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“Can we senc

a spacecraft to
“the Sun?

NASA's proposed Solar Probe
stretches technology and
material science to their torrid
limits. /// BY DAVID J. McCOMAS
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ne day —'perhaps as early as 2014 — a

spacecraft will depart Earth on a voyage

of solar exploration. Measuring 8.9 feet
(2.72 meters) across and 30.8 feet (9.4m) long, Solar -
Probe would encounter solar-corona temperatures
averaging 3,600,000° Fahrenheit (2,000,000° Celsius)
as it passes within 1.3 million miles (2.1 million kilo-

meters) of the Sun’s surface.. -

i

This mission would answer some of the most vex-
ing quéstions about our star: What heats the corona
(the Sun’s outer atmosphere) to millions of degrees?
How does the corona transition into the supersonic
outflow of ionized gas known as the solar wind?

SOLAR PROBE’S close approach to the Sun will test its thermal-
protection system. Here, the glowing cone points toward the Sun
and shields the spacecraft’s instruments. LnerTe cook For AsTroNomy
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To the Sun — finally

The Sun remains our solar system’s only
unvisited realm, half a century after the
Space Age began. We've sent probes to all
the planets, and Voyagers 1 and 2 are now
exploring the solar system’s boundary, the
heliosphere. But so far, no mission has got-
ten close to our star.

Technology finally exists to change that.
Consider the immense design challenges
for such a spacecraft. It must endure the
extreme temperatures and radiation near
the Sun. At Solar Probe’s planned orbit to
within 3 solar radii of the Sun’s surface, the
spacecraft must endure more than 3,000
times the Sun’s heat at Earth’s distance.

The space scientists and engineers plan-
ning the Solar Probe mission borrowed
heat-resistant-material technology from
missiles and the space shuttle to fashion a
cone-shape thermal-protection system. The
cone will shade the spacecraft as it pen-
etrates the solar corona.

This proximity to the Sun will allow rev-
olutionary measurements and images that
will greatly expand our knowledge of the
corona and solar wind. Solar Probe would
make direct, on-the-scene measurements
right where the Sun energizes its most haz-
ardous solar particles. The spacecraft also
would help us characterize, and even fore-

SOLAR ECLIPSES once were the only way to study the Sun’s
corona. During totality, the Moon covers the solar photosphere
(the Sun’s visible disk), leaving only its delicate outer atmosphere
in view. During the February 26, 1998, eclipse, observers could see
inclined streamers and polar plumes. ncar/iGH ALTITUDE OBSERVATORY
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cast, the changing radiation environment in
which future space explorers will work.

Thanks to unprecedented advances in
imaging, theory, and modeling, we now
know more about the corona and the solar
wind than ever before. And yet, solar phys-
ics’ two fundamental questions remain
unanswered. The only way to find out why
the corona is so much hotter than the Sun’s
surface, and how the solar wind accelerates,
is to collect data near the Sun.

The Solar Probe mission is rooted in the
National Research Council’s 2003 decadal
survey of solar and space physics. This
study stressed the scientific importance of a
solar mission and recommended that it be
implemented as soon as possible.

In late 2003, NASA formed a Solar
Probe Science and Technology Definition
Team. The team’s official report, issued in
September 2005, outlined a $1 billion mis-
sion that could launch in about a decade
and provide an acceptably low-risk survey
of the near-Sun environment. Funding of a
mission of this scale will require special
congressional appropriations.

THIS CLOSE-UP of the Sun’s lower corona shows loops of hot
plasma traveling along magnetic field lines. Without special equip-
ment (or a total solar eclipse), however, we can’t see the corona
because it’s only one-millionth as bright as the Sun’s photosphere.
STANFORD-LOCKHEED INSTITUTE FOR SPACE RESEARCH/NASA

If NASA and Congress fund Solar
Probe, it stands to become the first space-
craft to venture into the inner heliosphere,
where the solar wind is born. Through
direct measurement and imaging of the
region’s plasma, energetic particles, and
fields, Solar Probe would provide the data
needed to solve the twin mysteries of coro-
nal heating and solar-wind acceleration.

Keeping Solar Probe cool

At its closest approach to the Sun, Solar
Probe will endure solar energy much more
intense than at Earth. The design and eval-
uation of a thermal-protection system
(TPS) that will shield the spacecraft in this
environment are the central foci of the
Solar Probe team’s efforts.

The planned TPS consists of three com-
ponents. The primary heat shield is a hol-
low cone about 9 feet (2.7m) in diameter
and 17 feet (5.1m) tall made of carbon-
carbon composite with a ceramic coating.
This shield protects the sensitive instru-
ments and spacecraft subsystems from
direct exposure to solar radiation.

IMAGES FROM the Solar and Heliospheric Observatory (SOHO) show the corona’s evolu-
tion during the rising phase of a solar cycle. As activity increases, streamers originate from
higher solar latitudes, not just the Sun’s equator. soro



Protecting Solar Probe’s instruments

Primary shield

Secondary shield

THIS SCHEMATIC of the Solar Probe spacecraft shows the three main
components of the thermal-protection system: the primary and second-
ary shields and the struts. Engineers constructed each component using
a carbon-carbon composite material, which is ultra-heat-resistant.
ASTRONOMY: ROEN KELLY, AFTER JOHNS HOPKINS UNIVERSITY APPLIED PHYSICS LABORATORY/NASA

The secondary shield is a disk of
carbon-foam layers encased in a carbon-
carbon jacket and attached to the primary
shield’s base. It insulates the instruments
from the primary shield, which will reach
temperatures approaching 3,000° Fahren-
heit (1,650° Celsius) at perihelion (Solar
Probe’s closest approach to the Sun).

The third component consists of the
carbon-carbon attachment struts. They
support the TPS and separate it from the
spacecraft bus. The separation prevents the
secondary shield heat from reaching the
bus while providing maximum stability.

Mission scientists conducted thermal
analysis using computer models of the TPS,
combined with experimental testing of can-
didate materials. The tests demonstrated
the TPS can maintain spacecraft systems at
their normal operating temperatures — less
than 120° F (49° C) — even during closest
approach to the Sun.

During the proposed — and still to be
funded — second phase, further testing of
TPS materials and components will be per-
formed, and a full-scale prototype will be
fabricated, assembled, and tested.

One tough spacecraft

Solar Probe is a gyroscope-stabilized vehi-
cle designed to survive and operate in
intense heat. Its most prominent feature

is the cone. Twenty days before closest
approach, when Solar Probe is near Venus’
orbital distance, the craft’s thrusters will
turn the cone toward the Sun. This provides

the protective shadow for
the spacecraft bus and
instruments. Solar Probe
will retain this orientation
throughout its encounter.

The instrument package
includes instruments both
for direct measurement of
the solar environment and for
remote-sensing observations of
coronal structures. Most of the
instrument package will be mounted
safely inside the heat-protected space-
craft body. Three instruments, however
— a fast-ion analyzer, a fast-electron ana-
lyzer, and an ion-composition analyzer —
will be on a movable arm. This platform will
extend instruments out to nearly the cone’s
edge then retract them incrementally as the
spacecraft approaches the Sun and the “safe
zone” becomes smaller. Instruments on the
arm will gather data just inside the edge of
the thermal-protection system’s shade.
Meanwhile, a retractable, heat-resistant
imaging periscope will intermittently poke
out beyond the shadow for quick views of
the solar wind’s source regions.

With the trajectory the Solar Probe team
has designed, the spacecraft will make two
close approaches to the Sun separated by
about 4% years. The first will come as Solar
Probe shoots past the Sun’s south pole,
dives to its closest approach near the solar
equator at 670,000 mph (1.09 million kilo-
meters per hour), and then travels out-
bound over the north pole in a highly

Approaching
the Sun

Closest
approach

\— Solar Probe
orbit

SOLAR PROBE'S heat
shield points at the Sun
during closest approach,
keeping its instruments
cool. (R, = solar radii; h =
hours before (-) or after (+)
closest approach.)
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elliptical
orbit. Even
at that speed,
the Sun is so
large that the space-
craft’s pole-to-pole pas-
sage takes about 14 hours.
Following its initial pass,
Solar Probe will sail out to Jupiter’s
orbit before the Sun’s gravity pulls it
back for a return visit along a similar path.
These two approaches, and the interval
between them, allow the spacecraft to com-
pare solar-wind and coronal measurements
during opposite phases of the 11-year solar
cycle. (Every 11 years, on average, the Sun

WWW.ASTRONOMY.COM 45



TRACE — the Transition Region and Coronal Explorer spacecraft —
currently orbits Earth. TRACE's field of view covers only a fraction of
the solar disk, but by repeatedly repointing, it can create an image of
the Sun’s entire inner corona. This image shows the solar corona on
August 2, 1999, in a false-color, 3-layer composite. Imaging revealed
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the corona at a time when the Sun was moderately active, with some
hot (red) active regions in both hemispheres, surrounded by cooler
(green and blue) coronal plasma. In contrast to TRACE, which images
the Sun from Earth orbit, Solar Probe will provide the first-ever close-
up views of the Sun’s cOrona. sTaNFORD-LOCKHEED INSTITUTE FOR SPACE RESEARCH/NASA




SOLAR PROBE: A LONG TIME COMING

Scientists first recommended the idea of a near-Sun mission in
1958, less than a year after Sputnik awoke the world to the possi-
bilities of sending human-made hardware into orbit and beyond.
In that year, the National Academy of Science’s Simpson Commit-
tee issued recommendations for future missions that the newly
organized NASA should undertake. They included sending a
spacecraft inside Mercury’s orbit to measure the Sun’s particles
and magnetic fields.

Four years later, the Mariner 2 probe to Venus made the first
definitive solar-wind measurements. It confirmed what had been
a controversial theory describing the solar corona’s supersonic
expansion. The next decade saw various missions measure solar-
wind properties from different regions of space — but none ven-
tured inside Venus' orbit.

In the mid-1970s, the joint U.S.-German Helios project placed
two spacecraft into highly elliptical orbits that ventured a little
closer to the Sun than Mercury. These data remain the closest
measurements of the Sun. But their closest approach was 60
solar radii — far outside the corona and the region where solar-
wind acceleration occurs.

Since then, as new heat-shield materials and spacecraft pro-
pulsion systems were developed, NASA conducted several solar-
mission studies. Some manner of solar probe has remained
consistently at or near the top of various National Science Acad-
emy and NASA priority lists. One short-lived plan even proposed
a joint U.S.-Russian mission in the 1990s. — D. J. M.

THE SUN’S PHOTOSPHERE, or visible surface, is the region we're
most familiar with. Only the best solar telescopes, however, deliver
an image like this one. Besides sunspots, dark areas roughly 3,000°
F (1,650° C) cooler than the surface, the telescope also resolved
granules, the tops of convective plasma-current cells. c. sHarmer anD
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moves from one period of high activity to
the next.) For example, if Solar Probe
launches in 2014, its first flyby will take
place in 2018, around the solar minimum.
The second flyby, in 2023, will occur dur-
ing a time of increased solar activity.

Why we need to get close

Thanks to years of observations coupled
with complex modeling and sophisticated
theoretical research, scientists already have
a general picture of how the Sun’s corona
and the solar wind operate. They know that
at times of lower solar activity, the solar
wind has two components: a dominant,
steady, high-speed wind and a more vari-
able, low-speed wind. Each emanates from
specific coronal zones.

As solar activity increases to solar maxi-
mum, this orderly configuration breaks
down into a complex mixture of fast and
slow winds from all areas of the corona.
The energy that heats the corona and drives
the wind manifests itself as motions of
plasma within and around the Sun. Mag-
netic fields channel, store, and then dissi-
pate these plasma motions. Heliophysicists
believe waves, instabilities, magnetic recon-
nections, and turbulence — all operating

on vast scales — play roles in coronal heat-
ing and solar-wind acceleration.

Scientists now want to know the geom-
etry and dynamics of the expanding mag-
netic fields and particle distributions that
lie at the sources of the fast and slow solar
winds. Solar Probe will trace the energy
flow that heats the corona and accelerates
the solar wind. It also will determine what
mechanisms accelerate and transport these
charged particles around the Sun.

As a bonus, Solar Probe’s unique path
close to the Sun will answer some questions
about the size and mass distribution of
mysterious dust grains orbiting near the
Sun. This dust, believed to originate from
comets and asteroids, interacts with the
corona and may influence the solar wind
and the formation of energetic particles.

Finally, even though Solar Probe will go
where humans cannot, what scientists learn
from the mission will play an important
role in piloted missions to the Moon and
Mars. On these expeditions (well beyond
the protective shield of Earth’s magnetic
field), astronauts may be exposed to intense
blasts of the Sun’s energetic particles. Such
events present serious threats to humans
living and working beyond Earth.

Solar Probe will make the first direct
measurements of the near-Sun region, sam-
ple the environment where solar plasma
particles are energized, and identify the
seed populations for these dangerous par-
ticles. The spacecraft also will provide criti-
cal data for predictive models that — along
with solar and heliospheric monitoring —
will enable scientists to forecast the space-
radiation environment in support of
human exploration.

Solar Probe’s visit to a never-before-
explored region of our solar system will
answer questions that simply can’t be
answered any other way. The answers will
help space scientists understand what’s
going on in a region that has awed and
frightened humans since we first witnessed
the Sun’s beautiful and mysterious corona
during a total eclipse.

Moreover, as with any voyage into
uncharted territory, Solar Probe’s journey
also holds the promise of unanticipated
discoveries — new mysteries that will chal-
lenge humanity’s ever-expanding knowl-
edge of our home in the universe.

()N See a Solar Probe animation at
QAW www.astronomy.com/toc.

WWW.ASTRONOMY.COM 47




