12 thrusters e  Provides redundancy in each axis
Data Bus e Redundant 1553 e AlIU redundancy at board level (1 box)

bus

e  Redundant AlU

boards

Data Storage e 2SSRs e 1 recorder off during Jupiter flyby

e  All data recorded on both recorders
simultaneously during solar encounter

Telecommunications e 2 uplink cards e Both uplink cards always on (unswitched)
e 2 downlink cards e MGA or HGA can be used for cruise
e 2LGAs communications
e 2 X-band SSPAs e X-and Ka-band downlink capability in HGA
e 2 Ka-band e Cross strapping allows multiple combinations in
SSPAs SSPAs and electronics
Thermal Control e 2thermistor
harnesses
e 2 heater
harnesses
Power ¢ Redundant relays e PSE & PDU redundancy at board level
e  Redundant 1553 ¢ All three MMRTGs needed to meet performance
electronics requirements. However loss of a single unit would
*  Redundant PSE result in a degraded mission capability rather than
electronics a mission failure
¢ 3 MMRTGs

In addition, protection from software faults is also
required. As aresult, Solar Probe incorporates func-
tional redundancy in many critical areas so that the
spacecraft can fully or partially recover the mission
even if redundant hardware units fail or a software
fault occurs. Solar Probe functional redundancy is
highlighted in Table 4-3.

The mechanisms that control the deployment
of several of the instruments represent a poten-
tial source of failure that had to be addressed in
the Solar Probe design. The Plasma Wave Instru-
ment (PWI) electric-field (E-field) antennas and
Fast Plasma Instrumentation (FPI) retractable
arm use stepper motors to vary their position as
a function of changing TPS umbra angle, and a
stepper motor and worm gear drive are used to

extend the Polar Source Region Imager periscope
outside the umbra and then retract it. A failure to
control these mechanisms correctly during a solar
encounter could endanger the instrument as well
as the spacecraft. These mechanisms must there-
fore incorporate fail-safe features to guarantee
mission reliability. Possible fail-safe approaches
are summarized in Table 4-4, and the mechanism
concepts and fail-safe features are discussed below
in the instrument accommodation section (Section
4.5). Figure 4-8 illustrates how all the instrument
mechanisms can be safed within the TPS umbra
at the perihelion distance of 4 Rg. The develop-
ment of more detailed concepts—and perhaps of
alternative approaches—will depend on the design
of the actual instruments that are selected.

4-11
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Table 4-3. Solar Probe functional redundancy

Functional Area

Primary System
Failure

Functional
Redundancy

Mission Impact

C&DH Processing

C&DH software fault

2nd |EM operates in
different safe mode

Software must be promoted back
into operational mode.

G&C Processing

G&C software fault

2nd [EM operates in
different safe mode

Software must be promoted back
into operational mode.

Attitude Star tracker IMU—-short duration Communications through MGA
Determination Sun sensor rather than HGA.

(cruise) IMU Star tracker—low rates Degraded pointing performance.
Attitude Star tracker IMU (few hours) Eventual loss of HGA and loss of

Determination
(solar encounter)

Sun horizon sensor

real-time science. Communications
only through LGA.

IMU

Star tracker—low rates

Degraded pointing performance.

Attitude Control

Reaction wheels

Thrusters

Increased propellant usage may
shorten mission.
Increased outgassing.

Data Storage

SSRs

Real-time telemetry

Significant reduction in total science
data return.

Telecommunications

Ka-band downlink

X-band downlink

Loss of real-time data and all
communications P = 8 hours.

HGA

MGA
LGA

MGA available during cruise.
Significant reduction in data rate.
LGA available during encounter to
1.6 AU. Emergency data rate only.
Loss of real-time data and all
communications P + 8 hours.

Power

Battery

MMRTG

All unnecessary power turned off
during maneuvers.

May need to power cycle instruments
during encounter.

Table 4-4. Instrument actuator safing concepts

Instrument Actuator

Failure Detection

Contingency Approach(s)

Fast Plasma Instrument Arm

sensors

Position & temperature

Redundant actuator windings and command
paths
Pull arm back to stowed position within umbra

PSRI Periscope

sensors

Position & temperature

Redundant actuator windings and command
paths
Jettison end of persiscope

PWI Electric Field Antennas

Sensors

Position & temperature

Redundant actuator windings and command
paths

Actuator rotates antennas back within umbra
(safe positions both directions)

4-12
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Figure 4-8. In fail-safe mode the Fast Plasma Instrumentation arm, Polar Source Region Imager periscope,
Plasma Wave Instrument antennas, and High-Gain Antenna are retracted to positions within the 4 Rg umbra.

4.4.3 Mass and Power Budget Summaries

Mass Budget. Table 4-5 shows the mass sum-
mary for Solar Probe. Mass is summarized for the
instruments, instrument support hardware such as
the science boom, instrument mechanisms, and
each spacecraft subsystem. Next to each category
is the current best estimate (CBE). This represents
the best current assessment of the mass for that
subsystem/instrument at launch. In addition, a 30%
margin is included to account for unanticipated
growth as well as any launch reserves. Since spe-
cifics of the launch vehicle have not yet been set,
propellant mass is based on that need to achieve
the required AV after inclusion of the full 30%
margin. A more detailed mass budget is provided in
Appendix C.

Power Budget. Loads during the solar encounters
determine the amount of power required for the
mission. During this part of the mission, all subsys-
tems and instruments are powered up and active. In
addition, because of the large solar pressures and
solar dust impacts, frequent momentum manage-
ment maneuvers will be needed, requiring addi-
tional power for the thrusters. Table 4-6 summa-
rizes the average power required during the solar
encounter based on current best estimates.

Figure 4-9 shows the predicted power vs. time
curve for each of the three MMRTGs. As indicated
in the plot, each MMRTG has a predicted begin-
ning-of-life (BOL) power of 126 W. (The specified

Table 4-5. Solar Probe mass budget summary

Category CBE
Mass (kg)
Instrument Payload 51.7
Instrument Accommodation 18.6
Hardware

Spacecraft 542 .4
Telecommunications 21.6
Guidance & Control 38.1
Power 149.1
Thermal Protection System 133.8
Thermal Control 15.7
Command & Data Handling 20.4
Propulsion 26.2
Mechanical 108.3
Harness 29.3
Dry Total 612.8
Propellant 59.4
Estimated Launch Mass 672.2
Dry Mass Growth Margin 30%
Dry Mass with Margin 796.6
Launch Mass with Margin 856.0
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Table 4-6. Solar Probe power budget summary

Table 4-7. Available mission power for Solar Probe and
resulting power margins at first and second encounters

BOL power is greater than 110 W.) MMRTG power
estimates are based on information from Abelson
et al. (2005) and are consistent with recent data
provided by the MMRTG contractor. Table 4-7
compares the required power with the power avail-
able and indicates the available growth margin. For
completeness, the power margin is given for both
the specified and predicted MMRTG power levels.
A more detailed breakdown of the power budget is
provided in Appendix C.

4.5 Mechanical Design

The Solar Probe spacecraft bus carries the pay-
load, the subsystems, and the TPS. The bus design
was developed using proven design methodologies.
It incorporates materials and attachments that have
heritage from past and current programs and takes
advantage of new technology that minimizes mass
while maintaining low technical, cost, and schedule
risk. The two main structural components of the bus
are a hexagonal equipment module and a cylindrical
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Figure 4-9. Predicted Multi-Mission Radioisotope
Thermoelectric Generator power performance as a
function of time from the beginning of the mission.

Subsystem Cgcl)EWI:\:e(:’a\l’?e based on both predicted and specified power
Instruments 53 Predicted Power Available (3 MMRTGs)
Instrument Accommodation 2 First Solar Encounter

Hardware Available Power 4.1 years 353 W
Spacecraft Total 176 Total Margin from CBE 50%
Power 13 Second Solar Encounter
G&C 67 Available Power 8.7 years 328 W
Propulsion 13 Total Margin from CBE 40%
RF o5 Specified Power Available (3 MMRTGs)
C&DH 58 First Solar Encounter
Thermal 0 Available Power 4.1 years 308 W
Subtotal 231 Total Margin from CBE 31%
Harness Loss 4 Second Solar Encounter
Total 235 Available Power 4.1 years 283 W

Total Margin from CBE 21%

adapter ring. The hexagon consists of 32-mm thick
structural panels of 0.5- to 1.0-mm aluminum face
sheets bonded to light-weight aluminum honey-
comb core. This construction is typical of that used
on recent spacecraft. The panels are removable to
facilitate access to subsystem components inside
the structure. The panels also provide good ther-
mal conduction and electromagnetic compatibil-
ity grounding for the electronics and instruments.
The adapter ring is a one-piece aluminum 7075-
T73 machined ring forging. It is typical of most
launch adapters and provides a very high strength
factor of safety. The hydrazine propulsion tank is
mounted on a deck in the center of the hexagonal
module, where its loads are efficiently transferred
into the adapter ring. The primary structure also
has very efficient load paths to carry subsystems,
instruments, and the TPS. The following sections
describe the accommodation of the instruments
(including deployables) and subsystems on or in the
bus and the mechanical interface of the TPS with
the bus. Figure 4-10 (foldout) shows several space-
craft views and identifies the locations of the instru-
ments and spacecraft components. The spacecraft
dimensions are given in Appendix D.

4.5.1 Instrument Accommodation. The configu-
ration of the Solar Probe payload provides the opti-
mum locations and fields of view (FOV) for the sci-
ence instruments consistent with the requirement
that the payload be maintained within the umbra
of the TPS. (As discussed below, exceptions to this
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Figure 4-10. Solar Probe instrument and component locations.
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requirement are the PSRI periscope and the PWI
antennas.)

Fast Plasma Instrumentation. The Fast Plasma
Instrumentation (FPI) consists of four sensors: a
Fast Ion Analyzer (FIA), two Fast Electron Analyz-
ers (FEA), and an lon Composition Analyzer (ICA).
The FIA, ICA, and one FEA are co-mounted on
a retractable arm and face in the +X (ram) direc-
tion. The arm will be gradually retracted as the
spacecraft approaches the Sun. This arrangement
provides viewing to near (2° inside) the edge of
the TPS umbra. The arm is actuated by two step-
per motors. During launch, the arm will be held
against the spacecraft by launch locks. After sepa-
ration from the third stage, the launch locks will be
released, allowing the stepper motors to drive the
platform to the desired location. Various position
and temperature sensors will monitor the health of
the mechanism. The arm is designed to be fail safe.
It will return permanently to the launch configura-
tion in the event of failure. Figure 4-11 shows the
FPI on the arm and illustrates the FOV at two rep-
resentative solar distances. The second FEA sensor
is mounted directly on the —X (anti-ram) side of the
spacecraft. An articulating arm on the —X side for
the second FEA is unnecessary.

Energetic Particle Instrument (Low Energy).
The EPI-Lo instrument is mounted 30° off the +X-
axis on the +X/—Y panel. The 160° X 11.5° FOV
is angled to the edge of the heat shield to maxi-
mize the FOV for the incoming energetic particles
(Figure 4-12).

Energetic Particle Instrument (High Energy).
The EPI-Hi instrument consists of two High Energy
Telescope (HET) apertures and four Medium Energy
Telescope (MET) apertures attached to the instru-
ment box, which is mounted on the +X/—Y panel.
The HET apertures are aligned with the spacecraft
Z-axis so that they point sunward and anti-sunward
during the encounter. The center of the 90° FOV of
the four MET apertures is approximately orthogonal
to the Z-axis; the apertures are angled 25° and 45°
from the Y-axis toward the +X-axis (Figure 4-13).

Neutron and Gamma Ray Spectrometer. The
Neutron and Gamma Ray Spectrometer (NGS) is
located on the bottom of the equipment deck and
centered as much as possible to allow the hydrazine
tank to provide some shielding from the gamma
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Figure 4-11. Position of the retractable arm for the Fast
Plasma Instrumentation at two different distances from
the Sun.

05-01481-11

Figure 4-12. Field of view of the Energetic Particle
Instrument (Low Energy).
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Medium-Energy Telescope FOV (4)

05-01481-12

Figure 4-13. Fields of view of the Energetic Particle
Instrument (High Energy).

radiation from the MMRTGs. The amount of
shielding could vary significantly depending on the
amount of hydrazine consumed during non-deter-
ministic burns.

Coronal Dust Detector. The Coronal Dust Detec-
tor (CD) is mounted on the ram side (+X) of the
spacecraft. This location exposes the CD to the
maximum dust environment and provides for a
clear FOV in the velocity direction.

Hemispheric Imager. The Hemispheric Imager
(HI) is mounted low on the —X side of the space-
craft body. HI will provide coverage of the anti-ram
direction during the solar encounter (Figure 4-14).
(Coverage will be near-hemispheric rather than fully
hemispheric owing to minor impingement on HI’s
large FOV by some of the spacecraft/payload ele-
ments, including the TPS, which effectively occults
the Sun.) Because the HI is mounted on the anti-
ram side of the spacecraft, the spacecraft body will
help protect the imager from the coronal dust flux.

05-01481-13

Periscope retracted

Figure 4-14. The locations of the Hemispheric Imager
and the Polar Source Region Imager on the —X side of
the spacecraft.
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Polar Source Region Imager. The Polar Source
Region Imager (PSRI) is mounted on the —X side
of the spacecraft (see above, Figure 4-14). In order
to view the Sun’s polar regions, the PSRI uses a
periscope to deploy two 25-mm? optical mirrors
beyond the umbra. The mirrors will direct both
UV and visible light to the instrument. Several
materials may work as mirrors. Fused silica was
assumed in the engineering study, since it can with-
stand rapid thermal changes. A carbon—carbon tube
holds the mirrors in proper position to direct the
two collimated beams back to the instrument. The
periscope will be actuated by a stepper motor and
worm gear drive. Several position sensors will be
used to detect the nominal home, deployed, and
safe positions, while temperature telemetry will
provide information about the overall health of the
mechanism. During launch the periscope will be
locked flat against the spacecraft body. As a fail-
safe measure, the periscope arm will be severed if
it becomes stuck in the extended position and is not
able to return to within the umbra.

Initial thermal analysis shows that the periscope
can survive to distances of about 20 Ry from the
Sun. This analysis assumes that the periscope will
be exposed to the Sun for 30 seconds, including
10 seconds of imaging, and then retracted within
the umbra for up to 10 minutes to allow the mirror
to cool. The actual cadence will vary with solar
distance and will depend on the final materials
selected and limitations of the actual design.

Magnetometer. The Magnetometer (MAG) is
mounted on a 2-m axial boom extending from the
bottom deck of the spacecraft (—Z). The boom will
be stowed at launch and will be deployed after sep-
aration from the third stage. The MAG is mounted
on a bracket approximately 1.2 m aft of the space-
craft adapter ring.

Plasma Wave Instrument. The Plasma Wave
Instrument (PWI) consists of three mono-
pole electric field antennas, three magnetic
field search coil antennas, three preamplifiers,
and an electronics box. The electronics box is
mounted on the —X/-Y panel of the spacecraft.
The magnetic search coils will be mounted on
the —Z axial boom inboard from the MAG by
~50 cm.

The PWI E-field antennas presented a design
challenge from both a mechanical and a thermal
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perspective because for optimum science return they
must extend 1 m beyond the TPS umbra, the angle of
which will vary with distance from the Sun (Figure
4-15). Of the several concepts considered in the engi-
neering study, the one finally adopted as the base-
line design assumes three antennas independently
mounted on the lower sides of the bus and separated
by approximately 120° to provide 3-axis measure-
ments. Each antenna will be a carbon—carbon tube
with a diameter of approximately 1 cm.

The science objectives require that an electrically
isolated 1-m section of each antenna be exposed
to direct sunlight as the spacecraft travels inward
from a distance of at least 20 Rg through perihelion.
Stepper motors will be used to adjust the angles of
the antennas relative to the spacecraft Z-axis as the
umbra angle changes. The required range of motion
during the mission ranges from 54° relative to the
~Z-axis at 20 Rq to 0° at 4 Rg. The separation of
the midpoint of the isolated section varies between
4.1 m at 20 Rg and 2.4 m at 4 Rg (Table 4-8). The
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Figure 4-15. Position of the Plasma Wave Instrument
electric-field antennas at two different distances from the
Sun.
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1.75-m antenna length allows 1 m to extend beyond
the umbra at any range to the Sun that the TPS is
pointed at nadir. For launch the antennas will be
stowed against the spacecraft bus in the +Z direc-
tion and locked to the struts.

Since the antennas are exposed to direct sun-
light, fail-safe devices are needed to ensure that
the actuators do not fail with the antennas exposed
at a large angle as the spacecraft approaches peri-
helion. The fail-safe devices rotate the antennas
toward the —Z axis, as shown earlier (Figure 4-
8), placing them safely within the umbra even at
perihelion.

Thermal analysis of the baseline PWI design
shows that the heat input from the PWI antennas to
the spacecraft bus is less than 20 W over the range
of antenna angles and solar distances of interest. As
described below in Section 4.7 on thermal control,
this heat input can be accommodated by the space-
craft. A bare carbon—carbon surface with a solar
absorptivity of 0.9 and an IR emissivity of 0.9 was
assumed in the analysis.

Data Processing Unit. The common Data Process-
ing Unit (DPU) is mounted on the +X/+Y panel of
the spacecraft.

4.5.2 Subsystem Accommodation. Most of the
subsystem electronics are mounted on the internal
or external surfaces of the hexagonal structure or
inside the adapter. All subsystems fit within the
16.5° umbra provided by the TPS at perihelion.
(The nominal umbra at perihelion is 14.5° with 2°
allocated for misalignments and attitude control
errors.)

Table 4-8. Articulation of the PWI electric field antennas as a function of

solar distance

Multi-Mission Radioisotope Thermoelectric Gen-
erators (MMRTGs). The MMRTGs are placed near
the top of the spacecraft and positioned 120° apart.
This location minimizes the diameter of the TPS
(and thus its mass) and provides reasonable view
factors to space for heat rejection. It also allows
the RTGs to be installed through the fairing doors
while the launch vehicle is on the launch pad. (A
similar arrangement for the single RTG on the New
Horizons Pluto mission has shown that this type of
installation can be accomplished through the fair-
ing doors.)

Propulsion System. Major components of the pro-
pulsion system are the hydrazine propulsion tank
and 12 rocket engines. The tank is located at the
center of the hexagonal structure, which helps min-
imize the center of gravity (CG) travel as propellant
is expended. The propulsion system is integrally
assembled with the structure so plumbing lines can
be welded in place from the tanks to the thrust-
ers, eliminating the need for field joints. Plumbing
is routed inside the structure to allow removal of
the side panels. The thrusters are placed to meet
maneuver and control requirements discussed in
Section 4.13 and are positioned so as to minimize
impingement on the spacecraft and its components.

Telecommunications System. The placement of
the antennas is determined by the orientation of the
spacecraft with respect to the Earth. The High Gain
Antenna (HGA), Medium Gain Antenna (MGA)
and one Low Gain Antenna (LGA) point in the +Y
direction towards Earth, while a second LGA is
located on the —Y side to maximize antenna cov-
erage for emergencies. The HGA
is attached to the spacecraft bus
with a dual-gimbaled mechanism
that provides single-axis rotation

Solar Umbra Angle | Antenna Angle Ant. Midpoint in the Y-Z plane for Earth track-
Distance (deg) (deg) Separation ing; the other degree of freedom
(Rs) (m) is provided by the rotation of the
20 2.87 53.5 4.1 spacecraft about the Z-axis. The
15 3.82 48.0 3.9 dual-gimbaled mechanism is
10 5.74 38.0 3.7 required both to keep the antenna
8 7.18 31.1 35 pointed at Earth and to keep it
6 9.59 20.3 3.1 within the protective umbra of
5 11.54 12.0 2.8 the TPS during the first solar
4.5 12.84 6.6 2.6 encounter. The range of motion
4 14.48 0.0 24 required by the HGA is from
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55° off the +Z-axis at 73 Rg inbound and 170 Rg
outbound to 104° at perhelion (Figure 4-16). Off-
the-shelf stepper motors can be used for the drive
components of the antenna system. These motors
have very accurate pointing capability, are highly
reliable, and have heritage on many programs. The
HGA assembly will be held to the spacecraft bus by
arestraint mechanism before and during launch and
released once the spacecraft is on orbit.

4.5.3 Launch Configuration. Figure 4-17 shows
Solar Probe in its launch configuration, integrated
with the STAR 48 third stage and enclosed within
the 5-m short fairing of the Atlas 551. The STAR
48 third stage baselined for Solar Probe is the same
third stage currently designed for New Horizons,
but with a smaller payload attach fitting (PAF)
(17 vs. 33 inches) to accommodate the taller Solar
Probe spacecraft. In the launch configuration, the
science boom is stowed, and the PWI antennas,

73 HS inbound

4 Rg perihelion

05-01481-15

Figure 4-16. The range of motion of the high-gain
antenna relative to the +Z axis is from 55° at 73 Rq (top)
to 104° at perihelion (bottom).

4. MISSION IMPLEMENTATION

05-01481-16

Figure 4-17. Solar Probe in launch configuration inside
the Atlas 551 fairing.

FPI arm, PSRI periscope, and HGA are locked to
the side of the bus. With this configuration, Solar
Probe has approximately 0.9 m clearance in width
and approximately 0.7 m clearance in height. This
is relative to the static envelope defined in the Atlas
Launch Systems Mission Planners Guide, which
assumes the 5-m short fairing and a standard C-22
adapter ring. Three doors will have to be installed
in the fairing for RTG installation.
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4.5.4 Solar Probe Structural Analysis. A NAS-
TRAN finite element model (FEM) consisting of
10429 nodes and 11124 elements was developed to
investigate the distribution of the load and the natu-
ral frequencies of the spacecraft structure and the
TPS and to better estimate the structural mass. The
results of this analysis indicate that the design con-
cept is sound and can meet launch load and stiffness
requirements. Iteration of the TPS strut arrangement
produced a first torsional frequency of the TPS of
16.8 Hz, which should not be a problem for either
an Atlas or a Delta launch vehicle. The spacecraft
first lateral mode is dominated by the vertical hon-
eycomb panels. Calculated at 18.6 Hz, this mode
is comfortably above the expected launch require-
ment of 15 Hz. The 45-Hz first thrust mode occurs
in the RTG mounts, well above the expected 35-
Hz requirement. The analysis also identified areas
that will need to be tuned in future development to
achieve additional frequency separation between
some of the modes. Both the spacecraft lateral and
TPS torsional frequency are greatly dependent on
the positioning and attachment of the secondary
shield to the bottom of the primary shield. Contin-
ued analysis will be conducted as a part of the risk
reduction effort to converge on the final TPS struc-
tural design.

4.6 Thermal Protection System

The Solar Probe TPS shields the spacecraft bus
and instruments from direct solar flux during the
near-Sun mission phase, at distances closer than 0.8
AU. The TPS consists of three major components:
the primary shield to limit the temperature and
reject much of the heat to space, a secondary shield
that slows heat transfer to the bus to manageable
rates, and 12 struts to support the TPS structure at
a safe distance from the spacecraft bus. Except for
the PWI antennas and, for limited periods, the PSRI
periscope, as described above, all components and
subsystems will be shielded behind the TPS protec-
tive umbra during solar encounter.

4.6.1 Primary Shield. The primary shield con-
sists of a carbon—carbon cone with a 15° half-angle.
The steep angle minimizes its surface view factor
directly to the Sun and maximizes it to space, reduc-
ing its maximum operating temperature. Although
the steep angle is required to control the operating
temperature, the shield does not necessarily need

to be conical in shape. Options for multi-faceted
pyramid-shaped primary shields can also be con-
sidered in future design trades if they appear to
offer manufacturability advantages. However, for
the purposes of this report, a conical shape was
assumed.

The primary shield consists of six plies of
carbon—carbon in a two dimensional quasi-iso-
tropic lay-up (0°, +60°, —60°) with a thickness of
0.8 mm. An internal ring stiffener at the middle of
the conical shield alleviates local modes in the pri-
mary shield while minimizing added mass. This
stiffener is a 25 X 25 mm closed section, with a
wall thickness of 0.5 mm. The material is a two-
dimensional warp-aligned 5:1 carbon—carbon that
achieves a high elastic modulus in the longitudinal
direction and is the same material being used for
the struts.

Primary Shield Surface Preparation. JPL and
JHU/APL have conducted extensive studies of pri-
mary shield surface preparations that provide con-
sistent optical properties for design and analysis
and also offer favorable characteristics to reduce the
primary shield temperature for a given solar flux.
Preparation of the shield surface with a suitable
material is strongly desired to reduce the mass and
complexity of the TPS as well as to reduce potential
outgassing of the carbon—carbon that could affect
science experiments.

High-temperature measurements at APL have
shown that several candidate materials have very
good optical performance as compared with bare
carbon—carbon (Figure 4-18), with absorptivity-to-
emissivity ratios (o./€) in the range of 0.2 to 0.6.
Tested materials include aluminum oxide (Al,O,),
PBN, and BaZP. In addition, JPL had previously car-
ried out tests using pyrolytic graphite that yielded
an o/e ranging from 0.7 to 0.9. Bare carbon-carbon
typically has o/e values in the 1 to 1.1 range even
with careful surface preparation.

Based on the available data, a ceramic sur-
face with an a/e of 0.6, which was considered a
conservative estimate, was assumed for design
calculations in this report. Use of a ceramic coat-
ing will reduce the equilibrium temperature of
the primary shield from 2155 K (uncoated carbon—
carbon, a/e of 1) to 1850 K. Risk reduction activi-
ties will include additional testing, including test-
ing of representative large-scale units, that may
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Figure 4-18. Optical performance of candidate Thermal
Protection System surfaces.

demonstrate optical performance that is even
better than predicted.

In addition to optical performance, several other
test and analyses were conducted to address mate-
rial suitability including environmental effects
that could degrade optical performance, structural
compatibility, outgassing, electrical charging, and
micrometeorite/dust impact (Figure 4-19). Based
on analysis and testing conducted to date, all can-
didate materials performed well, confirming that
they may be suitable for the mission. In fact, Al,0,
is very mature technology and has been used for
many previous applications. Additional details of
the analyses and tests performed to support this
effort are provided in Appendix E.

4. MISSION IMPLEMENTATION

4.6.2 Secondary Shield. The secondary shield
limits the flow of heat between the primary shield
and the spacecraft bus and allows a significant
portion of the heat to radiate into space. The sec-
ondary shield consists of a layer of low-density,
low-conductivity material supported by upper
and lower carbon—carbon face sheets. The top of
the secondary shield will be exposed to the oper-
ating temperatures of the primary shield, and the
insulation material must be able to accommodate
these temperatures. Trade studies were conducted
of several off-the-shelf candidate materials includ-
ing ERG carbon foams or carbon felts or battes and
silica-based insulation materials such as Micro-
therm G and silica aerogels. While the latter are
significantly more efficient than carbon materials in
terms of their conductivity versus density charac-
teristics, and thus might help minimize the mass of
the secondary shield, we decided that a single layer
of carbon foam was adequate and presented the
lowest risk. This insulation design will reduce the
temperatures to approximately 500 K on the bottom
side of the shield, which faces the spacecraft. A
low-emissivity coating or high-temperature blanket
on the bottom face sheet as well a high-tempera-
ture multilayer insulation (MLI) on the top surface
of the spacecraft bus will provide the final thermal
protection.

4.6.3 Attachment Struts. Twelve attachment struts
support the TPS on the spacecraft during launch.
Each strut is 5 cm in diameter and 0.5 mm thick,

i Particulatel
Optical Structural Out-gassing Charging

Impact

(2] Q (2] ()]

5 ] 5 £ 8 2 =

5 £ 8 2 2 £ £l e
(]

o 7 q:’ E’_ £ ) L < 7 2 3 E

E 5 S £ 5 IESHINTEIEE S o | 2| £

[] @ = ) © [ o 0 @ = ° £ )

® = 8 = | o 3 | £ IS s | £ 8 ] o o

2 H 3 2|5 tle|s|&8|e| 8 |5[2f¢2

Q O Q = Q

2 5 o a2 £ IBSAINCRINEN = o o | E| &

[ - L] o c 9 - = = - = (] =

o g & c ° T o = S = o s g ® E o

= () o c ° £ = s o o = [ o = = 17} -

= o = o = £ o = o o £ o - o © 17}

g |8 s|2|2(2|2|5|8|5|8(5(s|215[28]2

g | e 5 pmlERs S 15| 3 E2iele 2|l 4| £ | 6 |[RENES

Al,O; | EA|EA| E E|E| A| E E E Al AlA]| Al Al A A

PBN | EA|EA| E E E A E A A
BaZP |EA|EA| E| E| E | A E A
E=Experiment A =Analysis 05-01481-19

Figure 4-19. Summary of the testing and analysis performed on candidate Thermal Protection System optical

surfaces.
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a geometry that balances thermal and structural
requirements, and is made of carbon—carbon com-
posite. The current concept assumes that the struts
penetrate the secondary shield and attach to the
TPS at the primary shield. In addition to support-
ing the TPS, the struts provide separation between
the TPS and the spacecraft bus. The separation
distance is currently set at 0.6 m to maximize the
amount of heat that can be radiated into space from
the secondary shield. The maximum separation is
constrained by the size of the launch vehicle fairing
as well as by the ability of the struts to support the
TPS load. Since the struts are attached directly to
the primary shield and the spacecraft bus, they can
be a major source of heat input into the bus. Current
analysis shows that the heat loads can be accom-
modated with the current strut configuration (see
Section 4.7). Several options will be explored in the
risk reduction effort to further reduce heat inputs by
the struts by tailoring strut optical properties and
introducing other strut materials such as polyimides
to increase thermal resistance. If significant thermal
issues are identified later in development, a contin-
gency approach would be to thermally disconnect
the struts through a pyro-actuated mechanism.

4.6.4 Risk Reduction Effort. Because the TPS
involves a new design and no similar design has
previously been flown in space, it is important that
many of the technology risks be retired prior to
Phase A. The risk reduction effort will focus on the
following activities:

e Completing the analysis and testing on candidate
optical surface preparations

e Completing the analysis and testing on candidate
secondary shield materials

e Performing TPS design trades and selecting
baseline shape, materials, and attachment
approach

e Developing and fabricating both subscale and
full-scale units for environmental testing

The current plan calls for the development and test
of two full-scale TPS units. With sufficient funding,
the first full-scale prototype could be built and tested
within 2 years from the start of risk reduction.

4.7 Thermal Control

The unique environment in which Solar Probe
will operate presents significant thermal design
challenges. The spacecraft components and
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instruments must be kept between —20° and +50°
C, and the propulsion system must be maintained
at temperatures between +10° and +40° C. These
temperatures must be maintained over extreme
solar flux environments from 4 Rg to 5.5 AU. In
addition to the intense solar flux on the TPS, the
thermal system needs to reject excess heat from the
three MMRTGs mounted on the bus structure, on
average 285 W of internal thermal dissipation, and
from three PWI antennas that are exposed directly
to the solar flux and radiate and reflect heat back into
the bus.

4.7.1 Analysis Approach. The Thermal Synthesis
System (TSS) and SINDA were used to perform
a thermal analysis, the results of which were used
to determine the required radiator area and to size
the thermal shield. The model was run for both a
hot case (perihelion at 4 Rg) and a cold case (aph-
elion at 5.5 AU). It was also used for trade studies
of the PWI antenna design and accommodation,
RTG placement, and the thermal design of the TPS
attachment struts. Results of this analysis (Figure 4-
20) demonstrate that in both the hot and cold cases
the payload and subsystems will remain within the
allowable operating range.

4.7.2 Thermal Analysis Hot Case. The hot case
analysis demonstrated that the heat flux into the
spacecraft can be contained within manageable
bounds and that, with a radiator area of 0.68 m?
and a secondary shield thickness of 20 cm, normal
spacecraft operating temperatures can be main-
tained throughout the encounter. The thermal bal-
ance for the hot case at 4 R is shown in Figure 4-21.
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Figure 4-20. The bulk temperature of the spacecraft bus
as a function of heat input into the bus, calculated for both
perihelion (hot case, with and without the plasma wave
antennas) and aphelion (cold case).
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Figure 4-21. Thermal balance at 4 Rq (hot case) for the baseline Solar Probe configuration.

The results of the hot case analysis and sensitiv-
ity trades indicated that the heat inputs from all of
the struts and the PWI electric field antennas can
be accommodated if the baseline o/e of 0.6 for the
primary shield is achieved. As a fallback, if bare
carbon—carbon is used for the primary shield (o/e

= 1.0), six of the struts would need to be thermally
disconnected from the TPS after launch to keep the
TPS mass within reasonable bounds. Thermally
disconnecting the struts reduces the thickness of
the secondary shield, and thus its mass (2.9 kg per
centimeter of insulation thickness), but requires a
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more complex design that would likely incorporate
pyro-actuated strut separation mechanisms. Results
of this sensitivity analysis are summarized in Table
4-9. Further trade studies will be conducted as part
of the risk reduction effort to further optimize the
design of the TPS and to minimize its mass.

4.7.3 Thermal Analysis Cold Case. Solar Probe’s
radiator surfaces are sized to balance the high flux
environment experienced during a solar encoun-
ter with the low flux environment at 5.5 AU. Since
Solar Probe is a very power-constrained mission,
very little power will be available for heaters. How-
ever, the cold case analysis indicates that the RTGs
will provide adequate heat to maintain the space-
craft and instruments within normal operating tem-
peratures even for periods when there is no solar
flux. As a contingency, mass and power budgets for
heaters and diode heat pipes are provided if subse-
quent thermal studies show that they are necessary.

4.8 Power Subsystem

The Solar Probe power subsystem (cf. Figure
4-7) consists of three Multi-Mission Radioisotope
Thermoelectric Generators (MMRTGs), a power
system electronics box (PSE), two external shunts,
a lithium-ion battery, and a power distribution unit
(PDU). The PSE controls power to the spacecraft
from the RTGs using resistive shunts to dissipate
unneeded power and a small capacitor bank to

provide an even flow of current to the spacecraft. It
also controls battery charging and power. The PDU
provides relays and switches controlling loads to
various subsystems.

4.8.1 Primary Power Source. Three MMRTGs
are the primary power source for Solar Probe. The
RTG design that has been flown for the past 25
years is no longer produced and will not be avail-
able for Solar Probe. However, two radioisotope
power sources are expected to be available for a
2014 launch: the MMRTG and the Stirling radio-
isotope generator.

The MMRTG is similar to previously flown
RTGs and will be used on the Mars Science Lab-
oratory (MSL). It is smaller than the older RTGs,
however, and carries eight general-purpose heat
sources (GPHSs) rather than 18. Transfer of the
heat generated by the radioisotope units to electri-
cal energy is expected to be approximately the same
as in previous RTG designs. However, because of
the smaller modular design and because the new
MMRTG is designed to operate in the Martian
atmosphere as well as in interplanetary space, the
specific power has been reduced from over 5 W per
kg BOL to 2.8 W per kg BOL. Each MMRTG is
specified to provide at least 110 W BOL power per
unit and is predicted to provide 126 W BOL. The
mass of each MMRTG is specified to be less than
45 kg. The conceptual Solar Probe design assumes

Table 4-9. Perihelion thermal trades showing the sensitivity of the primary shield optical properties and Thermal
Protection System strut configuration to the required secondary shield thickness and mass

Baseline
Thermal Inputs to Bus ale = 0.6 ale = 0.6 ale=1.0 ale=1.0
Struts Uncut 6 Struts Cut 6 Struts Cut Struts Uncut
Electrical dissipation (W) 285 285 285 285
Strut conduction (W) 14 17 18 20
Strut radiation (W) 12 13 13 13
RTG (W) 30 31 29 30
Secondary shield to sides (W) 21 27 31 31
Secondary shield through top MLI (W) 5 3 7 9
PWI antennas (W) 19 19 19 19
Total (W) 386 395 402 407
Spacecraft bulk temperature (°C) 43 45 46 47
Required secondary shield 20 15 21 29
thickness (cm)

Delta mass from baseline (secondary n/a -11.5 0 +23.1
shield insulation & cutting devices) (kg)
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that the cryogenic tubes used for additional cooling
for the MSL mission would be removed, reducing
the maximum mass to 43.5 kg.

The other option considered for Solar Probe
was the Stirling Radioisotope Generator (SRG).
SRGs offer the advantage of increased efficiency,
resulting in a reduced unit mass compared with the
MMRTG. SRGs are currently being developed at
NASA Glenn Research Center. Although promising
for future missions, SRG designs have no flight heri-
tage and were considered a higher technical risk for
Solar Probe than the MMRTGs. In addition, there
are potential issues of electromagnetic and mag-
netic interference with the science measurements.
Therefore, we selected the MMRTG as the baseline
primary power source for Solar Probe.

Solar power has previously been studied as an
option for Solar Probe and has been shown to be
impractical because of the extreme range of solar
flux experienced during the mission. A solar-
powered mission would require enormous arrays
to meet power requirements near the aphelion dis-
tance of 5.5 AU. These large arrays would not be
stowable within the TPS umbra during the solar
encounter and would have to be released, thus elim-
inating the possibility of a second solar encounter.
Most importantly, however, experience with high-
temperature solar arrays on previous missions and
mission studies have shown that use of solar power
is impractical at distances inside 0.25 AU, and such
a system would not survive at perihelion distances
of 4 Rq. Using battery power inside 0.3 AU would
be very mass prohibitive and was not considered a
viable alternative.

4.8.2 Secondary Power Source Selection. The
study found that Solar Probe could experience
potentially large transient peak power loads, pri-
marily from reaction wheels, thrusters, and some of
the instruments. Most of these peaks are expected
to last less than 1 s, but during momentum manage-
ment and AV maneuvers, significant power draws
could last for several minutes. These potential peak
power loads are likely to last too long to rely on
a capacitor bank alone. We therefore decided to
incorporate a small battery, on the order of 4.5
A-h, which is more than adequate to handle these
transient peak power loads. A lithium-ion battery
was chosen because of its high energy density
and predicted availability in the next few years.

4. MISSION IMPLEMENTATION

Lithium-ion power sources have been under signifi-
cant development in recent years and are considered
to represent a low technical risk.

4.9 Command & Data Handling
Subsystem

The Solar Probe C&DH subsystem (cf. Figure
4-7) is an integrated system that manages guidance
and control (G&C), and spacecraft fault protection
as well as command and data handling functions.
The C&DH hardware consists of a primary and a
backup integrated electronics module (IEM), two
attitude interface units (AIUs), temperature I/0O
assemblies, and a data bus. The C&DH architecture
and components have heritage in other spacecraft
programs and/or are industry-standard designs, so
that cost and technical risk are minimized.

4.9.1 Data Bus. The C&DH subsystem uses a
1553B data bus, which is a standard configuration
with significant flight heritage. Its performance is
more than adequate to handle spacecraft data traffic
as well as the instrument peak data rates.

4.9.2 Integrated Electronics Modules (IEMs).
Solar Probe uses an IEM architecture (Figure 4-
22) for housing most of the C&DH hardware. This
approach and a similar architecture have been
employed in other spacecraft programs such as
MESSENGER and New Horizons. The IEM archi-
tecture is a standard 6U compact PCI card architec-
ture. Each IEM includes a flight processor, solid-
state recorder (SSR), an interface card, telecommu-
nications uplink and downlink cards, and a power
conditioning card. The baseline flight processor is
a RAD750-class (100+ MIPs) processor card. (The
MESSENGER IEM flight processor implemented
C&DH and G&C functionalities in a 25-MIPs
processor.)

The two IEMs are fully cross-strapped to pro-
vide redundancy. The primary IEM processor will
detect and correct spacecraft fault conditions, per-
form all G&C control functions, and serve as the
spacecraft data bus controller. If a critical fault
condition is detected in the primary IEM, data
bus controller and G&C functions can be quickly
switched to the backup IEM processor without
rebooting that processor. The backup IEM will
operate as a 1553B bus monitor and will receive
the same G&C data as the primary IEM, enabling
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Figure 4-22. Integrated electronics module block diagram.

it to quickly take over G&C operations. The AIU
will include hardware-based autonomy to switch
control from the primary IEM to the backup IEM.
During non-critical mission periods, the redundant
IEM may be turned off to reduce spacecraft power
bus loading.

During a solar encounter, both IEMs will
be powered and each IEM will process uplink
command messages and record all instrument sci-
ence data, providing redundant recording of all sci-
ence data. The backup IEM could receive the instru-
ment data from either the common DPU (RT to RT
transfer) or the primary IEM (BC to RT transfer), or
it could utilize its bus monitor capability to acquire
the data as they are transferred to the prime IEM.

Each IEM includes a 137-Gbit SSR board (which
equates to 128-Gbit binary). The flash memory must
perform properly at a total dose limit of 44 krad

while operating at a 10% duty cycle. Studies under-
taken as part of NASA’s Living With a Star pro-
gram have demonstrated that the radiation total dose
hardness of flash memory devices is increased if the
devices are not powered during exposure. Since the
SSR board does not have to be powered during the
Jupiter flyby, turning the SSR off near Jupiter is an
option if additional (total dose) margin is required.

4.9.3 Attitude Interface Units (AIUs). Redun-
dant AIUs housed in a single assembly provide
all required interfaces between the 1553B data
bus and the G&C system components: Sun hori-
zon sensors (SHSs), digital solar aspect detectors
(DSADs), reaction wheels, and temperature remote
I/0 (TRIO) units (Figure 4-23). While both AIUs
can be powered at once, normally only the primary
AIU will be powered.
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Figure 4-23. Attitude interface unit block diagram.
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As noted above, the AIU includes a hardware
autonomy circuit that will switch spacecraft con-
trol to the backup IEM if it detects a problem in
the primary IEM. This switchover is accomplished
by changing a signal that selects which IEM is the
1553B bus controller. By default, IEM software
will execute a backup G&C algorithm when that
IEM takes over as bus controller. The backup G&C
mode is implemented in the IEM rather that in the
AIU to prevent a failed AIU from switching control
to itself. If an AIU does fail, the worst it could do
is switch control from a working prime [EM to a
working backup IEM.

The AIU design is based on 4 X 4 inch stack-
able slices. This design has been used in previous
instruments. Each of the two AIUs in the stack is
composed of four slices. A ninth slice is used to
multiplex non-redundant components and signals to
the prime AIU.

4.9.4 Temperature Remote I/O (TRIO) Assem-
blies. Spacecraft temperatures will be monitored
by thermistors located around the spacecraft. The
thermistors will be sampled by independent strings
of TRIO assemblies (Figure 4-24), matchbook-
sized units that monitor 15 thermistors each. Each
TRIO assembly contains a single custom integrated
circuit. Each TRIO assembly samples and stores the
reading from the thermistors and transfers the data
to the AIU over an I2C bus. The primary AIU is the
12C bus master and also provides power to the TRIO
assemblies. The AIU multiplexer slice connects the
TRIO I2C bus signals and power and ground lines
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Figure 4-24. Block diagram of the temperature remote
I/O assemblies.
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to the primary AIU. Such TRIO assemblies have
been used on several previous spacecraft.

4.9.5 C&DH Flight Software. The Solar Probe
C&DH software has significant heritage from the
MESSENGER flight software. The software is
implemented in C code under the VxWorks real-
time operating system. The G&C attitude estimation
and attitude control algorithms are implemented as
tasks that execute concurrently with other tasks that
constitute the C&DH functionality. The primary
flight processor, via hardware discrete, boots to a
flight software application that becomes the 1553
bus controller and actively controls the spacecraft,
performing all G&C and C&DH functions. The
backup flight processor, when powered, boots to a
flight software application that operates as a remote
terminal on the 1553 bus and can record science
data to the solid state recorder (SSR) in parallel
with the primary flight processor.

The primary flight processor C&DH soft-
ware manages the telecommunications uplink
and downlink using CCSDS protocols for data
handling. Commands are received in CCSDS tele-
command packets that are either processed by
the C&DH software or dispatched to the G&C
tasks or to other subsystems on the 1553 bus, as
indicated by an operation code contained in the
packet header. The C&DH software supports stor-
age of command sequences, or macros, which can
be executed by a time-tagged command stored in
flight processor memory.

The C&DH software collects engineering and
science data from the instruments and manages the
storage of those data on the SSR in the form of files.
The current concept assumes that the common DPU
compresses and packetizes the science data prior to
their being sent to the SSR. The C&DH software
can be configured to interleave CCSDS transfer
frames of real-time telemetry packets with frames
of SSR playback data. SSR playback is managed
using the CCSDS File Delivery Protocol (CFDP)
software that was successfully used on MESSEN-
GER. CFDP provides a mechanism to downlink
files from the SSR using a handshake with the
CFDP client in the ground system software. This
protocol automatically manages retransmission of
any file fragments lost due to data dropouts with-
out requiring retransmission of the entire file, and
file transmissions may be suspended and resumed

4-29



SoLAR PROBE SCIENCE AND TECHNOLOGY DEFINITION TEAM REPORT

between passes. No operator intervention is required
to manage the retransmit process.

In addition to supporting standard command
processing, data handling, macro storage and
uplink/downlink functions, the C&DH software
includes an autonomy evaluation engine that sup-
ports fault detection and protection. Data collected
from all subsystems are stored in a memory buffer
and can be referenced by uploaded autonomy
rules. Each rule can monitor one or more telemetry
points, perform computations, and execute a speci-
fied command if the premise of the rule evaluates
“true” for a designated number of consecutive
times. Typically the command is an instruction to
execute a stored macro that performs a corrective
action. This design allows for autonomy rules to
be developed and uploaded without requiring soft-
ware changes.

The C&DH software supports receipt of code,
parameter, and rule uploads, and downlink of these
items or flight software data structures. Addition-
ally, the flight software maintains a number of his-
tory logs, event logs, and anomaly logs which may
be downlinked to support anomaly investigation.
The flight code implements a software watchdog
that services a timer that forces a reset of the pro-
cessor should any critical task fail to execute during
the allotted time.

4.10 Telecommunications

The design of the Solar Probe telecommuni-
cations subsystem is determined by a number
of factors. The need to provide real-time sci-
ence data at a high rate during the first encoun-
ter requires a downlink frequency that will be
minimally affected by coronal scintillation. Given
the fixed amount of power available with the
three MMRTGs, the power allocated to the tele-
communications subsystem (~20 W CBE) must
be sufficient to satisfy the requirements of that
subsystem while ensuring that adequate power is
available for the instruments and other subsystems.
The baseline design achieves a significant savings
in the power requirements of the telecommunica-
tions subsystem through the use of a noncoherent,
transceiver-based navigation approach that elimi-
nates the need for a transponder.

4.10.1 Downlink Frequency Selection. One of
the most important considerations in selecting the
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telecommunications architecture was the need
to provide a significant amount of real-time sci-
ence during the encounter. Solar Probe will spend
approximately 15 hours during the first solar
encounter with the elongation or Sun-Earth-Probe
(SEP) angle less that 2.3°. Conjunction experiments
with other probes have shown that X-band and S-
band communication links are adversely affected
by coronal scintillation at small elongation angles.
For example, a study of the NEAR-Shoemaker
spacecraft as it underwent a superior conjunction in
early 1997 showed significant degradation of com-
mand and telemetry links at X-band for elongation
angles below 2.3° (Bokulic and Moore, 1999). Ear-
lier studies of Magellan (Webster, 1994) and Gali-
leo (Beyer et al., 1996) telecommunications perfor-
mance yielded similar conclusions.

According to a model of radio wave propagation
in turbulent media (Armstrong and Woo, 1980),
scintillation loss varies inversely as the square of
the frequency, and Ka-band links are significantly
more resistant to coronal scintillation effects than
X-band and S-band links. The frequency ratio of a
Ka-band frequency to X-band frequency for a given
Deep Space Mission System (DSMS) channel is
3.8:1, and consequently, the model predicts that
Ka-band enjoys a 11.6-dB advantage over X-band
with respect to scintillation loss. Improvements in
link performance at Ka-band have been confirmed
by simultaneous transmission of telemetry on X-
band and Ka-band links during solar conjunctions
with Mars Global Surveyor (Morabito et al., 2000),
Deep Space 1 (Morabito et al., 2001), and Cas-
sini (Morabito et al., 2002). Poor weather erodes
some of the advantages of Ka-band, but even under
90% weather conditions, only a Ka-band system
can provide significant telemetry. For this reason
a Ka-band downlink has been selected as the
baseline telemetry link for the first solar encoun-
ter. The telecommunications system will provide
approximately 121 Gbits of recorded science
and a real-time data rate of 25 kbps during this
encounter.

An X-band system has several advantages over
Ka-band when solar scintillation is absent, which
will be the case for much of the mission. An X-band
system, when taking advantage of the 70-m DSMS
antennas, will actually outperform a Ka-band
system, which is limited to the 34-m DSMS anten-
nas for the foreseeable future. In addition, X-band is



relatively insensitive to weather as compared with
Ka-band, offering additional flexibility. X-band also
offers the benefit of greater technological maturity
and flight heritage. And finally, an X-band system
has a wider beam for a given antenna size than Ka-
band, making pointing budgets more forgiving. In
addition, since an X-band link was selected for the
command uplink, adding an X-Band downlink is
relatively straightforward. For these reasons, an X-
band downlink has been incorporated in the Solar
Probe design to provide redundancy and reduce
mission risk.

4.10.2 Command Link Frequency Selection.
The desire for simplicity and the extreme speed
of the spacecraft at perihelion drive the choice of
uplink frequency. The spacecraft reaches a top
speed of 308 km/s, at which the angular separa-
tion between the transmitting and receiving lines of
sight is nearly 3.5 beamwidths of a 34-m antenna if
both the uplink and downlink are at Ka-band. How-
ever, the spacecraft speed is under 100 km/s for all
but 2 days of the orbit, and the corresponding angu-
lar separation is approximately 1.3 beamwidths at
Ka-band and one-half beamwidth at X-band. Con-
sequently, an X-band command link was selected.
The uplink allows a command rate of 500 bps with
alink margin of 16 dB when spacecraft speed is 100
km/s. Alternatively, separate 34-m antennas could
be used for Ka-band telemetry and commanding,
but this option requires that the spacecraft carry a
Ka-band receiver, which is less desirable because
of technological immaturity and lack of heritage in
interplanetary missions. Besides, the low data rate
associated with commanding diminishes the need
for Ka-band. The X-band configuration chosen
uses receiver hardware with flight heritage from the
TIMED and CONTOUR programs.

4.10.3 Telecommunications Subsystem Imple-
mentation. The Solar Probe telecommunications
subsystem uses four antennas: a gimbaled high-
gain antenna (HGA), a hard-mounted medium-gain
antenna (MGA), and two hard-mounted low-gain
antennas (LGAs). The HGA is used for Ka-band
downlink, while X-band uplink and downlink
capability is provided through all the antennas.
The telecommunications architecture is shown in
Figure 4-25.

The HGA is the preferred aperture for com-
munications during the solar encounter and data
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retrieval phases of the mission, including all of the
science telemetry. It is sized to remain within the
shadow of the umbra during the perihelion pass.
The main reflector is 0.8 m in diameter and utilizes
a di-chroic subreflector to transmit a right-hand cir-
cularly polarized (RHCP) wave at Ka-band. A horn
behind the subreflector provides bidirectional com-
munications at X-band. A mechanically steered
parabolic reflector dish was selected as the HGA
because it provided the only practical solution to
meet data rate, mass, and size requirements. A
phased array antenna was considered and quickly
discounted due to it complexity in number of ele-
ments for a Ka-band system, its mass inefficiency,
and performance losses over the range of required
elevation angles. Although the HGA affords the
best link, it sets an upper bound for the total point-
ing error relative to the spacecraft-to-Earth line of
sight at 0.2°.

The MGA and the LGAs are used for communi-
cation with the Earth during the cruise phase. The
primary antenna used to establish communications
during the cruise portion of the mission is the MGA.
The MGA is hard-mounted to the spacecraft with its
FOV centered in the +Y direction. The MGA has an
angular coverage of 10° (+5°) and gain of 20.4 dBi
at the X-band downlink frequency. Two LGAs were
incorporated into the design for emergencies that
could occur early in the mission or when mission
events preclude pointing of the MGA and HGA.
The LGAs are mounted 180° apart, each having a
beamwidth of 45° (+22.5°) and peak gain of 10.75
dBi at the X-band downlink frequency. This LGA
configuration allows low-rate telemetry and com-
manding at virtually any attitude at 1 AU. The
MGA and LGA designs have prior flight heritage.

Figure 4-25 shows how the antennas connect
to the spacecraft electronics. The spacecraft’s
transmitter section consists of a pair of down-
link cards, each within its own IEM; four solid-
state power amplifier (SSPA) modules, two at
X-band and two at Ka-band; a pair of ultrastable
oscillators (USOs); and a distribution network to
couple signals between the SSPAs and any of the
available antenna apertures. Primary power will be
applied to only one of the four SSPAs to enable either
X-band or Ka-band communications on the teleme-
try link. Both frequency bands are serviced by block-
redundant SSPAs. The output from either of the
X-band SSPAs may be steered to any of the
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Figure 4-25. Telecommunications subsystem block diagram.

antennas through a network of single-pole-double-
throw (SPDT) and transfer (XFER) switches, which
are themselves configured for redundant operation.
A frequency-quadrupling circuit drives the input of
each bank of Ka-band SSPAs.

The downlink card assumed in the baseline
design is based the one flown on TIMED and CON-
TOUR but is enhanced to support turbo-encoding
to take advantage of the reduced signal-to-noise
ratio (S/N) at which these DSMS links can oper-
ate. The baselined uplink card is identical to the
one developed for the New Horizons mission. The
USOs derive from designs used on CONTOUR and
New Horizons, with enhancements to lower mass
and primary power consumption and to improve
immunity to radiation.

4.10.4 Telecommunications Subsystem Perfor-
mance. The telecommunications subsystem perfor-
mance varies over the mission as follows.

Real-Time Encounter Performance. Real-time
telemetry at a high data rate will be available only
during the first solar encounter because the HGA
will not be pointed toward Earth during the second
encounter. If Ka-band transmission is assumed,
then real-time telemetry can be sent continuously at

a rate of at least 25 kbps during the first encounter.
With the HGA, a maximum command rate of 500
bps can be used except when the elongation angle
is less than 2.3° . These rates accommodate both
solar interference and the potential for unfavorable
weather conditions (90% weather assumed) at the
ground stations during the encounter.

Post-Encounter Telemetry Performance. During
and after the first encounter the orientation and
trajectory of the spacecraft relative to the Earth
are very favorable for large telemetry rates and
subsequent data return. Following the encounter,
the Earth will be moving generally in the same
direction as the spacecraft, so that the relative
range between the spacecraft and the Earth will
remain approximately 1 AU for the first 110 days
after perihelion. After this time, the distance will
increase at greater rates, and the telemetry rate
will decrease.

The second solar encounter will occur with
the HGA pointed away from the Earth and the
spacecraft and the Earth moving in opposite direc-
tions after the flyby. The data rate will decrease rap-
idly as the range between the Earth and the space-
craft increases. In addition, owing to the encoun-
ter geometry, the HGA cannot be pointed towards
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Table 4-10. Estimated maximum telemetry rate as a function of spaceraft—

from the Sun, approximately 21

Relative Estimated Maximum Telemetry Rate (bps)

days after the encounter. These N
) > Earth—-Spacecraft HGA HGA MGA LGA
two factors together will result in Distance
significantly reduced data rates (AU) X-Band Ka-Band X-Band X-Band
after the second encounter. Fig- 1 8,000 45,000 180 5
ures 4-26 and 4-27 illustrate 2 2,000 7,000 40 0
Solar Probe’s expected telemetry 3 900 5,000 40 0
performance after the first and 4 500 2.800 8 0
second encounters, respectively. 5 320 1,800 8 0
6 220 1,250 8 0

Link Performance Summary.
Link performance is determined
primarily by the antenna used and by the relative
distance from the spacecraft to the Earth. Table 4-
10 summarizes the estimated telemetry performance
for the different antennas at varying distances. Table
4-11 summarizes maximum command rates. Both
tables assume post-encounter conditions (i.e., no
significant solar interference) and, for all antennas
except the LGA, the use of a 34-m DSMS antenna
for the ground link. In the case of the LGA, a 70-m

100
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Figure 4-26. Telemetry rate as a function of time after
first-encounter perihelion.

DSMS antenna is assumed along with a worst-case
LGA orientation (random tumble), which is possible
in an emergency situation.

4.10.5 Noncoherent Navigation. Solar Probe’s
transceiver will be used to make accurate Dop-
pler measurements, thus eliminating the need for a
transponder and providing a significant and needed
reduction in required spacecraft power. The Probe
will measure the ground station’s uplink carrier fre-
quency and transmit the results to the ground sta-
tion. The ground station will combine that informa-
tion with measurements of the spacecraft’s downlink
carrier frequency to obtain a Doppler measurement
that has the same precision as one obtained with a
coherent transponder. A conceptual drawing of the
approach is shown in Figure 4-28.

Extensive tests (Jensen and Bokulic, 2000) dem-
onstrated that the noncoherent telemetry-assisted
technique, which was developed for CONTOUR,
makes velocity measurements with a precision of
<0.1 mm/s for 1-min measurement intervals. The
use of a lighter-weight, lower-power-consumption

Table 4-11. Estimated maximum command rate as a
function of spacecraft-Earth distance
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Figure 4-27. Telemetry rate as a function of time after 2 ?gg g 1 8
second-encounter perihelion.
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Figure 4-28. Schematic illustrating the noncoherent
navigation concept.

transceiver on Solar Probe will thus yield results
equivalent to those obtainable from a coherent tech-
nique with a transponder. The noncoherent tracking
technique does not require any new equipment at
the ground stations. However, the observed Doppler
frequencies must be corrected by telemetry prior to
their use in orbit determination.

4.11 Mission Data Management

The greatest amount of data will be returned
during and after the first encounter, with real-time
telemetry of 20 Gbits occurring during the encoun-
ter proper. Owing to the Sun-spacecraft-Earth
geometry at the second encounter, the science data
return will be reduced compared with that of the
first encounter, but it will still be substantial. Cruise
science can be telemetered at varying rates through-
out the mission.
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4.11.1 First Solar Encounter. In addition to the
science data acquired during the solar encoun-
ter, Solar Probe will collect and store a significant
amount of engineering data on the effects of the
unique and challenging near-Sun environment on
the spacecraft and subsystems. Table 4-12 shows
the breakdown of the required average instru-
ment and housekeeping data rates allocated over
the entire first solar encounter. The raw data rate
represents the actual science data. The data rate to
recorder columns includes a 30% margin and a 5%
overhead for packetization of the data performed in
the DPU and is used to estimate the maximum data
bus bandwidth as well as to calculate the amount of
data going to the SSR. Note that data rates for the
HI and PSRI are combined as a single average data
rate during the encounter to maintain consistent
comparison with the other instruments shown on
Table 4-12. In practice, the PSRI will only operate
outside of 20 Rg and the HI will operate at a higher
cadence inside of 20 Ry. Actual data rates for all
instruments may vary some during the encounter,
and a more detailed data schedule will be defined as
the mission matures. 1800 bps of housekeeping data
(e.g., spacecraft attitude data) are included with the
science data because they are necessary to fully
interpret the science data.

The resulting required data rate of 139.6 kbps
will be achieved by using a standard 1553 data bus
that transfers the instrument data packets from the
DPU and the housekeeping data from various sub-
systems. Over the 10-day encounter, Solar Probe’s
two 137-Gbit SSRs will simultaneously record 121

Table 4-12. Instrument/housekeeping data rates during
the first solar encounter

Instrument Raw Data Data Rate to
Rate (bps) Recorder (bps)
FIA 10000 13650
FEA 20000 27300
ICA 10000 13650
EPI Low Energy 5000 6825
EPI High Energy 3000 4095
NGS 500 683
CD 100 137
Mag 1100 1502
PWS 10000 13650
HI/PSRI 40800 55692
Housekeeping 1800 2457
Total 102300 139640




Gbits of science data, including margin and pack-
etization overhead. Two recorders are used to pro-
vide redundancy, which is important in view of the
small window for primary science data collection.
As a contingency, approximately 20 Gbits of data
will be telemetered to the ground in real time using
the Ka-band downlink at 25 kbps. This still allows
a significant science return even if a catastrophic
event should occur during the encounter.

After the first encounter is completed at perihe-
lion plus 5 days, the primary role of the spacecraft
is to telemeter the recorded science and house-
keeping data. For approximately 110 days after the
encounter, the data rate can be maintained 45 kbps
using the Ka-band transmitter and the HGA. The
number of days required to telemeter the recorded
encounter data will depend on the amount of DSMS
contact time available (Table 4-13).

The estimate of the number of days required to
return the data assumes that CCSDS packets with
5% packetization and downlink overhead will be
used and that 0.5% of the data packets will need to
be resent to get 100% data return. It also assumes
that 2 kbps of real-time housekeeping data are inter-
leaved with the stored encounter data.

4.11.2 Second Solar Encounter The Sun-space-
craft-Earth geometry during the second encounter
will not allow the same amount of science data to
be returned as during the first encounter. The geom-
etry prohibits real-time science telemetry since the
HGA will be pointing away from the Earth. More-
over, contact will be made only starting 22 days
after perihelion at a data rate of 16 kbps, and the
downlink data rate rapidly declines after that since
the distance from the Earth is greater and increas-
ing at a faster rate.

In order to maximize the data return for the
second encounter, it would be advantageous to
increase DSMS contact time to continuous 24-
hour coverage during this period. Using the same

Table 4-13. Number of days needed to telemeter first
encounter data

DSMS Contact Time Days to Telemeter
per Day (h) Encounter Data
24 34
16 51
8 101
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packetization, margin, CCSDS overhead, data loss,
and a reduced real-time housekeeping assumption
as described for the first encounter, the amount
of data that can be returned vs. the number of
days of continuous DSMS coverage is shown in
Table 4-14.

4.11.3 Cruise Science. In addition to the primary
science data returned during the solar encounters,
Solar Probe will collect and telemeter science data
during the cruise phase of the mission. As a part
of normal operations and to maintain proper navi-
gation, weekly 8-hour contacts will be conducted.
During this time, a reasonable portion of the avail-
able bandwidth will be dedicated to additional sci-
ence telemetry. The amount of available science
data sent to the ground per week varies from 22
Mbits near aphelion to 1.2 Gbits when the space-
craft is able to operate at its maximum data rate of
45 kbps.

4.12 Guidance and Control

Solar Probe’s guidance and control (G&C) sub-
system is designed to maintain the spacecraft atti-
tude required to protect the spacecraft bus from
the harsh solar environment, point antennas for
communications with Earth, provide desired view-
ing geometry for science instruments, and perform
trajectory correction maneuvers. Redundant star
trackers and a high-precision inertial measurement
unit (IMU) provide attitude knowledge, while atti-
tude control is provided by four reaction wheels and
12 4-N thrusters. The attitude determination and
accuracy requirements derived from these differ-
ent activities are summarized in Table 4-15. The
pointing control requirement is driven by the need
to point the HGA within 0.2° when downlinking
using the Ka-band system. This will certainly be
the case during the entire first encounter when a Ka-
band downlink is needed to maintain a real-time

Table 4-14. Number of days of Deep Space Mission
System contact vs. returned second encounter data

Encounter 2 Data
Downlinked (Gbits)

Number of Days of
DSMS Contact

26 24.6
39 33.0
78 50.5
100 57.4
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Table 4-15. Solar Probe pointing budget

Solar Probe is a single integrated

Pointing Requirements (per axis) box with internal redundancy,
Control Knowledge Jitter although two separate units
Payload degrees, 30 | degrees, 3 degrees, 3 wc-)ulld also meet the needs of the
Communication <0.2x,z n/a n/a [MIssIon.
(HGA) The G&C subsystem includes
In situ instruments | <1x,y, z <0.3x,y,z | <03x,y,zover10s two different kinds of Sun detec-
<0.3 AU tion devices to provide coarse at-
titude determination for safing.
Magnetometer <1x,y,z <1xyz <1x,y,zover0.05s During cruise, safing attitude
<03AU determination will be performed
Plasma Wave <1xyz S1xyz n/a by a set of digital solar aspect
Instrument <0.3 AU detectors (DSADs) that are
Pola'r Source <05x,y <05x,y <0.03x,yover1s mounted to provide wide-area
Region Imager . .
50 B.. to 20 R coverage, allowlng an attltuQe
S S reference relative to the Sun if
:-riT?;n igrr') 292“(;3 R =10z =10y.2 <003y zover1s an attitude determination anom-
9 S aly occurs. At distances beyond

downlink in the presence of significant solar scintil-
lation. Ka-band is also assumed as the baseline for
HGA telemetry during most of the mission, although
it may be supplemented by X-band transmission,
which will reduce the pointing requirement some-
what. The pointing knowledge and jitter budget is
driven by the two remote sensing instruments.

4.12.1 Attitude Determination. Spacecraft atti-
tude will be determined by redundant star trackers
and an internally redundant IMU. Using star track-
ers in the near-Sun corona presents a unique design
challenge, which the Solar Probe design addresses
by mounting the star trackers so that their fields
of view are approximately orthogonal to the Sun
as well as to each other. This configuration mini-
mizes the chance that both units will be blinded by
a localized coronal lighting event at the same time.
Special care must be taken in the selection of the
star trackers to ensure that they will perform prop-
erly with the elevated background noise of the near-
Sun environment.

The IMU will provide the spacecraft rate and
translational acceleration information necessary for
maintaining attitude control as well as for closed-
loop control during trajectory correction maneuvers.
The IMU can also be used as a backup to the star
trackers to propagate attitude for approximately 4
hours during a solar encounter if both star track-
ers are temporarily blinded. The IMU baselined for

3.0 AU, simply pointing the
+Y-axis towards the Sun would allow contact with
the Earth within the MGA beamwidth of 10°
Inside this distance, a small step search pattern
would be performed to reestablish contact with the
ground.

In the event of long-duration star tracker blinding,
system resets, or other attitude control anomalies, a
new sensor design, the solar horizon sensor (SHS),
is proposed for attitude safing when the spacecraft
needs to be protected behind the TPS umbra. The
detector would be mounted at the end of the science
boom and would consist of a conical ring of carbon-
carbon material, a mirrored conical reflector, and a
detector array with pinhole lens. The detector array
resides in a small electronics box, which contains
readout electronics for both the detector and a set
of thermistors. If an attitude error that reaches a
designated threshold should occur, the edge of the
conical ring would become illuminated and pro-
jected onto the detector. The processed signal could
be used to provide attitude control for safing during
the solar encounter.

Most currently available attitude control hard-
ware should meet the needs of Solar Probe with
little or no custom modifications. Special care must
be taken to select star trackers that will perform well
in the intense coronal lighting environment. During
the engineering study, one or more potentially
suitable candidate star trackers were identified in
existing product lines. The SHS will be the only
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attitude determination device that will need to be
developed for Solar Probe. Although new in design,
the SHS would be developed based on existing Sun
sensor technologies.

4.12.2 Attitude Control. Trade studies were per-
formed to determine whether reaction wheels or
thrusters should be used as the primary method
of attitude control. Dead-band thruster control
using small minimum impulse bit rocket engines
such as are used on Cassini was considered
because it appeared to offer a means of reduc-
ing mass and average power during the encounter.
While the studies indicated that thruster control
could reduce average power by approximately 20
W and might slightly reduce overall mass, they
also revealed some disadvantages. Although the
pointing requirement for the spacecraft is 0.2°,
the required dead-band for the G&C system was
budgeted to about 0.05° since much of the error
budget will go to HGA misalignments and actua-
tor setting errors. This small dead-band value
would require frequent thruster firings, thus driv-
ing up the total propellant requirement and negat-
ing most of the mass savings. Overly frequent
thruster firings were also a concern because of
possible instrument contamination. In addition, it
was feared that thrusters might interact structur-
ally with the spacecraft more than reaction wheels
would, although this effect has not yet been stud-
ied. Since several components such as the TPS,
science boom, and plasma wave antennas could
induce low-frequency modes, dead-band thruster
control appeared less attractive.

Reaction wheels offer very tight pointing con-
trol and easily maintain spacecraft attitude at better
than the budgeted 0.05°. Wheel control also inter-
acts less with flexible modes and would be more
likely to control them to meet the current jitter
budget. Although power is tight on RTG missions,
adequate power is available for reaction wheels.
Therefore, reaction wheel control was selected as
the baseline for Solar Probe. Thrusters will still be
needed to control attitude when the wheels have to
release their stored momentum and for controlling
the spacecraft trajectory.

4.12.3 Pointing Strategy. For most of the mis-
sion, at distances outside 0.8 AU, the spacecraft
will maintain 3-axis pointing control, with the
+Y axis (nominal HGA/MGA boresight) pointed
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toward the Earth. While in cruise attitude mode, a
slow rotation of about 0.5 rpm will be introduced
to reduce angular momentum that builds up as a
result of solar pressure torque. Occasionally enough
momentum will build up that momentum dumping
using the thrusters will need to be performed. Ade-
quate pointing control should easily be maintained
to keep the MGA pointed at the Earth to within 5°
circular error 3G.

Inside 0.8 AU, the Probe’s attitude must change
so that the TPS points towards the Sun, keeping the
instruments and subsystems within its protective
umbra. Some off-pointing from solar nadir may be
allowed to keep the HGA and MGA pointed at the
Earth as long as sensitive instruments and subsys-
tems are not exposed to the Sun.

During the solar encounter (perihelion * 5
days), spacecraft attitude will be maintained so
that the Z-axis points toward solar nadir and the
HGA and science pointing requirements are met.
Momentum dumping will occur much more
frequently during this period because of the intense
solar radiation pressure. Each momentum manage-
ment maneuver will be completed in less than 1
minute. For these short periods the thrusters will
fire to remove angular momentum, and the control
requirements for instrument pointing may not be
maintained.

Solar pressure torques are often used as a means
of passive momentum control. This option was con-
sidered as a possible augmentation of Solar Probe
attitude control during the closest approach periods.
This technique would require an intentional point-
ing offset of the heat shield that is adjusted automati-
cally by the feedback control system. An advantage
of passive dumping using solar pressure torques is
that it could reduce the number of thruster momen-
tum dumps needed. However, instrument pointing
requirements might limit the range of offsets that
could be used, reducing the overall contribution of a
passive dumping mechanism. In addition, successful
use of this method is also highly dependent on accu-
rate modeling of the solar pressure effects. Given the
uncertainties in models of the solar environment,
Solar Probe’s propulsion system is sized to allow all
momentum control to be done with thrusters.

4.12.4 High Gain Antenna Control. When the
spacecraft is operating within 0.8 AU and the
+Z-axis is pointed toward solar nadir, the HGA
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will be pointed by rotating the spacecraft about the
Z-axis and rotating the antenna about the X-axis
using a gimbal/arm mechanism. The spacecraft
will be oriented such that the spacecraft—Earth
line is located in the Y-Z plane. The G&C subsys-
tem will compute the necessary positioning of the
two gimbals for the HGA on the basis of onboard
ephemeris models for the Earth, the Sun, and the
spacecraft. The computation will essentially deter-
mine the rotation about the X-axis required to place
the HGA boresight along the Earth line in the Y-Z
plane. To keep the antenna in shadow, the X-axis
rotation will require positioning two actuators based
on knowledge of the Earth direction and of location
of the edge of the umbra as derived from the space-
craft—Sun distance and TPS dimensions. The G&C
system will translate the Earth—Sun geometry into
the necessary low-level hardware commands to the
gimballing mechanisms to achieve the correct HGA
pointing. In the event of loss of onboard ephemeris
knowledge or other fault conditions, the HGA will
be commanded to its safe stowed position.

A simpler HGA pointing control will be used for
periods in outer cruise where high-rate communi-
cation is desired. In this case, the TPS is not con-
strained to be Sun-pointed and the spacecraft +Y
axis can be pointed directly at Earth. The HGA can
remain at its nominal position with no gimbaling
required.

4.12.5 Instrument Actuator Control. The G&C
subsystem will interface with the PSRI periscope,
PWI E-field antenna, and the FPI ram-looking
arm mechanisms (cf. Section 4.5.1). At distances
between 50 and 20 R, the PSRI periscope will be
repeatedly extended beyond the umbra and then
retracted in no faster than a ~10-min duty cycle.
Periscope extension and retraction will be per-
formed automatically on the inbound and outbound
leg based on the distance from the Sun as derived
from onboard ephemeris models. The position of the
FPI arm will be adjusted to follow the edge of the
umbra throughout the encounter. As in the case of
HGA pointing control, the position of the arm will
be determined based on the location of the edge of
the umbra computed from the spacecraft—Sun dis-
tance and TPS dimensions. The G&C system will
translate the umbra location into the necessary low-
level hardware commands to the arm drive motor to
maintain the desired instrument viewing geometry.
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As in the case of the HGA, the G&C system will
command retraction of the PRSI and stowing of the
side-looking arm if knowledge of Sun range is lost.
The same approach will be used to drive actuators
controlling the angle of the three PWI antennas,
nominally maintaining an isolated 1-m section of
the antenna exposed to sunlight outside the umbra.

4.13 Propulsion

Several types of propulsion systems were con-
sidered for Solar Probe, including both electrical
and chemical systems. Electric propulsion systems
were immediately discarded, however, because of
the limited power available. Both a simple blow-
down monopropellant system and a dual-mode
system with bipropellant AV thrusters and mono-
propellant attitude control thrusters were consid-
ered. Although the latter might theoretically weigh
less, the simple blow-down system was selected
because of its lower cost, its reliability, and its
packaging advantages.

The propulsion system architecture is shown
in Figure 4-29. This design is similar in architec-
ture to almost every hydrazine propulsion system
flying today. Twelve 4-N thrusters provide forces
in all required directions to control attitude and
maneuver the spacecraft, and each thruster has
series-redundant control valves to protect against
leakage. Hydrazine propellant and nitrogen
pressurant are stored in a single tank whose pres-
sure decreases as propellant is depleted. Pressurant
is separated from the propellant by an elastomeric
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Figure 4-29. Propulsion subsystem architecture.



diaphragm within the tank. Latching valves isolate
the thrusters from the tank for ground safety and
system reliability (i.e., in case of a thruster leak),
while manual service valves are used for testing
and loading the system on the ground. The system’s
surge suppression orifices keep transient pressures
within appropriate levels, and pressure transduc-
ers are used together with temperature telemetry to
gauge propellant and monitor system performance
in flight. Spacecraft ambient temperatures will be
maintained such that the propulsion system requires
no heaters except those on the thruster catalyst
beds. Several flight-proven options exist for each
component of the Solar Probe propulsion system.
A representative set of heritage components was
selected for preliminary performance evaluations,
which demonstrated that system requirements can
be met.

Because of the heat input from the secondary
shield and MMRTG:s, thrusters cannot be placed to
provide coupled torques in all three axes. All twelve
thrusters are therefore mounted around the bottom
rim of the hexagonal bus (Figure 4-30). Four pairs
of thrusters are located at vertices of the hexagon
pointing in two opposite directions, each offset by
15° from the normal to the line connecting the ver-
tices. These eight thrusters provide torque in both
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directions along each of the three axes of the space-
craft body. While redundant subsets of thrusters pro-
vide torque in each of the six directions (two pairs
for each axis), perfect couples are obtained only for
+Z- and —Z-axis. Because coupled pairs cannot be
achieved in two rotation axes, some residual AV will
be imparted to the spacecraft when using thrusters
for attitude control. The other four thrusters are
mounted on the bottom of the spacecraft, equally
spaced along the +Y and —Y directions and along
the +X and —X directions from the center line and
pointing along the —Z axis. These four thrusters are
primarily intended for imparting AV for spacecraft
trajectory correction maneuvers. Any AV direction
must be achieved by pointing the spacecraft +Z-
axis in the AV direction. This approach is most effi-
cient for propellant usage but presents complications
for communications and/or collection of navigation
tracking data during maneuver execution.

4.14 Micrometeoroid and Dust
Protection

Initial analysis of the dust environment near the
Sun (see Section 4.3) indicates that Solar Probe
may encounter dust particles up to several hundred
microns in diameter that are traveling at relative
speeds as high as 500 km/s at perihelion. Such
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Figure 4-30. Thruster layout.
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impacts could damage instruments, spacecraft elec-
tronics, and propulsion hardware, while multiple
impacts from smaller particles might degrade the
performance of the TPS. In order to estimate the
risk that the near-Sun dust environment! presents
to the spacecraft and to develop a concept for a dust
protection system, a study was performed using an
analysis and prediction methodology employed for
other NASA missions, both low-Earth orbit and
deep space (Elfer, 1996; Christiansen, 1999). Using
conservative, worst-case assumptions about par-
ticle size, velocity, and obliquity, the study dem-
onstrated (1) that standard Whipple shielding
consisting of spaced MLI blankets would be suf-
ficient to protect the spacecraft bus and compo-
nents in the near-Sun dust environment and (2)
that the TPS would not be compromised either by
multiple small-particle impacts or by the impact
of an unusually large dust particle.

4.14.1 Methodology. The methodology employed
in the dust protection study is summarized in the
paragraphs below and illustrated schematically in
Figure 4-31. A complete description is provided in
Appendix B.

The models of the near-Sun dust environment
described in Section 4.3.5 were used to calculate
dust flux as a function of solar distance, ecliptic
latitude, and direction and to determine impact
location, velocity, and obliquity angle. Impact
probabilities for both the collision and the non-
collision dust models (see Figure 4-5) were cal-
culated for the following representative Solar
Probe components: the Fast lon Analyzer (FIA),
Fast Electron Analyzer (FEA), Ion Composition
Analyzer (ICA), Power Distribution Unit (PDU),
spacecraft bus, and Thermal Protection System
(TPS). These components are expected to be exposed
to large dust fluxes, and the impact probabilities
calculated for them thus represent upper bounds for
impacts on other components not included in the
study. (The vulnerability of instrument apertures
to dust impacts was not analyzed because detailed
instrument designs were not available. A detailed
assessment cannot be performed until actual instru-
ment designs are developed and aperture size and
location can be specified. However, Appendix B

IThe study addressed only the dust environment inside 0.8 AU,
which is considered to present the greatest potential risk.
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Figure 4-31. Chart illustrating the methodology em-
ployed in the dust risk/protection study.

provides information that instrument designers can
use to calculate the critical particle size as a func-
tion of aperture area and thus to estimate the poten-
tial dust hazard for their instruments.)

For each of the selected components a 99% Prob-
ability of No Impact (PNT)? was calculated and the
corresponding critical particle size was determined.
Critical particle sizes were calculated for both the
collision and the non-collision dust models. As can
be seen from Table 4-16, when the non-collision
model was used, the critical particle size increased
by 30 to 140%.

The Coupled Thermodynamic and Hydrody-
namic (CTH) hydrocode (Boslough et al., 1993)
was used to determine the shielding require-
ments for each of the selected components except
the TPS (see Section 4.14.3 below). The largest
critical particle size (i.e., that associated with the

2The Probability of No Impact is a metric used in the prediction
and analysis of the damage to a component caused by a hyper-
velocity impact. It is the probability that, for a given particle
flux, exposure area, number of impacts, and time, a particle of
a given size (the “critical particle size”) will not hit the compo-
nent. For example, a PNI of 99% for a 56-um particle means
that there is a 99% chance that the component will not be hit by
a particle of this size or larger or, alternatively, that there is a
1% chance of its being hit by a particle of that size.
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Table 4-16. Critical particle diameters calculated for the collision A and non-

collision dust models
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shielded from dust impacts. The
analysis of the TPS response to

Critical Particle Diameter (tm) the near-Sun dust environment
Component Collision A Model Non-Collision Model was thus focused on character-
FEA 56 132 izing the effects of dust impacts
FIA 56 132 on TPS performance. Impacts
ICA 62 148 were modeled for dust particles
PDU 206 266 ranging from a minimum par-
Spacecraft Bus 246 437 ticle size of 1 um to a critical

non-collision model), a velocity? of 500 km/s, and
zero obliquity were assumed in the CTH runs to
demonstrate protection against the predicted worst-
case environment. Shielding was considered ade-
quate if no penetration or spalling occurred inside
the box or structure of interest.

4.14.2 Dust Protection Concept. The CTH hydro-
code simulations showed that the instruments,
PDU, and bus can be protected against dust impacts
by placing a multi-layer insulation (MLI) Whipple
shield* at a standoff distance of 6 to 10 mm (Table
4-17) from the component in question. In all cases,
the standoff distance was adequate to ensure that
there was no spalling or penetration of the alu-
minum electronics box or structure. The hydro-
code impact simulations were run for an 18-layer
MLI blanket consisting of a 1-mil Kapton/vapor-
deposited external surface and 18 layers of 0.3-mil
embossed Kapton cloth. The aluminum housing of
the instrument and PDU boxes was assumed to be
1 mm thick, and each face sheet on the honeycomb
structural panels was assumed to be 0.5 mm thick.
Figure 4-32 shows a density plot from a CTH sim-
ulation of a particle impact on the MLI shielding
protecting the PDU. The PDU is an ideal test case
because it has both the largest surface area and the
largest critical particle size.

4.14.3 Dust and the Thermal Protec-
tion System. The TPS, which will be fabri-
cated of a 40-mil-thick carbon—carbon com-
posite covered with a thin ceramic layer, cannot be

3No experimental data for such high velocity regimes are cur-
rently available.

4 Whipple shielding is a standard method of dust protection
and has been used on many missions, including Stardust, Cas-
sini, and New Horizons.

particle size of 670 wm. Empiri-

cal estimates for crater size as
a function of particle size, impact velocity, oblig-
uity angle, and material properties of the primary
shield were used to predict the extent of damage
to the primary shield resulting from dust impacts
(McDonnell, 1999; Hill, 2004). A factor of 1.5 was
incorporated to account for additional cracking that
could occur in the surface beyond the crater. Two
different impact scenarios were modeled, the first
involving multiple impacts from smaller particles
that degrade TPS optical properties, and the second
involving a single impact by a very large particle.

Multiple Impact Scenario. A Monte Carlo simula-
tion was run to assess the effect of multiple dust
impacts on the TPS, which was modeled as 400 dis-
cretized flat panels to obtain a surface degradation
profile. Relatively rare impacts by large particles as
well as more frequent impacts by smaller particles
were analyzed. The maximum area loss was found
to be 0.024% on the panels facing in the +X direc-
tion (the ram direction at perihelion) (Figure 4-33).
The area loss decreases to 0.001% toward the —X
direction. The average area loss is 0.011% across
the entire TPS. The majority of damage resulted
from few impacts by large particles rather than
from multiple small-particle impacts.

A thermal analysis performed to estimate the
increase in the temperature of the primary shield
as a function of surface area damage showed that
the predicted damage would have a negligible effect
on the overall thermal balance (Figure 4-34).

Table 4-17. Multilayer insulation standoff distance
required to protect representative spacecraft components
from dust impact

Component Required MLI Standoff (mm)
Instruments 6
PDU 10
Spacecraft Bus 20
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Figure 4-32. Density plots of a 270 micron particle impacting multilayer insulation at 500 km/s with a 10 mm standoff
distance. (a) shows the initial state and (b) depicts the state at the end of the simulation.

According to this analysis, the TPS can tolerate
almost 10% surface area damage and experience a
net temperature increase of only about 50 K. Any
small local hot spots are balanced out by the large
surface area of the TPS cone and its internal view
factor to itself.

Single Impact by Very Large Particle Scenario.
A single impact by a very large particle is highly
unlikely statistically. The critical particle size
calculated for the TPS for a 99% PNI is 670 um
in diameter. In other words, there is only a 1%
chance that the TPS could be hit by a particle of
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Figure 4-33. Area damage to the Thermal Protection
System resulting from dust impacts.
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this size or larger. CTH simulations indicate such a
particle—which is large for a dust particle—would
be completely vaporized upon impact with the
primary shield and thus would not penetrate the
secondary shield. Thus even if the primary shield is
penetrated, the energy from the remaining dust and
primary shield vapor would be quickly dissipated
within the cavernous TPS cone interior, and there
would not be a direct light path from the Sun to the
spacecraft bus.
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Figure 4-34. Change in the equilibrium temperature of
the Thermal Protection System as a function of surface
area damaged by dust impact.



The analysis demonstrates that even very large
particle impacts would not result in the loss of the
Solar Probe spacecraft. This result is in contrast
to the Space Shuttle Columbia accident, where
damage to that thermal protection system led to
mission loss. In the case of the Columbia, once the
leading edge of the Columbia’s wing was signifi-
cantly damaged, hot atmospheric gases under high
dynamic pressure were forced into the interior of
the wing, damaging vulnerable internal spacecraft

4. MISSION IMPLEMENTATION

structures. The situation is quite different for Solar
Probe, which will operate in a hard vacuum. Should
the TPS be penetrated by a large particle, there would
be, in the rarefied plasma environment of the inner
heliosphere, no dense, superheated gas to enlarge
the hole or damage the spacecraft. As indicated
above, even for much larger than predicted surface
degradation, the overall temperature will not
increase significantly. Solar Probe’s TPS fully pro-
tects the spacecraft even if damaged by dust.
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Appendix B: Dust Protection

Methodology

The approach used to asses the risk and to design
dust shielding systems for the spacecraft was briefly
described in Section 4.14. The flow-diagram in
Figure 4-31 of the main text (repeated here for con-
venience as Figure B-1) illustrates the procedure
followed to design shielding concepts and/or ana-
lyze risk for exposed components. The following is
a detailed description of this diagram:

(1) The first step in the risk assessment process
was the characterization of the dust environment,
which was discussed in Section 4.3.5.

(2 Once the dust environment was defined,
the next step was to characterize the dust impacts
to individual components of the spacecraft. To
accomplish this, a software tool was developed to
numerically integrate the dust flux over time on
individual components of the spacecraft as it orbits
the Sun. Components having curved or box shapes
were analyzed by discretizing the surface into flat
panels. The total cumulative number of impacts was
then calculated as the sum of the flux integral on
the individual panels. This software tool calculated
total cumulative number of impacts as a function
of particle mass as well as histograms of relative
impact speeds and obliquity angles.

@

Characterize dust
environment

i

@ Characterize dust
impacts on S/C
component

Can it be
shielded?

Yes

Determine shield
design parameters Surface
c Define failure \Jegradation
@ l 2 criteria
g
! : @
Design shield S
a
@

Evaluate level of
surface degradation

Evaluate probability
of no-penetration
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Figure B-1. Methodology employed in the dusk risk/
protection study.
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(3) The next step was to make a distinction
between those components that can be protected
by some type of shielding system (i.e., instrument
boxes, bus, harnessing, etc.) and those that by their
functionality can not be protected (i.e., instrument
apertures, Thermal Protection System (TPS), radi-
ating surfaces, etc).

(@) For those components that can be protected
by incorporating a shielding structure, the next
step was to define shield design parameters. These
parameters are the critical particle size, impact
speed, and obliquity angle and are indirectly
defined by the selection of an acceptable probability
of no-penetration (PNP). This step was done using
two different approaches. The first was to select
the worst-case speed and obliquity conditions.
This approach led to a conservative set of design
parameters but allowed us to bound the problem in
the critical direction. The second approach was to
select the design parameters using a statistical pro-
cedure that considers the statistical distribution of
mass, speed, and obliquity of dust particles as well
as their lethality/damage potential. This approach
was less conservative but was based on robust sta-
tistical theories and thus should be considered more
accurate than the worst-case approach.

For the worst-case approach, the design param-
eters selected were an impact speed of 500 km/s
and an obliquity angle of zero. The particle size for
both approaches was selected using a probability of
no impact (PNI) of 99% (see equation (2)).

For the second approach, the selection of the
design parameters was based on the assumption that
the penetration potential of dust particles impacting
a shield is directly proportional to the kinetic energy
associated with the normal component of their rela-
tive velocity vector (Christiansen, 1993). Thus,
the selection of design parameters reduces to the
selection of a critical dust-particle kinetic-energy
(K,) that has a probability of occurrence equal to
1 —PNP (1% was used in this study). The probability
of having n impact events of a particle with a kinetic
energy equal to K or larger is assumed to follow a
discrete Poisson’s distribution and is defined as

M{NT(K()’ ey

P(K ,n)=
¢ n!

where P(K ,n) is the probability of having n impact
events with a kinetic energy equal to K _or larger, N -
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is the cumulative number of impacts as a function
of kinetic energy, and N (K ) is the total cumulative
number of impacts of the critical kinetic energy, K.
The probability for n = 0, defined as the probability
of no-impact, is defined as

PNI(K )=e """, (2)

Then, the critical dust-particle kinetic-energy K,
is that with a cumulative number of occurrences
defined by

N,(K,)=—In(PNP), 3)
where the PNI has been substituted by the desired
PNP.

The cumulative number of impacts as a func-
tion of kinetic energy N, was calculated by running
a Monte Carlo simulation and sampling pairs of
“particle mass” and “normal impact speed” from
the cumulative number of impacts and from the
histogram of normal impact speeds calculated in
step 2. Then, K was calculated using equation (3).
The next step was to select a pair of critical particle
mass (m,) and critical normal impact speed (V)
that yielded the desired K. First, m_. was defined by
using the cumulative number of impacts as a func-
tion of mass and selecting a particle mass with a
probability of no-impact equal to the PNP. Then, V.
was calculated to yield the critical kinetic energy
K. Tt should be noted that the selection of m, is
arbitrary, and any other pair (m_, V,) that yields the
critical K. would be acceptable under the assump-
tion that damage potential is proportional to kinetic
energy.

(® Once the pair (m,, V,) was defined, the shield
was designed so that a particle with the critical
parameters did not penetrate or spall the shield. The
design of the shield was based entirely on computer
simulations in CTH.

(8) For those components that cannot be pro-
tected by a shielding system, the next step in the
risk assessment process was to define a failure cri-
terion. Two types of failure criteria are relevant to
Solar Probe: penetration of the components or sur-
face degradation.

(7) Components for which penetration would
constitute failure can be evaluated in terms of their
probability of penetration. For Solar Probe the
instrument apertures need to be evaluated under

B-2

this failure criterion, but this is not yet possible,
given that there are no detailed instrument designs
in this study.

The TPS is the primary Solar Probe compo-
nent that was analyzed to determine the degrada-
tion of the surface caused by dust particle impacts.
The TPS surface degradation was evaluated by run-
ning a Monte Carlo simulation of size equal to the
total number of impacts and sampling sets of dust
particle mass, impact speed, and obliquity angle to
calculate the total surface area loss due to penetra-
tion and cratering. For each sample point, the diam-
eter of the penetration hole was calculated using the
following equation (McDonnell, 1999):

ﬁ—A 10
f\9+expl(D, / (B-f)] ()
Dh
+7{1 —exp[-D, / (B-f)}],
A=697| L (—] f,@b)
P, u
B=B +B), (4c)

where d_ is the dust particle diameter, fis the thick-
ness of the C—C shield, D, is the hole diameter, B,
and B, are material parameters, P, and p, are the
mass density of the dust particle and the C—C shield,
o, and o, are the yield stress of the C—C shield and
aluminum, and V is the relative impact speed. The
equations developed by McDonnell are only appli-
cable to normal impacts. For oblique impacts the
major and minor axis of the penetration hole was
calculated as follows (Hill, 2004):

1.0646

B

D =D,e (52)

h

D;lnin — Dh (cos 9)0283 , (5b)
where 0is the impact obliquity angle. The minimum
D, for every sample was set to 10 times the particle
diameter to account for cratering in the cases where
no penetration occurs. In addition, the D, calculated
with equations (4) and (5) was multiplied by 1.5 to
account for possible cracking of the coating on the
TPS beyond the crater or penetration hole.



Comparison of Shield Design Parameters
Using Kinetic Energy to Worst-Case
Velocity and Obliquity

As described in step 4 of the preceding sec-
tion, two approaches were followed for the selec-
tion of shielding design parameters. Table B-1
shows a comparison of the 1% kinetic energy case
to the worst-case velocity of 500 km/s and oblig-
uity assuming a particle density of 2.5 g/cm?3. The
results show a significant level of conservatism for
the worst-case velocity against a 1% probability
kinetic energy case for all components analyzed.
The level of conservatism measured as the ratio
of the kinetic energy of the worst case to the 1%
kinetic energy case is as high as 16.9 for the power
distribution unit (PDU) and the lowest is 5.8 for the
spacecraft bus.

Dust Impact Characterization on Bus
Panels

As already discussed in Section 4.14.1, it is
important to note that since no detailed instrument
designs were available as a part of this study, the
vulnerability of instrument apertures to impacts
was not analyzed. However, to provide instrument
designers with a tool to estimate dust impacts on
instrument apertures, a characterization of the dust
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impacts on the bus panels per unit area was con-
ducted. Figure B-2 shows the cumulative number
of impacts per square centimeter for all six panels
of the bus as identified in the inset diagram.

These plots can be used by instrument design-
ers to estimate the expected number of impacts
and critical particle size for any given instrument
aperture depending on surface area and its location
on the bus. Panels 1 and 6 are expected to receive
the largest number of impacts, while panels 3 and
4 will receive the fewest number of impacts. To
complement the cumulative number of impacts
plot, the following histogram plots (Figures B-3
to B-8) show the distribution of impacts as a func-
tion of impact speed and obliquity angle. The verti-
cal axis on these histograms does not represent the
actual number of impacts on the panels and thus is
intended only to show the distribution and relative
comparison of number of impacts between panels.
Panels 1, 5, and 6 will receive a large number of
impacts over a wide range of impact speeds, but
they mostly occur at obliquities larger than 40°.
Panel 2 also will receive a large number of impacts
but mostly at the low end of the velocity range (10 to
100 km/s) and in the medium obliquity angles (40°
to 60°). Panels 3 and 4 will receive a low number of
impacts at the low end of the velocity range (10 to
200 km/s) and at high obliquities (>60°).

Table B-1. Comparison of 1% kinetic energy case to worst-case velocity and obliquity assumptions

Critical 1% Probability Maximum Velocity
Component Particle Kinetic Energy Conser\{atism
Diameter Impact Kinetic Impact Kinetic (Ratio)
(um) Speed (km/s) | Energy (J) | Speed (km/s) | Energy (J)
Fast Electron 132 152 34 500 376 11.0
Analyzer (FEA)
Fast lon 132 152 34 500 376 11.0
Anayzer (FIA)
lon Composution 148 178 67 500 530 7.9
Analyzer (ICA)
Power Distribution 266 122 182 500 3,079 16.9
Unit (PDU)
Spacecraft Bus 437 208 2358 500 13,655 5.8
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Figure B-2. Cumulative number of impacts per square centimeter on bus panels calculated with dust model without
collisions.
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Figure B-3. Histogram of the number of impacts as Figure B-4. Histogram of the number of impacts as
a function of impact speed and obliquity angle for a function of impact speed and obliquity angle for
panel 1. panel 2.
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Figure B-6. Histogram of the number of impacts as Figure B-8. Histogram of the number of impacts as
a function of impact speed and obliquity angle for a function of impact speed and obliquity angle for
panel 4. panel 6.
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Solar Probe Power Budget

C-6

Average Durina Encounter
EOL Power| Duty Avg. Peak
Subsystem/Component (W) Cycle | Power (W)| Power (W) Basis for Estimate

Instruments 57.2 53.2 57.2
Hemispheric Imager (HI) 4.0 50% 2.0 4.0|Provided by STDT
PSRI 4.0 50% 2.0 4.0|Provided by STDT
FIA 3.7 100% 3.7 3.7]Provided by STDT
FEAXx 2 7.2 100% 7.2 7.2]|Provided by STDT
ICA 6.0 100% 6.0 6.0|Provided by STDT
PWI 5.0 100% 5.0 5.0|Provided by STDT
MAG 25 100% 25 2.5|Provided by STDT
EPI-Lo 2.3 100% 2.3 2.3|Provided by STDT
EPI-Hi 1.7 100% 1.7 1.7|Provided by STDT
NGS 3.0 100% 3.0 3.0|Provided by STDT
CD 3.8 100% 3.8 3.8 Provided by STDT
Common DPU 14.0 100% 14.0 14.0]Provided by STDT
Inst. Accommodation Hardware 16.0 1.6 16.0
Fast Plasma Arm 5.0 10% 0.5 5.0] Conceptual estimate based on available actuators
PSRI Periscope 5.0 10% 0.5 5.0] Conceptual estimate based on available actuators
PWI Actuators x 3 6.0 10% 0.6 6.0] Conceptual estimate based on available actuators
Spacecraft Total 229.9 176.4 229.9
Power Subsystem 13.0 100% 13.0 13.0
PDU 7.0 100% 7.0 7.0] JHU/APL conceptual estimate
PSE 4.0 100% 4.0 4.0]JHU/APL conceptual estimate
Battery Charge 2.0 100% 2.0 2.0JJHU/APL conceptual estimate
G&C Subsystem 73.8 91% 66.8 73.8
IMU 29.5 100% 29.5 29.5|Based on MESSENGER experience
RWAs (4) 28.0 75% 21.0 28.0|Based on STEREO and MESSENGER experience
Star Trackers (2) 16.0 100% 16.0 16.0|Based on STEREO and MESSENGER experience
SHS 0.3 100% 0.3 0.3]JHU/APL conceptual estimate
Propulsion Subsystem 46.3 29% 13.3 46.3
Thrusters (4 firing) 33.0 0% 0.0 33.0|Based on MR-111C
Cat Bed Heaters (6 active) 11.5 100% 11.5 11.5|Based on MR-111C
Pressure Transducers (2) 1.8] 100% 1.8 1.8 Based on MESSENGER/STEREO experience
RF Subsystem 38.6 65% 25.1 38.6
Transmitter 20.0 100% 20.0 20.0]JHU/APL conceptual estimate
Ka-Converter 1.1 100% 1.1 1.1]JHU/APL conceptual estimate
HGA Actuators 15.0 10% 1.5 15.0|Based on Moog Type 3 actuator
USOs 2.5 100% 2.5 2.5|Based on New Horizons
Avionics Subsystem 58.2 100% 58.2 58.2
IEM 1 34.0 100% 34.0 34.0]JHU/APL estimate new layout based on MESSENGER
IEM 2 18.2 100% 18.2 18.2]|Reduced to only have necessary functions
AlU 6.0 100% 6.0 6.0]JHU/APL Conceptual Estimate
Thermal Subsystem 0.0 100% 0.0 0.0JAssumes RTG heat used at 5.5 AU
Subtotal 303.1 231.2 303.1
Harness Losses 4.5 3.5 4.5
Total 307.6 234.7 307.6
Available Power 3 MMRTG (BOL) 375 W
Available Power 3 MMRTG (4.1 yr) 353 W
Available Power 3 MMRTG (8.8 yr) 328 W
First Pass
Margin (W) 118.3 45.4
Growth Margin (%) 50.4%
Second Pass
Power Reserves (W) 93.3 20.4
Growth Margin (%) 39.8%
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Dimensions of the Solar Probe Spacecraft
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Appendix E: Optical Surface
Technology Overview

Introduction

Research supporting solar exploration has been
funded by The Johns Hopkins University Applied
Physics Laboratory (APL) over the time period of
fiscal years 2003 through 2005. The research has
specifically addressed the applicability of high-tem-
perature optical surfaces as a means of providing
spacecraft thermal management in the near-solar
environment. Structures for solar applications are
required to function in the temperature regime
ranging from deep space at 77 to 2100 K at 4 Rq.
Initial out-gassing experiments performed by JPL
indicate that out-gassing thresholds for carbon—
carbon materials will be reached for heat shield
equilibrium temperatures >2200 K. Such out-gas-
sing could potentially contaminate critical science
experiments. However, high-fidelity high-tempera-
ture out-gassing measurements are extremely dif-
ficult to conduct in a controlled manner, owing to
variations in materials, accuracy of measurement
devices, and high-temperature oven out-gassing
sources. When design and testing uncertainties
are applied to the initial out-gassing data, the Solar
Probe spacecraft primary heat shield (composed
of carbon—carbon material), could exceed desir-
able heat shield out-gassing limits at temperatures
as low as 1900 K. Consequently, a lower-risk
design solution was sought by the APL research
team, not to only eliminate potential out-gassing
issues (by reducing the primary heat shield tem-
perature below 1900 K), but also to provide protec-
tion from other temperature-driven environmen-
tal effects by reducing the potential for chemical
or radiation interactions (resulting material
degradation).

While the reduction in contamination sources
was a primary driver early in the research, we
quickly realized that the ability to significantly
reduce spacecraft equilibrium temperature had
a substantial impact on the spacecraft design and
mission. The APL approach incorporates a white
ceramic coating (which is highly reflective in the
visible and highly emissive in the IR) applied to
the carbon—carbon spacecraft primary heat shield
structure. Studies predict that this solution enables
a significant reduction in the equilibrium tempera-

APPENDIX E: OPTICAL SURFACE TECHNOLOGY OVERVIEW

tures of critical Thermal Protection System (TPS)
components to <1900K. In-turn, higher-fidelity
science can be expected as temperature-driven
contamination sources are reduced. However, the
impacts on the spacecraft design are more notice-
able. The reduction in the primary heat shield equi-
librium temperature directly impacts prior high-risk
components such as the secondary heat shield and
the struts that connect the primary heat shield to
the bus. In early design studies, the secondary heat
shield was proposed to incorporate emerging mate-
rials such as aerogels and low-density carbon battes
to meet thermal conductivity and mass/volume
budgets. However, with lower temperatures, mature
insulation systems such as carbon foams can now
be incorporated. In addition, the lowered operating
temperature reduced the required thickness of the
secondary shield and its mass. Also, in the early
studies, the struts were configured to be pyrotechni-
cally severed in order to create a thermal short after
launch. In addition to increasing risks due to the
severance operation, this approach resulted in sig-
nificant mass penalties (as a result of the severance
hardware and provisions for attaching the hardware
to the struts). The new strut design, enabled by the
reduced thermal load, now incorporates a thin-

walled strut geometry that is tailored to produce a

minimum conductivity and does not require sever-

ing the struts. The result for the mission is antici-
pated to be a lower-risk spacecraft with significant
launch mass (and cost) savings.
The research has been highly integrated with
the Solar Probe program in an attempt to make the
findings timely and value-added as a means of risk
reduction. Material, mission, and science require-
ments were obtained from the Solar Probe Science
and Technology Definition Team (STDT) and APL
Space Department personnel. The research has spe-
cifically addressed the following technology issues
related to the functionality of an optical surface in
space:
*  Optical properties (a/e) and relationship with
predicted primary heat shield equilibrium
temperature
—  Optical property degradation at elevated
temperature

— Optical property degradation due to
radiation (p*, 7, ions, and EUV)

— High-speed particulate impact damage and
effects on equilibrium temperature



SoLAR PROBE SCIENCE AND TECHNOLOGY DEFINITION TEAM REPORT

Structural integrity of the coating and substrate
Launch vibration loads (representative
displacements and durations)

Thermal cycling (deep space to near-solar
temperatures)

Material charging due to radiation (p*, e”,
ions, and EUV)

Fundamental material responses (carbon—
carbon and ceramics)

Impact on integrated spacecraft at critical
trajectory points

Out-gassing and chemical interactions

As a function of elevated temperature and
vacuum

Three candidate ceramic-based optical surfaces

have been investigated from an initial feasibility per-
spective. These materials include aluminum oxide or

alumina (Al,O,), pyrolytic boron nitride (PBN), and

barium zirconium phosphate (BaZr,P,O,,, herein
identified as BaZP). While the all materials have
performed well to date, alumina was selected as the
baseline coating due to its overall maturity level and
supporting historical database. The PBN (second to
alumina in maturity and database) and BaZP will
remain as backup solutions. Based on time and fund-
ing allocations for the research effort, a majority of
the investigations were focused on alumina. Table
E-1 shows a summary of the investigations.

Thermal management via C—C substrates
with optical surfaces

The conical primary heat shield is designed to

present a small view factor to the Sun (and reduce

Table E-1. Summary of optical surface investigations.

the amount of solar irradiance absorbed) while
providing significant surface to radiate to deep
space. Combining this design approach with opti-
cal surfaces that reflect a large portion of the visible
solar irradiance and emit the remaining energy (in
the IR band) results in significant reductions of heat
shield equilibrium temperature. Such a temperature
reduction greatly influences other thermal manage-
ment and structural components, since radiant ther-
mal energy is directly imparted from the inner sur-
face of the primary heat shield to the interior face
of the secondary heat shield. This heat load is then
conducted to the opposite face of the secondary heat
shield where it can be transmitted to other space-
craft components (such as the instrument bus and its
supporting struts). Reducing the temperature of the
primary heat shield thus reduces the heat flux (and
temperature) experienced by these components.
Coatings which are highly reflective in the vis-
ible band while highly emitting in the IR band are
desirable characteristics for the optical surface.
The maximum predicted temperature of the space-
craft’s primary carbon—carbon heat shield (with no
reflective coating, i.e., a blackbody) is on the order
of 2100 K (assuming a ratio of solar absorptivity
to IR emissivity, o/e = 1) when it approaches to
within 4 solar radii of the Sun. (the thermal load
from the sun at this distance is notionally 400
W/cm?). The optical property of o/e needs to be
lower than 1 to provide significant temperature
reduction (thus providing a significant decrease
in C—C out-gassing from the primary heat shield).
Three candidate “white” ceramic coatings that
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satisfy these o/e goals were studied: alumina, PBN,
and BaZP. A roadmap summarizing the complexity
of the experiments is shown in Figure E-1.

To validate the thermal management approach,
optical data as a function of temperature and wave-
length were collected by APL (at discrete laser
wavelengths mapped to the solar irradiance profile
as shown in Figure E-2) and then incorporated into
a spectral-based radiant thermal model. Reflec-
tance was measured at specific wavelengths over
a range of temperatures (from room temperature
to the predicted equilibrium temperature) and the
solar absorptance or IR emittance calculated using
Kirchoff’s Law:

which can also be written as

where A = wavelength.

Optical property testing (up to 1773 K and using
an Argon cover gas) was performed on C-C cou-
pons coated with Al,O, and PBN. The o/e results
these coupons! are shown in Figure E-3 as a
function of temperature. In addition, Figure E-3

"Multiple samples (each using different material vendors) of
A1,0; and PBN-coated C-C coupons were fabricated and
tested. In addition, differnet fabrication methods were also
evalulated.

Optical properties of
candidate materials
evaluated as a function
of wavelength
and temperature

EUV testing of candidate

total integrated flux for 16
hours of nearest solar
approach

EUV Beam Source

No formation of color centers
or gross micro-structural
changes apparent

Optical properties of candidate
coatings promise large decrease
in primary heat shield equilibrium
temperature

® Al,O

* PBN

® BazP

ceramics at NIST simulating
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Figure E-2. Map of solar irradiance and optical property
measurements.

shows the resulting primary heat shield temperature
(at a distance of 4 solar radii from the Sun) as a
function of o/e. The use of optical coatings (all with
a/e< 0.6) is seen to reduce the heat shield tempera-
ture to < 1850 K using alumina (to as low as 1400 K
in the case of one of the PBN-coated coupons).
Operation of the baseline system (composed of
an alumina optical surface on top of the carbon-
carbon heat shield) is shown in Figure E-4. The
bulk (80 to 90%) of the incoming solar radiation
is reflected by the coated heat shield. The remain-
ing radiation is absorbed and conducted to the

Low-energy electron and
proton testing performed
at NASA GSFC to
determined effects on
optical properties

High-energy proton testing
at IUCF to determine effects
on optical properties

® Post-test optical properties
at Al,O; materials

* Post-test optical properties comparable with pre-test

of candidate materials values

© Other coupon (PBN and
BaZP) testing and data
reduction not complete

comparable with pre-test
values

® Surface texture (“charring”)
of C-C coupon observed

Ongoing studies,
summer 03 to current

EUV testing at NIST,
September 04

Increasing fidelity of testing wslpp

Proton testing at
IUCF, March 05

Electron/Proton
testing at NASA
GSFC, June 05

05-01481-48

Figure E-1. Summary of experiments investigating optical properties.
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Figure E-3. Optical property data for Al,O5 and PBN.

carbon—carbon substrate. This absorbed heat is
then re-radiated back to space. The thin alumina
coating has a window of transparency between the
upper limit of the visible band (A< 1 wm) and the
mid-IR band (A> 4 um). This spectral-dependent
transparency allows energy to be directly radi-
ated from the carbon—carbon substrate (which has
an IR emissivity of ~1) to space. As the alumina’s
transparency decreases, it becomes an effective IR
radiation emitter (note the rise in emittance shown
in Figure E-4 frome=0.2atA< 1 umto &> 0.9 at
A > 6 um).

Testing was performed at NIST to assess
the stability of the alumina and PBN at a total

integrated EUV flux of 120 J/mm?. This flux is
greater than the total integrated flux predicted for
the 16 hours of closest solar approach (for a notional
Solar Probe mission to 4 Rg). These specimens
showed no visual or microscopic evidence of color
center formation or microstructural damage (see
Figure E-5). Because of the small size of the beam
exposure locations, optical properties could not be
verified.

Radiation effects on optical properties were
evaluated experimentally by measuring material
optical properties before and after exposure to rep-
resentative radiation environments. Material cou-
pons tested included pyrolitic graphite, bare C—C,
and C-C with Al,O;, PBN, and BaZP coatings.
Radiation doses included very energetic protons
(Table E-2) and lower energy proton and electron

Beam exposure locations

o
) N
o /
CoorsTek Al,O5 GE PBN post-EUV

post-EUV exposure exposure

05-01481-52

Figure E-5. Coupons post-EUV exposure at NIST.
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Figure E-4. Operation of baseline primary heat shield system.
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exposures (Table E-3). Optical measurements were
performed before and after radiation exposure and
showed no measurable change in optical properties
or physical appearance. For reference, test coupons
from the single solar event test at [UCF (tray 5)
and post run 4 at NASA-GSFC are shown in Figure
E-6.

System-level trade studies were performed to
evaluate the effects of particulate impact (and sub-
sequent degradation of the optical surface) on the
primary heat shield equilibrium temperature. A
finite element thermal model (Figure E-7) of a
single impact location was first developed and
parametric numerical studies conducted to evalu-
ate the effects of hole diameter, radius of any spall
zone around the hole, thermal conductivity of the
substrate, and ove ratio of the optical coating. The

APPENDIX E: OPTICAL SURFACE TECHNOLOGY OVERVIEW

results revealed that any significant temperature
increase would be limited to the immediate region
of the damage (where the optical surface has been
removed and o/e is that of the underlying carbon—
carbon substrate, that is, o/e ~ 1). Any portion of
the primary heat shield interior surface “views” the
opposite interior surface and exchanges heat via
radiation. Since the (uncoated) carbon—carbon inte-
rior surfaces have high IR emissivity and the “view
factor” between the surfaces is unity, radiation heat
transfer between the damaged and undamaged sides
of the heat shield serves to restrict any temperature
increase to a small region around the spall area.
After determining that temperature change due
to damage was a local phenomenon, the next step
in assessing the effect of damage on system thermal
performance was to parametrically vary the total

Table E-2. High energy proton exposure conditions tested at IUCF.

Proton Energy Vacuum Fluence . . Substrates Discolored
Run Trays Simulation
(MeV) (mtorr) | no.cm? or Damaged
1 54.7 1,4 60 8.50E+10 12 Events None
2 73.7 2,4 80 3.80E+10 None
3 104.2 3,4 80 2.00E+10 None
4 104.2 5 80 1.84E+13 Single event | Possible C—C structural change
near Sun (1/r2)

Table E-3. Moderate energy proton and electron exposure conditions test at NASA-GSFC.

Run p+ energy e~ energy Tray Vacuum Fluence
1 500 keV 4 yes 3.6E12
2 1 MeV 4 yes 1.9E12
3 100 keV 4 yes 2.8E14
4 1 MeV 4 yes 5.5E12

C-C/PBN

C—-C/Al203

C-C/BazP

05-01481-53

Figure E-6. Post-test “Tray 5” material coupons and holder. (a) Tray 5 “worst-case” proton fluence exposure at IUCF;
(b) Tray 4 from IUCF test series post-run 4 at NASA-GSFC.

E-5



SoLAR PROBE SCIENCE AND TECHNOLOGY DEFINITION TEAM REPORT

Local heat shield temperature after damage
200-pm particle with 10-mm spall zone

€an O (Ths(n* = Tspace®)

agn 0 (Ts* = Ths (n?)

1_

| THS equilibrium

€c—c 0 (Ths(n* = Ths equilibrium™®)

I | | |
1840 \ €c—c 0 (Ths(n* = Tspace®)
1 acco(Tgt

1 800 i - THS (l’)4)
< - |
o 1760 !
% Thole -
g ! >
g— 1720 I I'spall damage
kS cL

1640 |

0 20 40 60 80

100

05-01481-54

Radius from center of impact (mm)

Figure E-7. Typical finite element thermal model of a single impact location (PBN optical coating).

damage to the optical surface and calculate the
resulting average temperature of the primary heat
shield. Damaged areas were treated as local hot
spots (with elevated temperature), while undam-
aged areas remained cooler. An area-weighted aver-
age temperature was then calculated for the heat
shield as a function of damaged area. The results,
shown in Figure E-8, reveal the robustness of the
design. Over 20% of the heat shield would need to
be damaged to increase the heat shield temperature
by 100 K. As documented elsewhere in this report,
the predicted primary heat shield damage level is
much less than 0.1%, thus indicating that no signifi-
cant temperature increase is expected.

Structural integrity of coatings and sub-
strate interface

The structural integrity of the optical surface
(and substrate interface) was identified as a risk
area relative to optical surface performance (and
potential impact on equilibrium temperature if the
coating was to be removed due to spalling). Three
series of experiments were performed in an attempt
to identify potential show-stoppers as identified in
Figure E-9. The first series consisted of thermal
cycling tests. These tests were performed using flat
circular coupons and were cycled three times from
77 to 1600 K (the limit of the thermal cycling fur-
nace; subsequent optical property testing has taken
the coupons to ~1800 K). Critical elements of the
coating (and potential coating elements added to
improve structural integrity) were evaluated, includ-

E-6

2100

@ System level
o “hot spots” [+
()

2000

1950

1900

Damaged TPS equilibrium temperature (K)

1850
0.1 1.0 10

TPS optical surface area damage (%)

100
05-01481-31

Figure E-8. Primary heat shield equilibrium temperature
with damaged Al,O, optical surface.

ing graphite with a plasma sprayed Al,O; coating;
carbon—carbon coated with SiC; and carbon—carbon
coated with SiC followed by plasma-sprayed Al,O,
(doped with Zr). No spalling of the coating or coat-
ing cracking was observed, as shown in Figure
E-10.

The next test series consisted of a three-point
bend test to determine the structural integrity of
the coating and the coating-to-substrate interface
after exposure to large displacements (Figure
E-11). The carbon—carbon coupon (1 in. wide X
9 in. long X 0.050 in. thick) coated with Al,O; was
displaced to a total deflection of 0.60 in. with no
observable damage. The maximum allowable dis-



Material coupons thermal
cycled to simulate deep
space and near-solar
temperature excursions

Pre-test . Post-cold i
Post-hot

® Critical elements of a functionally
graded optical surface were
evaluated including:
e AloOg3 on substrate
® SiC on substrate
® SiC/Al203 on substrate
® Temperatures ranged from 77 K

to predicted operational temperatures
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Vibration testing of coupon
tested to simulated predicted
launch-induced
displacement levels

Material coupons (removed from
9 X 9 in. panels) subjected to
large bending-induced stresses
to assess structural integrity of
coating and coating-to-
substrate interface

+ 0.08 in. displacement

® No cracking of the coating or
spalling detected during testing
at room temperature under
dynamic loads

0.60 in. displacement

® No cracking of the coating or
spalling detected during testing
at room temperature under
static loads

Preliminary studies,
July 04

Dynamic stress studies,
May 05

Static stress studies,
Pre-September 04

Increasing fidelity of testing -

05-01481-55

Figure E-9. Progression of structural integrity investigations.

Pre-test Pre-cold

Plasma spray

Al>O3 on graphite

Pre-test Post-cold

Cold

Pre-test l
. Hot

Post-hot

SiCon C-C C-C/SiC with plasma
spray Zr—Al203
05-01481-56

Figure E-10. Results from thermal cycling structural integrity investigation.

i

Pre-test (8 %)

05-01481-57

0.60 in. displaement

Figure E-11. Static displacement test results.
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placement for the spacecraft during launch is antici-
pated to be << 0.160 in.

The third and final test series was conducted
on the shaker table in the vibration laboratory at
APL. As shown in Figure E-12, test specimens
composed of carbon—carbon coated with Al,O,
and were removed from the same panel as the dis-
placement test coupon. The coupon was vibrated to
simulate launch loads through a match of displace-
ment (under dynamic fatigue conditions). Micro-
scopic evaluations of the coupons revealed no coat-
ing cracking or spalling at the substrate interface.
The coupon (1 in. wide X 9 in. long x 0.05 in. thick)
was subjected to a maximum measured deflection
of £0.08 in. at an acceleration level of 2 g’s for 15
minutes. Additional vibration testing to higher dis-
placement levels will be performed in an Indepen-
dent Research and Development (IRAD) program
later this fiscal year.

Out-gassing and chemical interaction

Tests for out-gassing were performed on mul-
tiple small samples of alumina, PBN, and BaZP
using a thermal gravimetric analysis (TGA) system.
These materials (surrounded by a nitrogen cover
gas) were taken to elevated temperatures (exceed-
ing their predicted equilibrium temperatures at
perihelion) in order to investigate out-gassing as a
function of time and temperature. Measurable mass
loss occurred for all samples up to 773 K, but this

~¥

Laser
vibrometer

Test set-up

E
L

Strain gages
Pre- and post-test

Figure E-12. Vibration test setup and

E-8

Shaker
| table

mass loss was attributed to contamination due to
collection of organics and water during storage (note
that repeated cycles to 773 K showed no additional
measurable loss, which would have occurred if the
material had been out-gassing). All the materials
were subsequently exposed to higher temperatures
(up to 1400 K for BaZP and 1773 K for alumina
and PBN) and no additional mass loss was detected
(that is, any changes in the measured masses were
within the TGA measurement resolution, +0.1%
of the sample weight). These results agreed with
predictions (based on literature review and analy-
sis) that these white ceramics were stable and
posed no significant risk of contamination due to
out-gassing. Additional higher-fidelity testing on
larger test specimens is planned as part of IRAD
in FY 2005.

Thermodynamic stability analyses were per-
formed for candidate coatings and multi-layer coat-
ings using the NASA-Lewis Chemical Equilibrium
Code. This code assumes pure species and calcu-
lates the interface chemical reactions where gas
products indicated a potential for delamination-
based failure (spalling) of the coating. Models were
run up to 2100 K with no gas products generated for
carbon—carbon coated with Al,O;, carbon-carbon
coated with SiC, carbon—carbon coated with SiC
followed by Al,O,, carbon-carbon coated with
PBN, and carbon—carbon coated with Sic followed
by PBN. These results indicate stability at high tem-
peratures for all these material combinations.

Specimen under vibration

comparison

e

B i 1054

05-01481-58

= Post-test

results.



Charging of optical surface materials in
radiation environments

The proposed white ceramic coatings have
unique charging characteristics, which depend on
factors including material resistivity as a function
of temperature, dielectric constant, photoelectron
emission characteristics, and secondary electron
emission. Surface charging is a complex function
of these and other parameters, including spacecraft
geometry, orientation, sunlight intensity and dis-
tribution, and specific radiation environment. The
white ceramics, which are typically electrically
insulating at room temperature and are tradition-
ally considered as insulators in space, can notion-
ally be problematic for spacecraft, as they can
collect charge and/or develop unmanageable volt-
age potentials (both magnitude and gradients) lead-
ing to arcing.

Several methods (see Figure E-13) were used
to evaluate possible charging of heat shield insu-
lating coatings relative to conductive carbon coat-
ings such as pyrolitic graphite (PG). Several tools
were employed, including cursory analysis based
on material properties; NASA’s Space Environ-
mental Effects (SEE) Interactive Spacecraft Charg-
ing Handbook (to explore fundamental effects of

Evaluating charging vs. NASA
spacecraft design guidlines
based on material resistivities
and depth of radiation
penetration into coating

Electrical resistivity vs. temperature
16

=l

Exploring fundamental
material response (such as
photoemission and secondary
electron emission) using
NASA’s SEE design

APPENDIX E: OPTICAL SURFACE TECHNOLOGY OVERVIEW

photoemission and secondary electron emission);
and NASCAP-2K, a sophisticated spacecraft-
level charging analysis program developed by SAIC
(to explore integrated spacecraft effects such as
geometry, component interactions, etc.).

Initial analysis was based on evaluation of mate-
rial properties as a function of temperature. It was
determined that insulators naturally become more
conductive as temperature increases. Insulator
resistivity is inversely proportional to temperature;
thus, the conductivity of insulators is proportional
to temperature. Near the Sun, specifically within
~0.2 AU, the Al,O; is relatively conductive, such
that its resistivity thickness product falls below
2 x 10° for a 4- to 5-mil coating, thus falling within
NASA specifications for partially conductive
coatings applied over conductive substrates. Tem-
perature-dependent resistivity data for the specific
proposed coatings (plasma sprayed, with or with-
out dopants, etc.) is required for precise analysis.
Because literature data on temperature-dependent
resistivity, dielectric constant, secondary electron
emission coefficients, etc., was available for alu-
mina but not for the other materials being consid-
ered (PBN and BaZP), all subsequent studies were
performed for the case of alumina only. It is not

Determining primary
shield voltage potentials
based on materials, % of
spacecraft irradiated by

Sun, solar intensity,
electron energy spectrum

using NASCAP-2K

Integrated Solar
Probe Spacecraft
charging analysis

using NASCAP-2K
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Figure E-13. Vibration test setup and results.

05-01481-59



SoLAR PROBE SCIENCE AND TECHNOLOGY DEFINITION TEAM REPORT

known at this time whether or not all three pro-
posed electrically insulative coatings will respond
similarly to the same radiation environment.

Additional charging studies involved using
NASA’s SEE Interactive Charging Handbook for
simple charging modeling. SEE was used to model
the materials with their complex material properties
as a sheet with a monoenergetic beam of electrons
of defined energy striking the sheet at normal inci-
dence. This analysis afforded an understanding of
how alumina charges relative to PG in various elec-
tron environments.

Under the IRAD program, the response of Al,O,
in near-solar (0.3 AU), Jovian, and deep space
(2.5 AU) radiation environments was investigated
to determine the differences in voltage potential
between a bare carbon—carbon heat shield and one
coated with Al,O;. Analytical predictions indicate
relatively low differential charging (relative to con-
ductive substrates) < 30 V for the coated heat shield,
as shown in Figure E-14.

As can be observed from the predictions, there
are differences in material response at the near-
solar and Jovian/deep-space environments. Most
notably, the conductive carbon substrate does
not develop a differential charge, even though
only one side is in sunlight in the 2.5 AU and
Jovian cases. This homogeneous charging is due
to the electrical conduction of the conductive
carbon, which distributes accumulated charge
very quickly. The ceramic does, however, develop
a differential potential across the cone when the
sunlight illuminates one side (as it does in the
2.5 AU and Jovian cases). Near the Sun, the
insulative characteristics of the ceramic decrease
(due to temperature effects) to the point of being
effectively conductive, thus enabling equilibration
of the charge (as is the case for the bare carbon heat
shield). In addition, at this point in the trajectory,
the spacecraft will be pointed such that sunlight is
incident evenly across the cone (i.e., the cone tip is
pointed at the Sun).

Conductive carbon Al2O3

0.3 AU

+3.5/5V

25 AU

Jovian

05-01481-60

Figure E-14. Cone-end view NASCAP results for
conductive carbon and Al,O5. The conductive carbon
substrate charges homogeneously, whereas the
insulating Al,O4 substrate charges differentially with the
more positive potential in the direction facing the Sun.

Further analysis is required to determine the
charging effects for the integrated spacecraft con-
sidering material properties as a function of tem-
perature, resistivity between grounded components,
radiation environments as a function of trajectory,
etc. NASCAP-2K software will be used as an ana-
lytical tool to predict differential charging between
components for critical radiation environments,
such as start of science, the Jovian encounter, and
deep space. Analog experiments will be performed
to more accurately determine material properties,
validate analytical models, and determine material
responses. These analyses will enable system engi-
neers to identify and address issues associated with
spacecraft electronics, communications, and sensi-
tive science functions. Overall, this charging analy-
sis indicates that both carbon—carbon and ceramic
coated carbon-carbon present manageable charging
situations.



Appendix F: Solar Probe, a
Brief History

The idea of a spacecraft mission to
explore the near-Sun environment goes
back to the first year of the space age.
In October 1958, the month in which
NASA was founded, the Physics of
Particles and Fields in Space Commit-
tee of the National Research Council’s
Space Studies Board issued an interim
report that contained recommenda-
tions for future missions that the new
agency should include in its long-term
planning. Among the missions recom-
mended by the committee, which was
chaired by John Simpson (University of
Chicago) and co-chaired by James Van
Allen (University of Iowa), was one
that would send a spacecraft inside the orbit
of Mercury (0.387 AU) to measure the par-
ticles and fields environment near the Sun.!

In 1962, four years after the Simpson
Committee presented its recommendations,
the Mariner II Venus probe made the first defini-
tive measurements of the solar wind, confirming
E. N. Parker’s controversial theory of the super-
sonic expansion of the Sun’s corona. During the
next dozen years, the properties of the solar wind
were measured in different of regions of space by a
variety of spacecraft. No probes ventured closer to
the Sun than 0.7 AU (the orbit of Venus), however,
until the mid-1970s, when the joint German—U.S.
Helios project placed two spacecraft into a highly
elliptical orbit whose apogee lay at ~0.3 AU, just
inside the orbit of Mercury. The data acquired by
Helios 1 and 2 were enormously valuable and are
still unique as the only in-situ measurements of
the inner heliosphere made as close to the Sun as
60 Rq.

Despite the important contributions of the
Helios Sonnensonden,? the heliosphere inside
60 Ry remained unexplored. This is the critical
region where the Sun’s million-degree corona is
accelerated to form the supersonic solar wind. A

IThis information is drawn from J. E. Naugle’s account of the
origins of the Space Studies Board and its role in space science
planning during the formation of NASA in First Among
Equals: The Selection of NASA Space Science Experiments,
Ch. 3, NASA SP-4215, 1991.

2“Sun probes” (German).

APPENDIX F: SOLAR PROBE, A BRIEF HISTORY

Space Plrpvics
» Stratcgy-
Lmplemcniation
. Seudy

m—

The Sun to, the. Easih
=arBeyond

¢ MASA Szience Definction Team for the
Solar Probe Misson

05-01481-89
Past Solar Probe reports and studies.

few technical studies of a mission to explore this
region had been carried out, the first in 1963. How-
ever, “a new era in the studies began in 1976, when
new heat shield technologies became available and
higher- performance spacecraft allowed a more
diverse scientific payload.”> Thus in May 1978, 15
months after the launch of Helios 2, a workshop
was held at the California Institute of Technol-
ogy to examine the scientific objectives that could
be achieved by a Solar Probe mission that would

3Randolph, J. E., NASA Solar Probe mission and system
concepts, Adv. Space. Res., 17, 3-12, 1996. Randolph’s article
offers a valuable history of the development of the Solar Probe
concept from Starprobe to the joint U.S.—Russian Fire and Ice
project. It also contains an extensive bibliography of Solar
Probe studies and reports, beginning with the 1963 AVCO
technical report, Close Approach Solar Probe.
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fly within 4 Rg of the Sun and directly sample the
outer corona and nascent solar wind. The papers
presented at the workshop were published later that
year in a thick volume titled A Closeup of the Sun.

The Caltech workshop was followed by a number
of technical studies to address the engineering and
mission design challenges inherent in a Solar Probe
mission. Further studies of the science were per-
formed as well. What emerged during the course of
these studies was “Starprobe,” an ambitious mission
whose science objectives included solar gravitational
and general relativity experiments as well as experi-
ments to study coronal heating, solar wind accelera-
tion, and the production of solar energetic particles.

Acknowledging the desirability of the Star-
probe science goals but recognizing the reality of
limited resources, the NRC’s Committee on Solar
and Space Physics (CSSP), chaired by Tom Krimi-
gis (Johns Hopkins University Applied Physics
Laboratory), recommended a reduced-capability
Solar Probe mission in its 1985 report on research
priorities in solar and space physics.* The primary
objective of this mission would be to study the gen-
esis of the solar wind through in-situ measurements
of the solar wind plasma, electric and magnetic
fields, and energetic particles in the region between
60 and 4 Rg. In 1988 NASA formed a Solar Probe
Science Study Team (SST), headed by W. C. Feld-
man (Los Alamos National Laboratory), to define
the science goals and develop a mission concept
for a Solar Probe mission that would make only in-
situ measurements, as recommended by the CSSP.
In parallel with the SST’s efforts, engineering and
mission design studies for the Solar Probe mis-
sion were carried out at JPL under the direction of
J. E. Randolph. The SST’s report was published in
November 1989. However, the engineering stud-
ies continued throughout the 1990s, as spacecraft
system and mission design solutions were sought
that would reduce the cost of the Solar Probe
mission without compromising the science. A nota-
ble design change that came out of these studies
was the switch from a large conical heat shield to
a smaller, parabolic shield that would also serve as
the spacecraft’s high-gain antenna.’

4NRC, An Implementation Plan for Priorities in Solar-System
Space Physics, National Academy Press, Washington D.C.,
1985.

SRandolph, op. cit., 1996.
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A new scenario for a Solar Probe mission
resulted from the Clinton administration’s policy
toward Russia, which sought to encourage eco-
nomic and technological cooperation between the
two countries in a number of areas, including space
research. In 1994, U.S. and Russian scientists began
developing concepts for joint space missions, one of
which, known as Fire and Ice, would send space-
craft to the Sun and Pluto. The Fire project envi-
sioned two Solar Probes, one U.S. and one Russian,
launched together on a Russian Proton launch vehi-
cle. The U.S. spacecraft would be placed into a 4 X
8 Ry elliptical polar orbit, the Russian probe into a
10 X 20 R polar orbit. Both spacecraft would carry
in-situ and imaging instruments. However, after
the loss of the Mars 96 probe, Russia curtailed her
robotic space flight activities, and the idea of a joint
Solar Probe mission was abandoned.

In June 1995, an ad hoc study team chaired by
Tan Axford (Max-Planck-Institut/Lindau) was con-
vened to define a “Minimum Solar Mission” as a
possible U.S. contribution to the Fire mission and as
a less costly alternative to the baseline Solar Probe
mission then under consideration. The MSM report
was received with some skepticism in the solar and
heliospheric physics community, and in 1996 a new
science definition team was formed under the direc-
tion of George Gloeckler (University of Maryland).
The Gloeckler team recommended a scientific pay-
load comprising an in-situ instrument package and
a remote-sensing package, each to be developed
under the direction of a single principal investigator.
The combined mass and power requirements for the
two packages were 18.8 kg and 15.5 W (compared
with 133.5 kg and 103 W required by the payload
described in the 1989 SST report.)

The Gloeckler report was released in February
1999 and defined the Solar Probe science objectives
and a strawman payload for a 1999 Announcement
of Opportunity, which solicited proposals for the
Pluto-Kuiper Express and Europa Orbiter missions
as well as for Solar Probe. Solar Probe proposals
were submitted in the summer of 2000. Funding for
the implementation of a Solar Probe mission was not
included in the NASA budget for fiscal year 2002,
however, and no selections were made. In 2001,
Solar Probe was shifted from the Outer Planets mis-
sion line into NASA’s new Living With a Star Pro-
gram. In 2002, the Solar Probe investigations solic-
ited in the 1999 Announcement of Opportunity were
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officially cancelled, and NASA commissioned the
John Hopkins University Applied Physics Labora-
tory to lead a new concept study of the Solar Probe
mission and its architecture.

In early 2003, the NRC’s decadal survey in solar
and space physics was published, which stressed
the scientific importance of a Solar Probe mission
and recommended “its implementation as soon as
possible.”® In the fall of that year, NASA, noting
the NRC’s recommendation and the “significant
advances” made since the 1999 Solar Probe report
“in the areas of science understanding, instrument
technology, mission resources, mission environ-
ment, and related space missions,”” announced
plans for a new Solar Probe study and the formation
of the present Solar Probe Science and Technology
Definition Team.

SNRC, The Sun to the Earth—and Beyond. A Decadal Research
Strategy in Solar and Space Physics, National Academy Press,
Washington, DC, 2003.

7Letter dated October 6, 2003, from Richard Fisher to the solar
and space physics community.

Solar Probe Studies: A Partial
Chronological Bibliography

Friedman, L. D., A Solar Probe Mission—Interim
Report, JPL Internal Document 760-133, Octo-
ber 1975.

Neugebauer, M., and R. Davis, A Closeup of the
Sun, JPL Publication 82-49, 1978.

Underwood, J. W., and J. E., Randolph, Starprobe:
Scientific Rationale—A Report of the Ad
Hoc Working Groups, JPL Publication 82-49,
1982.

Feldman, W. C., et al., Solar Probe: Scientific Ratio-
nale and Mission Concept. A Report of the 1989
Solar Probe Science Study Team, JPL Internal
Document D-6797, November 1989.

Randolph, J. E. (ed.), Solar Probe: Mission and
System Design Concepts 1989, JPL Internal
Document D-6798, December 1989.

Report of the Joint U.S./Russian Technical Work-
ing Groups: Mars Together and FIRE & ICE,
JPL Publication 94-29, October 1994.
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Randolph, J. E. (ed.), Solar Probe: Mission and
System Design Concepts 1994, JPL Internal
Document D-12396, January 1995.

Axford, W. 1., et al., Close Encounter with the
Sun: Report of the Minimum Solar Mission Sci-
ence Definition Team. Scientific Rationale and
Mission Concept, JPL Internal Document D-
12850, August 1995.

Gloeckler, G., et al., Solar Probe: First Mission
to the Nearest Star. Report of the NASA

Science Definition Team for the Solar Probe
Mission, The Johns Hopkins University Applied
Physics Laboratory, Laurel, MD, February
1999.

Potocki, K. A, et. al., Solar Probe: An Engineering
Study, Report to the NASA/Living With a Star
and Sun-Earth Connection Programs, The Johns
Hopkins University Applied Physics Laboratory,
Laurel, MD, November, 2002.
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Appendix G: Acronyms

AC
ACE

AIU
APL

AU
BaZP
BC
BOL
BOM

CFDP

CG

CIR

CME
CONTOUR
COSPAR
CPU

CSSpP

CTH

DC
DPU
DSAD
DSMS

EISCAT
Alternating Current
Advanced Composition EIT
Explorer
Attitude Interface Unit ENA
EPI

The Johns Hopkins University
Applied Physics Laboratory EPI-Hi

Astronomical Unit

Barium Zirconium Phosphate EPI-Lo
Bus Controller

Beginning of Life ESA
Beginning of Mission EUV
Bits per Second FAST
Command and Data Handling FEA
Maximum Required Launch FEM
Energy FFT
Current Best Estimate FIA
Carbon—Carbon FIP
Consultative Committee for FOV
Space Data Systems FPGA
Coronal Dust Detector FPI
Common Data Processing Unit G&C
Coronal Diagnostic GCR
Spectrometer on SOHO GPHS
CCSDS File Delivery Protocol GSFC
Center of Gravity

Corotating Interaction Region HET
Coronal Mass Ejection HGA
Comet Nucleus Tour HGARA
Committee on Space Research

Central Processing Unit HI
Committee on Solar and Space 1&T
Physics (NRC) 1/0
Coupled Thermodynamic and ICA
Hydrodynamic IEM
Direct Current IFE
Data Processing Unit

Digital Solar Aspect Detector IFM
Deep Space Mission System IMU
(formerly the Deep Space IR
Network, DSN) IRAD
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European Incoherent Scatter
Radar

Extreme Ultraviolet Imaging
Telescope on SOHO

Energetic Neutral Atom
Energetic Particle Instrument

Energetic Particle Instrument
(High Energy)

Energetic Particle Instrument
(Low Energy)

European Space Agency
Extreme Ultraviolet

Fast Auroral Snapshot Explorer
Fast Electron Analyzer

Finite Element Model

Fast Fourier Transform

Fast Ion Analyzer

First Ionization Potential

Field of View
Field-Programmable Gate Array
Fast Plasma Instrumentation
Guidance and Control

Galactic Cosmic Ray

General Purpose Heat Source

NASA Goddard Space Flight
Center

High-Energy Telescope
High-Gain Antenna

High-Gain Antenna Rotary
Actuator

Hemispheric Imager
Integration and Test

Input Output

Ion Composition Analyzer
Integrated Electronics Module

Interplanetary Field
Enhancement

Interplanetary Flux Model
Inertial Measurement Unit
Infrared

Independent Research and
Development
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ISEE
IUCF

JGA
JHU/APL

JPL
kbps
KSC

L
LASCO

LGA
LOS
LVPS
LWS
MAG
MDI

MESSENGER

MET
MGA
MGS
MHD
MIPS

MLI
MMRTG

MSL
MSM
N/A
NASA

NEAR
NGS

NIST

International Sun-Earth
Explorer

Indiana University Cyclotron
Facility
Jupiter Gravity Assist

The Johns Hopkins University
Applied Physics Laboratory

Jet Propulsion Laboratory
Kilobits per Second
Kennedy Space Center
Latch Valve

Large Angle and Spectrometric
Coronagraph on SOHO

Low-Gain Antenna

Line of Sight

Low Voltage Power Supply
Living With a Star
Magnetometer

Michelson Doppler
Interferometer

MErcury Surface, Space
ENvironment, GEochemistry,
and Ranging

Medium-Energy Telescope
Medium-Gain Antenna
Mars Global Surveyor
Magnetohydrodynamic

Millions of Instructions per
Second

Multilayer Insulation

Multi-Mission Radioisotope
Thermoelectric Generator

Mars Science Laboratory
Minimum Solar Mission
Not Applicable

National Aeronautics and Space
Administration

Near Earth Asteroid
Rendezvous
Neutron/Gamma Ray
Spectrometer

National Institute of Standards
and Technology
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NRC
p
PAF
PBN
PCI

PDU
PG
PHS
PNI
PNP
PSE
PSRI
PUI
PWI
QNS

RF
RHCP

RHESSI

R;
rpm
RS
RT
RTG

RWA

S/C
S/N
SAIC

SEC
SEE
SEP
SHS
SMEI
SOHO

SPAS

National Research Council
Pressure Transducer
Payload Attach Fairing
Pyrolytic Boron Nitride

Peripheral Component
Interconnect

Power Distribution Unit
Pyrolitic Graphite

Primary Heat Shield
Probability of No Impact
Probability of No Penetration
Power System Electronics
Polar Source Region Imager
Pickup Ion

Plasma Wave Instrument

Quasi-Thermal Noise
Spectroscopy

Radio Frequency

Right Hand Circular
Polarization

Reuven Ramaty High Energy
Solar Spectroscopic Imager

Radius of Jupiter
Revolutions per Minute
Solar Radius

Remote Terminal

Radioisotope Thermoelectric
Generator

Reaction Wheel Assembly
Solenoid

Spacecraft
Signal-to-Noise Ratio

Science Applications
International Corporation

Sun-Earth Connection

Space Environmental Effects
Solar Energetic Particle
Solar Horizon Sensor

Solar Mass Ejection Imager

Solar and Heliospheric
Observatory

Solar Probe Affiliated Scientist



SPDT
SPE
SRG
SSPA
SSR
SST
STDT

STEREO

SUMER

SWOOPs

TCM
TGA

Single-Pole-Double-Throw
Solar Particle Event

Stirling Radioisotope Generator
Solid-State Power Amplifier
Solid-State Recorder

Science Study Team

Science and Technology
Definition Team

Solar-Terrestrial Relations
Observatory

Solar Ultraviolet Measurements
of Emitted Radiation on SOHO

Solar Wind Plasma Experiment
on Ulysses

Trajectory Correction Maneuver

Thermal Gravimetric Analysis

TIMED

TOF
TPS
TRACE

TRIO
TSS
UsSo
UVCS

VLBA
XFER
o

AV
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Thermosphere, lonosphere,
Mesosphere Energetics and
Dynamics

Time of Flight
Thermal Protection System

Transition Region and Coronal
Explorer

Temperature Remote I/0
Thermal Synthesis System
Ultrastable Oscillator

Ultraviolet Coronagraph
Spectrometer on SOHO

Very Long Baseline Array
Transfer

Absorptivity

Velocity Change
Emissivity
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