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NASA celebrated its 50th anniversary September 24, 2008. The Aerospace Corporation will celebrate its 50th anniversary in 2010. The two
organizations have grown up together, and both were founded by acts
of Congress. This issue of Crosslink examines the corporation’s work in
civil space programs, including Aerospace support to NASA and the
Jet Propulsion Laboratory (JPL). Conducting independent assessments—a
hallmark of Aerospace work—has been and continues to be an integral
part of this effort.
It is amazing how much has been achieved in space exploration in the
short timeframe of 50 years. Yet today the United States is at a strategic
turning point. The space shuttle will retire in 2010, and the United States
will be left with no way to fly humans to space other than buying a ride
aboard a Russian Soyuz spacecraft until 2015.
However, innovation and curiosity cannot be stopped, and there have
been numerous efforts related to space exploration. Aerospace has
served as an impartial advisor to many of these. The Hubble Space
Telescope, for example, has been observing edges of the universe and
returning stunning images for more than 18 years. Aerospace has assisted NASA in this effort since 1993. Spaceports, which may someday
make space tourism possible, are being developed in various parts of
the country. Aerospace serves as an advisor to a branch of the Federal
Aviation Administration as these sites come to life.
Landsat satellites have been gathering and relaying imagery since
1972, and Aerospace has been a part of this development, today
standing shoulder-to-shoulder with NASA and U.S. Geological Survey
engineers at Goddard Space Flight Center. Aerospace has also worked
closely with the National Oceanic and Atmospheric Association over the
years as it develops and deploys weather and environmental satellites—
critical information gatherers for spaceflight, while serving a variety of
other needs to the government and general public.
The Constellation program, built around Ares rockets and Orion capsules, is designed to return astronauts to the moon and possibly explore
near-Earth asteroids and eventually Mars. Aerospace is assisting NASA
in this effort. The corporation has also become a significant partner to
robotics efforts at JPL, including work developing the now-famous rovers
that continue to explore Mars.
None of this would be possible without engineers and scientists studying what happens in space—the science of what exactly is out there,
and how it affects spacecraft and their components. Aerospace has
been conducting this research since its founding. Just as intriguing is the
study of sounds from space. Aerospace scientists are today applying
technology first developed to study these sounds to law enforcement
techniques, assisting in crime solving by deciphering voices.
President Obama pledged as a candidate specific fixes and attention
for the languishing U.S. space exploration program: an additional $2
billion to NASA’s budget to narrow the gap between the space shuttle’s
retirement and the first flight of its successor, sending humans to the moon
by 2020, and re-establishing a White House space council. What is discovered through NASA work is often highly applicable toward national
security space. Aerospace will continue to support NASA as its efforts
and realities take shape.
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Headlines
Headlines

MESSENGER (Mercury Surface, Space Environment, Geochemistry, and
Ranging), the first spacecraft sent to orbit Mercury since 1975, completed its
second flyby on October 6, 2008. By the next day, images of the planet closest
to the sun were being received on Earth.
The images showed that cooling of the planet’s iron core has caused shrinking and cracking on the surface, creating a jagged landscape with sheer cliffs
and mountains. Silicon, sodium, and sulfur were detected, as well as water—
most likely in the form of ice in the planet’s many crevices and craters.
This mission, initially launched in August 2004, has already started answering scientists’ questions regarding the small planet. For example, the presence of
volcanoes was confirmed with the discovery of an apparently dormant volcano
60 miles in diameter with a 14-mile crater.
MESSENGER’s voyage will include one more flyby of Mercury before
entering into a year-long orbit of the planet in March 2011.

Courtesy of NASA/Johns Hopkins Univ. Applied Physics Laboratory/
Carnegie Institution of Washington

Photos from Mercury

A closeup image of Mercury’s surface captured by MESSENGER’s
camera on October 6, 2008.

Probing the Interstellar Boundary
The Interstellar Boundary Explorer (IBEX) spacecraft was successfully launched from Kwajalein Atoll aboard a Pegasus rocket into
a high Earth orbit on October 19, 2008. It will observe for the first
time the global interactions between the solar wind and interstellar
medium.
IBEX will explore the region of violent turbulence beyond the
boundaries of the solar system, a region of compression known as
the termination shock. Voyager 1 hit the region in 2004, and Voyager 2 collided with it in 2006. The two spacecraft came in contact
with the region at different times, suggesting that the termination
shock is irregularly shaped.

IBEX will help determine whether this is the case and where the
termination shock begins. The spacecraft will carry two energetic
neutral atom cameras to capture images of the low-density matter between stars. “The key is that the cameras carried by IBEX
measure energetic neutral atoms of hydrogen, in effect imaging
the shape and structure of the heliosphere termination shock,”
said Matthew Hart, systems director, Flight Projects Engineering,
NASA Advanced Programs Division.
One of the benefits of this mission is that the results will be
readily available, and measurements can be taken from Earth orbit
as opposed to waiting for a probe to reach deep space.

were met, and participated in the recommendation to declare this
milestone complete,” he said.
This was the first time the integrated laser system was operated
in the ABL aircraft, said Thordahl. Previous ground testing was
accomplished in a surplus 747 fuselage known as the Systems Integration Laboratory. Testing of the ABL is expected to culminate in
2009 with an airborne intercept test against a ballistic missile. For
more details, see the Spring 2008 issue of Crosslink.

Center at Schriever Air Force Base in Colorado. Experience gained
through NFIRE will support the design and development of future
Missile Defense Agency (MDA) space projects.
“Aerospace played a critical mission-assurance role for this
test,” said Keith Zondervan, associate general manager for Missile Defense Space Systems. Personnel
from the Missile Defense Space Systems
organization and the Missile Defense
Division performed an independent
mission-readiness assessment for MDA,
working round the clock to complete the
assessment on time. “Our MDA customers were extremely pleased with the
Aerospace contributions to achieving this
outstanding success,” said Zondervan.
Courtesy of U.S. Air Force

The Near Field Infrared Experiment (NFIRE) satellite successfully
tracked a test target launched from Vandenberg Air Force Base on
September 23, 2008. The test, designated NFIRE Mission 2B, was
the second for the low Earth orbiting satellite, which was launched
on April 24, 2007. The first test, NFIRE Mission 2A, took place
on August 23, 2007. The target launch
was an opportunity for NFIRE to collect high- and low-resolution images of a
boosting rocket to improve understanding of missile exhaust plume observations
and plume-to-rocket body discrimination. Data from NFIRE were downlinked to the Missile Defense Space Experimentation Center, part of the Missile
Defense Integration and Operations

Sending Out an SOS
Courtesy of NASA
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Hubble program office at
NASA’s Goddard Space
Flight Center. The new
servicing launch date also
postpones replacement of
critical gyros, although the
spacecraft should be able
to operate normally while
waiting for its tune up.
“NASA’s current approach
to managing gyro operation is based on results of
Aerospace reliability
A few days after the orbiting observatory
analyses and allows extenwas brought back online, Hubble aimed its
sion of science operations
prime-working camera, the Wide Field Planbeyond that of earlier apetary Camera 2, at a pair of gravitationally
interacting galaxies called Arp 147. The image
proaches,” said Cohen.
showed that the camera is working as it was
More information
before going offline in September.
about Aerospace support
to Hubble can be found in
“NASA’s Greatest Observatory—The Hubble Space Telescope” on
page 11.

The Missile Defense Agency’s Airborne Laser (ABL) program
has achieved a significant milestone. The agency’s high-energy
Chemical Oxygen Iodine Laser (COIL) was successfully fired in a
ground test at Edwards Air Force base in California on September
7, 2008. The test, known as the “first light,” validated the integration, operation, and control of the six laser modules that form the
main flight laser and their related optics. The COIL was installed
in early 2008 on a modified 747 aircraft. The back holds the laser,
while the front contains the beam-control and battle-management systems. In this ground test, the laser was fired into a calorimeter installed onboard the aircraft to capture and characterize
the beam. In future ground tests, the beam will be sent through the
beam-control/fire-control system and out of the forward turret.
Aerospace serves on the five-member government/industry
team charged with overall program technical guidance, said James
Thordahl, systems director of the Directed Energy Department of
the Missile Defense Division. “As part of the first light milestone,
Aerospace reviewed test results, determined whether test objectives

NFIRE Mission 2B Successful

Hubble Up and Running
The Hubble Space Telescope servicing mission scheduled for October 14, 2008, was postponed by NASA after a crucial component
of the Science Instrument Command and Data Handling unit
onboard the spacecraft failed, disabling the orbiting observatory so
that it could not command its scientific instruments and return science data to the ground. The component, called the Control Unit/
Science Data Formatter, is one of 14 components of the instrument.
To recover operation of the telescope, NASA engineers switched
from the failed computer to its redundant backup that had been
“asleep” on board the spacecraft for 18 years. Engineers were not
sure if the unit would respond, but they were successful in bringing
it online, and Hubble began sending back images on October 27,
2008. NASA now wants to replace the command and data handling unit during the next space shuttle servicing mission, thus delaying the flight until at least May 2009. NASA has a replacement
system available, but it has been in storage since 1991, so it must
undergo a rigorous set of tests to prove it is flightworthy.
Since the spacecraft is now operating on the backup data formatter, it can tolerate no subsequent failures of that component
and continue to send back images. “Now that the computer is
back online, Hubble is expected to provide uninterrupted science
data collection through the servicing mission delay period,” said
Allan Cohen, senior project leader for Aerospace support to the

“First Light” for Airborne Laser

The students of the 2007–2008 Harvey Mudd College Engineering
Clinic Team have developed an optical distress beacon to aid astronauts working outside their spacecraft. The device could provide an
alert in an emergency if an astronaut became incapacitated or were
unable to contact the space vehicle.
The students developed two designs. The first integrates with an
existing picosatellite architecture. The second involves a distributed
system composed of a single control unit and multiple optical emitters placed around an astronaut’ s spacesuit and activated wirelessly.
The control unit would connect to health sensors in the spacesuit.
An emergency would trigger the optical emitters, which are lightemitting diodes visible up to 800 meters away.

The project was conducted through Aerospace’s Corporate
University Affiliates Program (CUAP). Samuel Osofsky, associate
director of the Communication Electronics Department and liaison
for Harvey Mudd College through CUAP, said, “The main idea was
that when an astronaut on a spacewalk suffered an incapacitating
injury, the ‘sensors’ on the astronaut would be the eyes of those in
the space vehicle.” The students applied for a patent and presented a
paper at the third International Association for the Advancement of
Space Safety Conference held in October, 2008, in Rome, Italy.
CUAP was initiated in 1997 to create formal relationships between Aerospace and select universities. Participating universities
and academic departments engage in formal agreements with Aerospace to accomplish specific tasks and share technical information.
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Profile

David A. Bearden, Principal Director, NASA Advanced Programs Directorate

Leading NASA
Independent
Assessments
An entrepreneurial spirit and
forward-thinking attitude have
enabled Dave Bearden to flourish
at Aerospace.
Nancy Profera

D

ave Bearden says his work style and thinking has always
been “somewhat out of the mainstream,” which may well
contribute to his success at The Aerospace Corporation.
He believes that while some may perceive Aerospace work culture
to be highly structured, there is clearly room for an “entrepreneurial
spirit, where they let you run.” In a recent interview, Bearden, who
joined Aerospace in 1991, reflected on his career, and the success he
has found heading up the Aerospace NASA/JPL Advanced Programs Directorate in Pasadena.
Born in California, Bearden spent much of his early life in Germany. He is a self-proclaimed “military brat”—his father was a
civilian in the Air Force and transferred to new assignments every 2
or 3 years. Bearden has a vague recollection of the first moon landing. “We were on vacation in a campground in Germany, the only
Americans among a group of Germans gathered around a little
black-and-white television. And when the astronauts stepped on
the moon, the Germans were patting us on the back because it was
such a great accomplishment for our nation,” he recalled.
The family eventually moved back to the United States, and
Bearden spent most of his high school years in Utah. When he first
entered the University of Utah, he studied physics and astrophysics, but a friend drew him to mechanical engineering. He quickly
developed an interest in structures and how things work and more
particularly, the phenomenon of aging aircraft—how parts fatigue,
fracture, and break, and whether these types of failures can be
predicted. “I always had an interest in space as well,” he said. “As a
child, I often made models of aircraft and spacecraft, painting and
hanging them from fishing line in my room.”
While still an undergrad, Bearden spent a year as an exchange
student at the University of Maryland, where he “soaked up as
many satellite design courses as I could.” After graduation from the
4 • Crosslink Winter 2008/2009

University of Utah, he worked at 3M as a computer programmer
(he had minored in computer science). At the same time he was
researching and writing papers about small satellites.
A paper he wrote about expanding the capabilities of the Pegasus
launch vehicle was accepted for presentation at the annual Small
Satellite Conference. Although today organizers of this conference
reach out to college students, Bearden soon realized he was the
only recent graduate there. “I’m just out of school giving this paper,
which was well received, and in the audience was Tom Hopp from
The Aerospace Corporation. He approached me afterward, gave me
his business card, and said he’d like to talk with me about working
at Aerospace. I thought ‘OK, this is my chance to get into space.’ ”
That was Bearden’s first introduction to Aerospace. “Since then,
I’ve realized that Aerospace is a phenomenal place to start your
career. If you’re a generalist (which I am—I like to have insight into
a lot of different topics, programs, and technologies), it’s really the
perfect place because of this crosscutting nature of the engineering
matrix,” he said.
Before joining Aerospace, Bearden attended a summer session
with the International Space University (ISU), an educational organization based in France that offers courses in space technology
and policy. His experiences that summer began an ongoing relationship with ISU. Over the years, he has taught there, and is now a
member of its board of trustees. “It has really altered my perspective
of the world in a profound way,” he said. He learned the power of
networking, too: A colleague he met at ISU was in later years his
first NASA customer, sponsoring Aerospace’s Small Satellite Cost
Model in 1993. “That model has become the premier model for
assessment of small satellites,” Bearden said. Building on this early
work, Bearden has authored chapters in Space Mission Analysis and
Design and Reducing the Cost of Space Systems.

Bearden’s first job at Aerospace was working as a member of
the technical staff in the Systems Engineering Division, where he
focused on space concept analysis and design. He moved through
positions of increasing responsibility, first as a section manager in
the Space Architecture Department, where he headed development
and application of the Small Satellite Cost Model for NASA independent reviews and deployment of the Concurrent Engineering
Methodology at JPL’s Project Design Center. In 1998, he joined
the Civil and Commercial Division (now Civil and Commercial
Operations, or CCO) as a senior project engineer in the Business
Development Department. In that role, he initiated, developed, and
directed space business activities with civil and commercial clients,
including Motorola’s Iridium and Teledesic programs. In 1999 he
was promoted to systems director, Jet Propulsion Laboratory Program Office. Aviation Week & Space Technology recognized Bearden
with its annual aerospace laurels in 2000 “for conducting the first
quantitative assessment of NASA’s faster-better-cheaper initiative
in space exploration.” He was named to his current position, principal director of the NASA Advanced Programs Directorate, in 2006.
While working at Aerospace, Bearden also completed his Ph.D. in
aerospace engineering from the University of Southern California.

NASA and JPL Work

The Aerospace NASA subdivision that Bearden heads up within
CCO was established in 2006, but he remembers working with
NASA and JPL as early as 1993. “At that time, the activity was
perceived as marginal. There were clear financial benefits to having
this business: it offset costs, resulting in lower costs per STE to the
Air Force, NRO, and other government customers. But it hadn’t
really been a legitimate program office in my mind until Aerospace
formed CCO as an operation and then created the NASA division.
Now, you can point to a vice president and managers and counterpart relationships with senior civil servants at NASA. This is meaningful when I go and speak with people at NASA,” he said.
One of Bearden’s proudest work accomplishments has been the
establishment in early 2000 of the Pasadena office, where the original goal was to develop strong customer relationships with JPL.
“When we first came to Pasadena, it was Matt Hart and I. And
Matt’s in here sitting on a box with his laptop. We used to laugh.
But that’s how these things begin; and now it’s a full-fledged operating facility. The company backed us up when all we could say was,
‘We’re going to work hard to develop this customer at JPL. We’re
going to work hard to justify the costs.’ And it’s worked out great.”
The Pasadena office has now expanded beyond working with
JPL as its sole customer. It has developed relationships with several
NASA centers, including Ames, Glenn, and Marshall. “And then,
a big success has been our entrance into NASA Headquarters, the
Program Assessment and Evaluation office. It’s really at a very high
level. It’s the independent technical and analytical arm of NASA
Headquarters, a stone’s throw away from the NASA administrator,”
Bearden said. “We’ve been able to really leverage some of the best of
Aerospace to provide independent assessments and analysis of programs in a crosscutting way. We fit very well with that activity, and
it has grown to a very large level that surpasses even what we did at
JPL,” he said.

President’s Distinguished Achievement Award

Bearden, together with Matt Hart, Debra Emmons, and Robert
Bitten, received the Aerospace President’s Award in 2006 for pro-

viding critical analysis of alternatives for servicing and repairing the
Hubble Space Telescope. Aerospace analysis recommended against
using robotic servicing to repair Hubble.
But before Aerospace was asked to analyze the plan and brainstorm alternatives, NASA had decided to go with robotic servicing
of Hubble, something that had never before been done. Prior service missions had been conducted by space shuttle astronauts, but
NASA was in a risk-averse environment following the space shuttle
Columbia accident in 2003. Meanwhile, predictive models were
saying that Hubble would fail by 2009 or 2010 if it were not maintained. Hubble was so popular with the public that there had been
an outcry with talk of it failing.
One of the recommendations from the Columbia Accident Investigation Board was that astronauts needed to be in the vicinity
of the International Space Station to use it as a safe haven if anything were to happen in orbit. But the Space Station is too far from
Hubble, so NASA decided that the option of using astronauts for
the repair was off the table.
“So, NASA’s blazing down the trail trying to convince themselves robotics servicing is doable. It was the only option at the
time. We came into this politically charged environment and had
no idea our assessments would get so much exposure. Looking
back, it was sort of the perfect storm,” Bearden said.
“Aerospace’s findings and recommendations were unpopular because we said robotic servicing is not a good idea. The odds are not
good that you’d even get there in time, and there’s even less probability that it will work. It was just a very complicated repair operation. We were a lone dissenting voice and everyone else was hopeful
until the National Research Council agreed with us,” Bearden said.
The National Research Council recommended putting the space
shuttle option back on the table, agreeing with the Aerospace assessments. Eventually, NASA agreed. “I think at one point there
were over 800 citations of Aerospace and our studies in the press,”
Bearden recalls. Aerospace’s analysis was cited in The New York
Times and picked up by the Associated Press. “We found ourselves
thrust into this huge national dialogue on the issue,” Bearden said.
The analysis culminated with Bearden briefing the National
Research Council and congressional staff and then Gary Pulliam,
vice president of Civil and Commercial Operations, giving testimony before the House Science Committee. “And throughout the
whole thing, Aerospace came out looking like a very honest, capable
organization,” Bearden said. Aerospace’s report, coupled with congressional testimony on its findings, is often cited as having a major
impact on the reinstatement of shuttle servicing of the Hubble.
Reflecting on the company, Bearden said, “Aerospace is a resilient
recipe that seems to transcend political changes. We’ve had relatively few layoffs. We’ve had our share of challenges, but I do worry
that we may be lulled into a false sense of security. Are we anticipating the future challenges? Aerospace has to be very careful to always
be able to articulate its role in national security space and not have
that uniqueness eroded. We must keep our capability high and stay
focused on mission success.”
And as for working at Aerospace, Bearden said, “The company
will support you in becoming the very best at what you do. That’s
the strength of Aerospace. You don’t get pigeonholed into some
area. They let you rattle around until you find your lot in life. You
will be supported in staying abreast of changing technology.”
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Downtown Los Angeles as it might have
looked with the Aerospace personal rapid
transit system installed above city streets.
The system was envisioned as a one-way
loop network of grade-separated elevated
guideways located above arterial streets in
urban areas on which small cars would privately carry a small group of passengers.

A

s the eventful decade of the 1960s wound down, America’s
young space industry found itself at a turning point. In
just a few years, the country had moved beyond the failed
launch of the first Vanguard satellite to land the first astronauts
on the moon. Having achieved this historic milestone, the space
industry no longer had a clear defining mission. And although the
Department of Defense (DOD) continued to develop space assets, events on the ground received far more attention. Faced with
a potential contraction in the industry, organizations such as The
Aerospace Corporation needed to develop new opportunities or
risk losing some of their engineering and scientific expertise.
In March of 1969, Secretary of Defense Melvin Laird sent a
memo to cabinet-level department heads that recommended using the nation’s Federal Contract Research Centers (precursors of
today’s Federally Funded Research and Development Centers, such
as the one operated by Aerospace) to address domestic issues. Three
months later, Laird announced the cancellation of the Manned
Orbiting Laboratory, which then employed about 600 Aerospace
personnel and represented roughly 20 percent of the corporation’s
work. Aerospace had already been involved with select projects
outside the DOD, but as a result of Laird’s decisions, it began to
actively seek assignments from other government agencies; in
1970, the company anticipated that 8 percent of its work would be
nondefense in fiscal year 1971. The subsequent years became a time
of impressive broadening of the contracting base that led the company into a number of technical fields outside of national security
space—fields that at first glance seemed an odd fit for an organization with “aerospace” in its name.
Originally, five areas were identified as strong candidates for
sources of non-DOD projects: transportation, medical engineering, pollution control, regional planning, and law enforcement. The
medical engineering and regional planning possibilities fell by the
wayside, but the other fields proved to be very productive choices.
In addition, several areas under the broad umbrella of “energy”—
resources, systems, and conservation—turned out to be central to
the company’s nondefense work.

Top: Aerospace President Ivan Getting (third from right) attends a demonstration of the personal rapid transit system scale model in summer 1971.
Bottom: A one-tenth scale model of the personal rapid transit system was constructed at Aerospace for testing and evaluation.

Transportation

Aerospace worked on transportation projects for a number of
nondefense agencies. For the Federal Aviation Administration, the
company assisted with the Aerosat program, a system for communicating with transoceanic aircraft. For the Department of Transportation, Aerospace participated in studies of heavy-rail systems.
For the Federal Energy Administration, the company did studies
of energy-saving policies, and for the Federal Railroad Administration, Aerospace worked on the Safety Life Cycle Program for railroad locomotives as well as the Wayside Detection Facility (which
used automated sensors to detect railcar defects).
Some of Aerospace’s transportation work dealt with air transport. Aerospace was involved in airport planning and air traffic control studies, as well as studies of possible systems, including GPS,
for aircraft communication and navigation requirements.
Aerospace worked on a short-haul air operations study for the
Western Conference of Councils of State Governments during the
period 1968–1972. Transportation projects specific to the Pacific
Northwest region were also undertaken, including an airport system
plan for Washington state and maritime port development requirements for Washington and Oregon.

Personal Rapid Transit
One of the most fascinating of Aerospace’s efforts during this period was the personal rapid transit system. Those who were at Aero6 • Crosslink Winter 2008/2009

space then recall it fondly—and with good reason, given the state
of much urban transport today. The freeway infrastructure created
during the second half of the twentieth century has been pushed to
the limit in recent years, and although some cities (such as Portland,
Oregon) have successfully implemented light-rail solutions and
others (such as New York City and Washington, DC) enjoy traditional heavy-rail subways, many have done nothing or not enough
to make a difference, or have looked to inadequate systems such as
buses to handle the problems. Some, such as Los Angeles, suffer
nearly constant automobile gridlock in certain areas.
Perhaps for some insightful individuals, it was not difficult to see
these difficulties brewing. In 1968, Aerospace Vice President Jack
Irving initiated a research program to develop a personal rapid transit system. It consisted of small vehicles that would each hold up
to six people (you’d only be traveling with your own party, not with
strangers) and move on elevated “guideways” separated from the
street and pedestrian traffic. The system would be set up to ferry a
party directly from origin to destination without intermediate stops.
The U.S. Department of Housing and Urban Development
had sponsored a study in 1966 to evaluate potential transportation
systems, and personal rapid transit was seen as one that could offer
high-quality services. There were, however, questions about its technical and economic feasibility. The Aerospace study was intended to
address them. It dealt with issues like vehicle propulsion and conCrosslink Winter 2008/2009 • 7

trol, safety, cost, and network layout. Models
and simulations were an important part of
the study, including software that simulated
traffic management and a physical scale
model (one-tenth actual size) for testing.
The Aerospace personal rapid transit
study concluded in 1976, but was never implemented. Fortunately, Irving and his team
documented their work in a book, Fundamentals of Personal Rapid Transit. The text is
quite thorough and includes topics such as
passenger security, network configuration,
station types, routing, and even “foreign obstacles on guideways.”
Even today, more than 30 years later,
as people continue to search for practical
and economical forms of urban transport,
the personal rapid transit concept still has
its champions, who are working toward its
adoption and who admiringly recall the
highly influential work done at Aerospace.

Environment

Aerospace’s work in environmental areas
was done for the Environmental Protection
Agency (EPA), the Department of Energy
(DOE), the Energy Research and Development Administration (ERDA, predecessor
of the DOE), the Department of Natural
Resources, and the U.S. Forest Service.
Following the Arab oil embargo and
subsequent energy crisis of 1973, the U. S.
Congress established the ERDA in 1975 to
spur efforts to reduce national dependence
on foreign energy sources. An initial task
mandated by Congress was for ERDA to
develop an R&D plan for national energy.
On the basis of recognized expertise at
Aerospace for objective development of
broad systems-engineering development
plans, a contract was given to Aerospace
to assist in drafting the ERDA plan. From
that first contract grew broader Aerospace
support to the ERDA Assistant Administrator for Environment and Safety, and
establishment of technical offices in Germantown, Maryland, and Washington, DC.
Aerospace developed in-depth technical
information about many sources of energy,
including coal; petroleum; synthetic fuels;
natural gas; wind; biomass; and nuclear,
solar, geothermal, and hydroelectric energy
sources. The environmental impacts felt in
response to these forms of energy were also
studied. Much of this work was reflected
in a 1981 DOE handbook series to draw
together technical information for decisionmakers, researchers, and the public on
alternative energy sources and their environmental consequences.
Aerospace also looked at the environmental aspects of stationary power sources:
8 • Crosslink Winter 2008/2009

there was an assessment of
using “fly ash” (a solid-particle residue generated in the
burning of coal); a contract to
investigate power-plant waste
from the desulfurization of
flue gas; and studies of combustion research, NOx reduction techniques, and internal
combustion engines.
Aerospace studied wildfires, using infrared sensors to
locate hot spots and software
to predict the spread of fire
according to data such as humidity and temperature. To
tap forest resources, new logIn 1970, the National Air Pollution Control Administration commisging methods for removing
sioned a six-month study of the feasibility of hybrid engines as lowfelled trees were explored.
polluting power sources. In this photo, an early hybrid engine concept
Much of Aerospace’s enundergoes testing at Aerospace.
vironmental work was in the
field of automotive technology. There were studies of
The Nixon administration had anthe effect of lead additives in gasoline on
nounced a program to develop at least two
performance, emissions, and cost; evalualow-pollution alternatives to the traditional
tions of gasoline-alcohol combinations to
gasoline engine, and it seemed that the
reduce the use of lead in high-octane gas;
electric/hybrid vehicle could meet this need.
and emission control studies. Perhaps most
The Aerospace study worked on finding
intriguing was Aerospace’s work with elecengine/battery/control systems that could
tric and hybrid vehicles, a subject that is as
be used in developing such vehicles.
compelling today as it was 30 years ago.
More work with electric/hybrid vehicles
followed.
The Electric and Hybrid Vehicle
Electric/Hybrid Vehicles
Research,
Development, and DemonstraHybrid vehicles employing both an electric
tion
Act
of
1976 tasked ERDA/DOE with
motor and an internal combustion engine
researching
and developing electric/hybrid
have a long history, extending back before
vehicles.
Although
President Gerald Ford
the twentieth century. By the late 1920s,
vetoed
the
bill,
Congress
voted to override
they were gone, but after the Arab oil emthe
veto,
and
it
was
enacted
as law. As part
bargo, people looked to hybrids as a way to
of
the
work
it
generated,
Aerospace
was
offset the high cost and limited availability
involved
in
creating
computer
simulations,
of gas. The 1970s also brought a heightened
designs, and prototypes for electric/hybrid
awareness of environmental issues, which
vehicles.
spurred further interest in vehicles that
In 1978, DOE’s Electric and Hybrid
would not exacerbate the problem of air
Vehicle
Division asked Aerospace to depollution (half the country’s air pollution
termine
a way to include electric vehicles
was said to result from cars).
(EVs)
in
measuring Corporate Average
Thus, Aerospace became involved in
Fuel
Economy
(CAFE). CAFE is a set of
quite a bit of work with electric/hybrid
federal regulations for improving the fuel
vehicles. An Orbiter article in July 1970 announced that the company had been chosen economy of automobiles that was enacted
by Congress in 1975 as part of the Energy
for a six-month study of the feasibility of
Policy and Conservation Act. On the bahybrid engines as low-polluting power
sources. The study was commissioned by the sis of Aerospace’s study, DOE informed
Congress that it supported legislation to
National Air Pollution Control Adminisinclude EVs in computing CAFE values
tration (NAPCA), part of the Department
of Health, Education, and Welfare (HEW). as a “crucial incentive to electric vehicle
production.” In late 1979, the “EV CAFE
In December of that year, NAPCA beincentive” was introduced as an amendment
came part of the newly formed EPA. The
to another bill before Congress. That bill
$200,000 study was the first Aerospace
passed both houses and was signed into law
project in the area of pollution that was
by the president.
financed by an outside agency.

Left: The DOE Solar Thermal Test Facility in Albuquerque a few months before its
June 1978 completion. A field of nearly 200 heliostats (each 37.2 square meters) is
in the foreground; a receiver in the 180-foot tower captured 5 megawatts of thermal power for experiments with candidate components of a solar thermal power
generation system. Aerospace performed comparative evaluations of alternative

Energy

Aerospace’s efforts on electric/hybrid vehicles served not only environmental concerns
to reduce pollution, but also energy concerns focused on decreasing dependence
on petroleum imports. Energy, of course,
was a huge separate area of investigation for
Aerospace. The company’s work in energy
systems, conservation, and resources took
the form of projects for ERDA/DOE, the
National Science Foundation, the Department of the Interior, the Department of
Agriculture, the U.S. Geological Survey
(USGS), and the U.S. Forest Service.
The projects included work with renewable energy sources—specifically, the direct
generation of electricity from sunlight by
photovoltaic devices. Projects also dealt
with large solar-based thermal power systems, such as solar thermal applications to
irrigation systems and solar total energy
systems. Some projects investigated wind
as an energy source, including an aqueduct
project in California and a project that integrated wind, solar-power, and solar-heating
systems. Work with nuclear power systems
was performed to evaluate underground
nuclear plants and nuclear safety issues.
Aerospace wrote an analysis of the muchpublicized nuclear accident that occurred
at the Three Mile Island nuclear plant near
Harrisburg, Pennsylvania, in 1979.
Some of Aerospace’s energy conservation
projects were oriented toward vehicle systems. There was consideration of the energy
saved from engine shutoff during idling and
from fuel shutoff during deceleration. Studies of auto emissions examined the potential
for conserving engine heat energy. Other

systems, which identified the central receiver concept for individual development
emphasis. The site is still active, managed by Sandia National Labs. Right: Elliott
Katz of the Government Support Operations Strategic Petroleum Reserve directorate explains how oil can be stored in a salt dome in this 1983 photo.

studies looked at the development of lightduty diesel engine technology or focused on
nonpetroleum-dependent automotive systems and the use of electric/hybrid vehicles
for reduced petroleum consumption.
Projects in the realm of energy resources
covered a wide variety of issues. For the
USGS, the company analyzed oil drilling structure requirements and logistics
problems and produced a software model
of structural vibrations induced by ocean
waves. The Department of Interior commissioned projects for Alaska, including a
gas transport study and an economic policy
analysis of the National Petroleum Reserve.
Studies of shale and coal as energy sources
considered the impact of strip mining, and
for DOE’s Office of Oil and Gas Policy,
there was a “Net National Economic Benefit” analysis.

Strategic Petroleum Reserve
The 1973 oil embargo resulted in a difficult economic situation, with the price of
imported crude oil rising sharply. Congress
authorized the creation of the Strategic
Petroleum Reserve as a result, so that if the
U.S. oil supply were ever interrupted again,
the effect would not be so severe. The goal
was to stockpile at least 500 million barrels.
The reserve consists of underground storage areas (salt caverns, actually) for crude oil
along the Gulf Coast in Texas and Louisiana. These facilities provide maximum
security and affordability for storage. Also,
according to the DOE, which manages the
program, the Gulf locations “provide the
most flexible means for connecting to the
Nation’s commercial oil transport network.”

By 1978, DOE had experienced a number of problems with the Strategic Petroleum Reserve, and after a search, selected
Aerospace in 1979 to provide general systems engineering and integration. The company opened an office in New Orleans to
support the effort, with additional assistance
from Aerospace staff in Washington, DC.
Aerospace was involved in many aspects
of the Strategic Petroleum Reserve, including system design, engineering, quality
assurance, reliability, system security and

Aerospace performed R&D for the Law Enforcement
Assistance Administration in numerous equipment
and forensic techniques throughout the 1970s, including body armor, as shown here.
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Conclusion

The keyboard data-entry system in a prototype police car is
explained to Attorney General Griffin Bell (foreground) by
Rainer Sahmel of the Aerospace Law Enforcement and Telecommunications division in this photo from summer 1977.
Aerospace developed the prototype under contract to the
Law Enforcement Assistance Administration. The car served
as a test bed for advanced communications systems; data
storage, retrieval, and display systems; fuel economy components; and numerous safety features.
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In 1977, the Air Force and Aerospace signed a memorandum of
understanding that once again acknowledged the primary importance
of national security and the support
of Air Force programs. The years
that followed saw an overall reduction in the non-defense work, although Aerospace’s national security
related nondefense work continues
today.
By 1986, Aerospace president
Eberhardt Rechtin and board chair
James Plummer were able to note, in
the annual report, how the situation
had changed. “The company’s staff
declined fractionally as work for civil
agencies was virtually completed,”
they wrote. “Civil projects now
amount to one percent of all contractual support, down from its high
point of 14.2 percent in 1976.”
Looking back, it might seem that
Aerospace’s projects during this era
of diversification were “all over the

http://fas.org/sgp/crs/misc/RL333341.pdf.
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NASA’s Greatest Observatory—
The Hubble Space Telescope
The Hubble Space Telescope has been sending back spectacular images
of the universe for more than 18 years. The Aerospace Corporation has been
a partner in this scientific mission since 1993, performing numerous independent
assessments to help keep Hubble flying.
Allan R. Cohen and David A. Bearden

T

he Hubble Space Telescope is an orbiting astronomical
observatory developed by NASA’s Marshall Space Flight
Center in Huntsville, Alabama, and Goddard Space Flight
Center in Greenbelt, Maryland, and operated by the Space Telescope Science Institute in Baltimore. One of NASA’s most successful missions, Hubble is arguably the most significant scientific
instrument ever devised and fielded. But beyond that, its images
are so spectacular that they have become part of popular culture
everywhere. The spacecraft is enormous, often compared to a Grey-

Courtesy of NASA, ESA, and the Hubble Heritage Team. Acknowledgment: B. Whitmore (Space Telescope Science Institute).

map,” but, in fact, they all relied
vulnerability, and operational
on established technological
readiness and logistic supskills that had been developed
port. The corporation evaluthrough years of supporting
ated pumping systems, pernational security issues. Conformed hydraulic analyses of
sider, for example, the work on
pipelines, and studied pipeenergy supply and conservation,
line corrosion phenomena. It
alternative fuels, the Strategic
also contributed to the prepPetroleum Reserve, and law
aration of the Drawdown
enforcement technologies: Most
and Distribution Management
of these areas are still national
Manual, a publication dealpriorities. These projects bening with responses to an
efited from objective application
energy emergency.
of a comprehensive systemsBy 1984, the Strategic
engineering approach—traPetroleum Reserve had
ditionally one of Aerospace’s
successfully completed five
full-scale drawdown tests, and Working for the Law Enforcement Assistance Administration, Aerospace used a core competencies. Moreover,
scanning electron microscope with an x-ray analyzer to determine whether gunshot the corporation’s work in these
400 million barrels had been
residue could be detected on the hand of a shooter. In this 1975 photo, Robert Nesbitt
important programs fits in with
stored. Aerospace’s support
of the forensic sciences lab operates the equipment.
the ongoing tradition of innovaof the program was generally
tive thinking and pioneering
regarded as a success, and the
detection, and bomb explosives source idendevelopment
in support of critical national
company’s involvement was phased out
tification. Aerospace also did security and
concerns.
by 1986.
law enforcement work for the FBI and the
Bureau of Alcohol, Tobacco, and Firearms.
Further Reading
Law Enforcement
The corporation remains active in this area,
The Aerospace Corporation—Its Work: 1960–1980
Another important area of technology apmost notably through its involvement with
(The Aerospace Corporation, El Segundo, CA,
plications was the field of security and law
the National Law Enforcement and Correc- 1980). Ch. 16, “National Security Related Sysenforcement. For the Law Enforcement
tions Technology Center—Western Region. tems and Studies.”
Assistance Administration (established in
Aerospace worked on several law enJ. E. Anderson, “The Future of High-Capacity
1968 within the Department of Justice),
forcement projects for the city of Los
Personal Rapid Transit” (PRT International,
Aerospace did research and development in
Angeles as well. The company served as
Minneapolis, MN, Nov. 2005). Online at www.
numerous law enforcement equipment and
gettherefast.org/documents/FutureofHCPRTtechnical advisor for a police dispatching
Jan606.doc.
forensic techniques throughout the 1970s:
system, evaluated a computer system that
body armor, security alarms, computer-aided would recognize criminal activity patterns,
R. Bamberger, “The Strategic Petroleum Reserve:
voice identification, truck antihijacking
History, Perspectives, and Issues,” CRS Report
and established a communications system
for Congress, Congressional Research Service,
systems, bloodstain analysis techniques,
for emergency services.
Order Code RL33341, May 15, 2008. Online at
gunshot residue detection, illegal explosive

hound bus in size and weight. Not only a marvel of space systems
design, Hubble can also be periodically maintained and upgraded
through on-orbit servicing by shuttle astronauts. It has been used
by scientists worldwide for more than 18 years to make amazing
discoveries about the universe in the fields of astronomy and physics. The Aerospace Corporation has played an important role in
Hubble’s evolution: Since 1993, it has performed numerous independent assessments to assist NASA in ensuring the Hubble keeps
flying and providing its groundbreaking science.

This Hubble image of the Antennae galaxies is the sharpest yet
of this merging pair of galaxies. Billions of stars will be formed
during their collision. The brightest and most compact of these
star-birth regions are called super star clusters. The image allows
astronomers to better distinguish between the stars and super star
clusters created in the collision of two spiral galaxies.
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Aerospace Establishes Civil Office

In late 1993 just prior to Servicing Mission 1 (SM1), Edward “Pete” Aldridge
Jr., Aerospace president and CEO at the time, had been discussing with NASA
Administrator Daniel Goldin a new office at Aerospace called the Civil and
International Space Programs, the forerunner of today’s Civil and Commercial
Operations. This office would allow non-DOD customers to take advantage of
Aerospace’s unique capabilities. Out of those discussions came a task for a team of
Aerospace experts to perform an independent assessment of SM1. Since the rescue of a valuable national asset was on the line, NASA wanted to ensure that the
risk of SM1 was sufficiently low. Goldin knew that Aerospace could provide him
with a high-quality, unbiased assessment. A team of 20 engineers had just three
weeks to review the nine subsystems on SM1.
SM1 was launched on space shuttle Endeavor (STS-61) on December 2, 1993,
and succeeded flawlessly. Shuttle astronauts performed five lengthy extravehicular
activities, restoring the Hubble to its originally envisioned glory just in time for it
to capture spectacular images of the collision of Comet Shoemaker-Levy 9 with
Jupiter and forging a relationship between Aerospace and NASA that continues to
this day.
The Orbiter, Aerospace’s corporate newspaper, reported December 21 NASA’s
response to the team’s assessment: “NASA was impressed by the Aerospace
contribution to the review, commenting particularly on the unique perspective
brought to the mission. Although no “show-stoppers” were found, several recommendations were made for this and future missions. Recommendations included
additional visual checks to verify successful operation; additional anomaly investiCourtesy of NASA
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Stellar Spire in the Eagle Nebula. Hubble captured this image, which appears like a winged fairy-tale
creature poised on a pedestal. Deep within the Eagle Nebula, stars are being forged in this tower of
gas and dust 57 trillion miles (91 trillion kilometers) high. The tower is thought to be a giant incubator for newborn stars.

life. Aerospace’s analyses indicated that it
was better to operate two gyros and keep
one in reserve than to operate three gyros
simultaneously. This enabled NASA to “buy
back” an additional six months of science
operations.
Batteries are another potential missionaltering component during Hubble’s lifetime. Aerospace analysis concluded that
Hubble’s nickel-hydrogen batteries are
likely to last well beyond previous expectations, and once they do fail, the failure
mechanism will be a gradual loss of capacity
rather than a cell short circuit if power budgets are effectively managed. But the capac-

ity reduction findings did set off alarm bells,
warning that if no actions were taken, operational life would begin to be affected in
2009–2010. To mitigate this consequence,
battery capacity tests, which ironically were
themselves robbing the cells of capacity,
were ceased until a modified charge technique could be implemented. Additionally,
in independent tests of portions of the
nickel electrodes of spare Hubble batteries,
Aerospace looked for any unusual imperfections that might shorten the life of batteries
in orbit. Tests found the plaque portion of
the electrodes to be normal.

1.0
Case 1:
Case 2:
Case 3:
Case 4:

0.9
0.8

3-gyro mode
Begin 2-gyro mode when next failure occurs
Turn off gyro 1 and begin 2-gyro mode
Turn off gyro 6 and begin 2-gyro mode

0.7

Probability

Space-based telescopes were first envisioned in 1946 by Lyman Spitzer of Yale
University, who realized that astronomical observations could be significantly
improved if the telescope performing the observations was beyond the distortions
and spectral absorptions of Earth’s atmosphere. Early design studies of a modern
Earth-orbiting telescope were conducted in the late 1960s and early 1970s. Finally,
upon the intense lobbying of noted scientists and despite its predicted high cost,
the project—then called the Large Space Telescope Program—was approved by
Congress in 1977.
Requirements called for a stable optical telescope incorporating a 2.4-meter
primary mirror with a 15-year lifetime (assuming change-out of instruments every
3 to 4 years) to be launched on the space shuttle into low Earth orbit. The launch
date was planned for 1983, and contracts were awarded for the primary mirror and
optical assembly, the spacecraft, and the solar arrays. After program delays as well
as the 1986 space shuttle Challenger disaster (following which NASA grounded
the shuttle fleet), the Hubble Space Telescope, renamed after the noted astronomer Edwin Hubble, was launched by space shuttle Discovery (mission STS-31)
April 24, 1990. Shuttle astronauts deployed the observatory into a 612-kilometer
orbit, with a complement of instruments that included the Wide Field/Planetary
Camera, Goddard High Resolution Spectrograph, Faint Object Camera, and
High-Speed Photometer.
Surprisingly, initial images received from Hubble were far more distorted than
expected. A subsequent failure investigation revealed a spherical aberration of
the primary mirror, which had been ground—more precisely than any object in
history—to the wrong shape at the outer edge. Since servicing of the vehicle was
built into its design, NASA incorporated a fix for the optics problem into the first
servicing mission. The resolution devised by NASA was to incorporate optical
correction into Wide Field/Planetary Camera-2, a revised Wide Field/Planetary
Camera, and replace the High-Speed Photometer with a new device, the Corrective Optics Space Telescope Axial Replacement, to refocus the other instruments.
Solar arrays, solar array drive electronics, four gyroscopes, electrical control units,
and magnetometers were also replaced.

gation, including ground test and analysis;
verification of predictions with flight data;
and modification of sequence of service operations to ensure adequacy of the fix.”
Hubble was again serviced in February 1997 (SM2) and December 1999
(SM3A—the original SM3 mission was
divided into two missions: SM3A and
SM3B). SM2 replaced two older instruments with the Space Telescope Imaging
Spectrograph and the Near-Infrared Camera and Multi-Object Spectrometer. One
of three fine-guidance sensors (instruments
used to lock on guide stars for performing
observations) was also replaced. SM3A
again replaced the gyros and fine guidance
sensor, and added a new flight computer.
In 2001, prior to SM3B, NASA looked
to Aerospace to upgrade its reliability
models and perform extensive “what if?”
scenarios to determine what science could
be performed and for how long once SM3B
was completed. Aerospace now maintains
the reliability model for Hubble and performs all reliability analyses. This model,
which is used to generate the probability
of failure as a function of time, estimates
reliabilities of individual components or
groups of components, taking into account
complex configurations, such as rate gyroscopes, with random and “wear-out” failure
modes. The reliability model provided a
framework for NASA managers to make
decisions on when and how to maintain
Hubble and extend its life as well as guide
more frequent decisions on how to operate
the observatory.
Gyroscopes, which provide attitude
information essential to pointing the telescope at the desired point in the heavens,
have been a particular source of frustration
throughout the Hubble mission. Hubble
carries a complement of six gyros. Initially,
at least three of the six gyros were required
for science operations. Component failures
necessitated the replacement of four gyros
on SM1 and all six on SM3A (gyros are
always replaced in pairs). Aerospace reliability analyses have examined numerous
cases of one or more gyros having failed and
the affect this has on science and spacecraft
operations.
The reliability model is so accurate it
can assist NASA in developing strategies
for dealing with failures. For example, after
concern about gyro life reached a critical
state, NASA developed an innovative technique to point the vehicle to an acceptable
accuracy with only two gyros (or even one
under dire circumstances) and asked Aerospace to determine how many gyros should
actually be running to preserve the greatest
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The figure above shows the solar radio flux measured at a 10.7 centimeter wavelength as a function of time for future solar cycles as predicted by the MSAFE and Shatten models. The atmospheric
density at high altitudes is directly correlated with the F10.7 value. During peak periods of solar activity, low altitude satellites will experience more drag force and their orbits will decay more rapidly.
Aerospace’s analysis reconciled the differing atmospheric models, predicting that the Hubble orbit
would not decay to the point of reentry until at least 2036.
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43.5 feet

Maximum diameter

14 feet

Weight

24,500 pounds

Power

3 kilowatts (average)

Orbit altitude

380 statute miles

•

Orbit inclination

28.5 degrees

Orbit period

97 minutes

Number of orbits

more than 100,000

•

Demonstrated that black holes exist and are common in
the center of large galaxies.

Speed

17,500 miles per hour

Demonstrated gravitational lensing that provides evidence
of dark matter, which is thought to make up 90 percent of
the universe but is as yet unseen.

Wavelengths

Ultraviolet through near infrared

•

Pointing accuracy

7/1000 of an arc-second (the width
of human hair at one mile)

Accurately determined the age of the universe to be from
13 to 14 billion years old.
Showed that the universe is not only expanding but also
accelerating, which is unexplainable with known forces
and has led to theories of dark energy.

Number of observations

• Three 23-cell NiH2 batteries per module
- 22 cells electricity in series, 1 unused
• Battery module size (in.):
- 11.22 x 36.00 x 31.75
• Module weight (lb.): 500 max
• Battery capacity at launch: >90 Ahr
• Mfg by EaglePicher Technologies, 1988–89
• Launched: April 24, 1990 (14 years)

Calculated total system capacity with
degradation @ 5.9 Ahr/battery/yr
(average of batteries 1,2,3, and 4)
~312 (Today)

Capacity with worst case degradation
measured to date @ 8.0 Ahr/battery/yr
(average of batteries 1 plus 4)

300

Calculated total system capacity with
degradation @ 6.3 Ahr/battery/yr
(average of batteries 1, 2, 3, 4 and 6)

SOC1/SWSP (235)
200

Today’s safe
mode entry range

SOC2/HWSP (180) - Lowest safemode trigger
~132 (4/09)
~122 (4/09)

Reduced safemode margins
100

Minimum charge capacity to ensure spacecraft
survival (110) (97 minutes to save spacecraft)
Orbital night minimum load requirement

0

2002

2003

2004

2005

2006

~72 (4/09)
Observatory Failure
2007

2008

2009

Courtesy of NASA Goddard

Length
More than 6000 scientific papers have been published using
Hubble data to explain many mysteries of the universe, but also
leaving many puzzling aspects yet to be solved.
•

400

Hubble Statistics

Total HST battery system (6 batteries) charge capacity (Ahr)

Hubble’s Amazing Discoveries

2010

20,000 per year
An estimate based on time that assumes linear loss of system capacity and no battery cell shorts.

Columbia Loss

The loss of space shuttle Columbia during
reentry in February 2003 had far-reaching
ramifications for NASA’s ability to access
space and placed the Hubble in a precarious state. In response to perceptions of increased risk, NASA canceled Hubble SM4.
Only missions where the International
Space Station could be used as a safe haven
were continued. Once at Hubble’s orbit, the
shuttle no longer has sufficient performance
to reach the Space Station. Aerospace studies gained added significance as NASA
made every effort to squeeze as much life as
possible from the Hubble in its current configuration. With each period of extended
operating time or component failure, Aerospace generated revised predictions on the
observatory’s lifetime.
If not serviced, Hubble would eventually lose attitude control. It would reenter
the Earth’s atmosphere uncontrolled since
the spacecraft has no onboard propulsion,
posing a potential danger to people and
property. Aerospace was asked to evaluate
two separate implications of this end-of-life
scenario: uncontrolled Hubble deorbit and
its resulting debris, or controlled reentry
by means of an auxiliary propulsion system
that would dock with the observatory and
“drive” it into open ocean.
Estimating the time when uncontrolled
reentry of a large spacecraft will occur is by
no means straightforward because of the
uncertainty of factors such as solar activity, atmospheric density, orientation of the
spacecraft, and others. Aerospace’s indepen14 • Crosslink Winter 2008/2009

dent calculation of orbital lifetime showed
that the telescope was likely to remain in
orbit for longer than originally assumed.
To perform a controlled reentry, a propulsion stage would be launched that must
dock with the spacecraft. This would be
implemented upon the Hubble’s demise,
when power would be lost along with any
ability to control or communicate with the
spacecraft. The spacecraft would lapse into a
stable, almost motionless state stabilized by
gravitational forces (called “gravity-gradient”). Below a certain altitude, aero-torques
would cause the gravity-gradient to swing
like a pendulum, making it difficult for a
propulsion stage to dock. At still lower altitudes, Hubble would begin to tumble, making docking impossible. To understand this
phenomenon, Aerospace performed orbital
decay analyses to determine altitude as a
function of time and probability simulations
to assess the likelihood of the spacecraft
residing at an unacceptable altitude at the
time of a docking mission. These analyses
helped NASA in planning a prospective
propulsion stage docking mission.
But the scientific community, political
representatives, and, especially, the general
public refused to accept the demise of Hubble. Strenuous protests compelled NASA
to look for other ways to keep Hubble
operating while its replacement, the James
Webb Space Telescope ( JWST), could be
built. JWST will be larger than Hubble, sit
farther from Earth, and have a much larger
mirror than Hubble’s to enable it to look
deeper into space and even further back at
the origins of the universe. But how was

NASA to keep Hubble operating until the
new telescope was ready without risking the
lives of a shuttle crew?

Is Robotic Servicing an Option?

One approach under consideration was the
performance of a servicing mission not by
astronauts but by robots, operating under
ground control or autonomously. Under the
plan, an uncrewed vehicle would be sent
to rendezvous and dock with the orbiting
spacecraft. One part of the Hubble remote
servicing vehicle would contain a highly
sophisticated robot capable of grabbing serviceable components, extracting and storing
them, then replacing them with new boxes,
just as had previously been done by shuttle
astronauts. Once the robot’s work was done,
it would be jettisoned, leaving behind the
second portion of a servicing vehicle that
contained a propulsion stage that would
eventually deorbit the spacecraft when its
life was truly over. Aerospace was asked by
the Hubble program office to evaluate the
risk of every aspect of the robotic servicing
mission and report its findings to NASA.
A team of a dozen engineers thoroughly
reviewed system engineering, discipline
engineering, and mission operations aspects,
categorizing the source and severity of technical and schedule risks.
Because of the far-reaching implications
of the cancellation of SM4 and replacement
with a robotic servicer, NASA requested a
different type of evaluation of the consequences. So, Aerospace conducted an analysis of alternatives. The analysis involved 50
engineers and scientists examining available

possibilities for preserving Hubble or its
science, including robotic servicing and
rehosting of SM4 instruments on other
platforms. One critical conclusion of the
analysis was that a robotic servicing mission
could not, in all likelihood, be developed in
time and within the available budget before
Hubble would lapse into an unrecoverable
state.
Once public, the work Aerospace performed received intense visibility, scrutiny,
and political interest at the highest levels
of the government and culminated in testimony before Congress. The National Research Council’s committee examining the
Hubble life-extension options declared that
Aerospace’s analysis was “the only quantitative analysis” of the problem. The report,
coupled with congressional testimony on
its findings, is often cited as having a major
impact on the reinstatement of shuttle servicing of the Hubble. NASA Administrator
Michael Griffin announced the decision in
October 2006:
“What we have learned has convinced
us that we are able to conduct a safe and effective servicing mission to Hubble. While
there is an inherent risk in all spaceflight
activities, the desire to preserve a truly
international asset like the Hubble Space
Telescope makes doing this mission the
right course of action.”

Conclusion

SM4, scheduled for launch in May 2009,
will likely be the last Hubble retrofit because the space shuttle fleet is planned
for retirement in 2010. Along with gyros,

 atteries, and other components, two
b
new cutting-edge science instruments to
enhance Hubble’s capabilities by large factors—Wide Field Camera-3 and Cosmic
Origins Spectrograph—will be installed.
When anomalies were experienced on
electronic components to be installed on
SM4, Aerospace evaluated the parts to be
used, and based on its analogous experience
with these parts in national security space
systems, helped clear them for continued
processing. In addition, two other vital instruments that have previously failed, the
Space Telescope Imaging Spectrograph
and the Advanced Camera for Surveys,
the most widely used instrument on the
Hubble, will be brought back to life.
But this repair is different. Astronauts
will execute a repair in place, which has
never before been attempted. Without
removal of the components from the spacecraft, astronauts will remove tiny screws,
open the box cover, and extract and replace
individual circuit boards. Hubble was never
designed for this purpose, and it is risky;
for example, the edges of the board could
be sharp, a threat to the integrity of the
astronaut’s gloves and in turn their entire
pressure suit. Astronauts will also install a
docking ring on the aft end of the spacecraft to allow a prospective deorbit stage to
dock with Hubble in the future.
SM4 is a new and final chapter for the
Hubble Space Telescope. Aerospace continues to support this invaluable mission and is
proud to be part of its phenomenal success.

Further Reading
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2004).
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Committee on the Assessment of Options for
Extending the Life of the Hubble Space Telescope, National Research Council, “Assessment
of Options for Extending the Life of the Hubble
Space Telescope: Final Report,” www.nap.edu
(as of Sept. 18, 2008).
Gary Pulliam, written testimony before the
House Science Committee, Honorable Sherwood L. Boehlert, chairman, Feb. 2, 2005. http://
science.house.gov (as of Sept. 19, 2008.)
Hubble website, http://hubblesite.org (as of
Sept. 18, 2008).

W. W. Vaughn, J. K. Owens, and K. O. Niehuss,
“Sensitivity of Spacecraft Orbital Drag Predictions to Selection of Solar Activity Inputs,” 37th
Aerospace Sciences Meeting ( Jan. 11–14, 1999);
AIAA Paper 1999-0633.

Crosslink Winter 2008/2009 • 15

Maintaining the Legacy
of Landsat
Landsat space satellites have been gathering and relaying
land imagery since 1972, offering insight into Earth’s everchanging characteristics. Aerospace has been involved in
program development, launches, and anomaly resolution
for Landsat missions.
Steven J. Covington and Thomas R. Hill

A Landsat image of Santa Barbara, California, from
space. The image was taken by Landsat 7’s Enhanced
Thematic Mapper Plus instrument. It is a false-color
composite made from bands 2, 3, and 4, covering
the green, red, and infrared portions of the electro
magnetic spectrum.

T

he Landsat program is a series of satellite missions that collect information about Earth from space. The U.S. Geological Survey (USGS), part of the Department of Interior, has
been involved with the program since its beginning, primarily as the
national archive for the data. The imagery from Landsat is used by a
variety of organizations for land-use monitoring and planning, agriculture, disaster response and recovery, coastal zone management,
and the analysis of the impact of human development.
Aerospace first supported the USGS with the Landsat 7 development project and monitoring of flight operations for the Landsat
5 mission. Today, the USGS relies on Aerospace for daily operation
of these two successful missions, and for the resolution of anomalies
that threaten to end them. The agency has requested that Aerospace
provide major technical advice for the successor to Landsat 5 and
7, the Landsat Data Continuity Mission (Landsat 8). Aerospace is
also providing assistance with the development of a newly proposed
federal initiative, the National Land Imaging Program.
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Background

The Interior Department made a big splash in its initial foray
into space endeavors. In 1966, Interior Secretary Stewart Udall
announced plans to build and launch the nation’s first civil land
remote sensing satellite system to record and monitor the surface
of Earth. This announcement led to the NASA-initiated development and launch of the Earth Resource Technology Satellite in
1972, later renamed Landsat 1. Since then, the United States has
launched six follow-on missions (one via a commercial venture) and
is currently building Landsat 8.
The Landsat class of satellites provides from 15 to 30 meter
ground resolution in the visible, shortwave- and midwave-infrared
portions of the electromagnetic spectrum. It also has a 60–120
meter ground resolution in the thermal infrared region. The image
resolution and the eight spectral bands collected in these regions
are designed to provide sufficient information to discern basic land
cover, land use, and vegetation coverage. This data is collected on a

global, synoptic basis with highly calibrated
sensors, offering an accurate assessment of
land use change, and creating a valuable
archive of observations from space dating
back to 1972.
Landsat 4 and 5, launched under National Oceanic and Atmospheric Administration (NOAA) leadership, were transferred to the EOSAT Corporation, with a
mission to fly them while commercializing
the land remote sensing market and building their successor, Landsat 6. Problems and
concerns with this approach surfaced, however, and Congress took action to reverse
commercialization in 1992. Meanwhile,
Landsat 6 failed to achieve orbit in October
1993.
In 1992 Congress passed the Land Remote Sensing Act (P.L. 102-555), stating
that the Landsat program had established
the United States as the world leader in
land remote sensing technology. The importance of collecting and using land remote
sensing data from space was cited as “a major benefit in studying and understanding
human impacts on the global environment,
in managing the Earth’s natural resources,
in carrying out national security functions,
and in planning and conducting many other
activities of scientific, economic, and social
importance.”
The Land Remote Sensing Act directed
the federal government to begin the Landsat 7 project as a multiagency endeavor involving the Air Force, NASA, NOAA, and
the USGS. Along with the Air Force came
a small contingent of Aerospace support. By
1994, changes in programmatic focus led to
a new approach that no longer included the
Air Force—or Aerospace. Aerospace would
not be sidelined for long, however, as the
work provided to the Air Force had made
an impression on the then “junior partner”
USGS.
The initial project plan called for NASA
to manage acquisition of the Landsat 7
mission and NOAA to operate it out of a
mission operations center at NASA Goddard Space Flight Center in Greenbelt,
Maryland. The USGS would host the
primary ground station for telemetry, tracking, command and control, and payload
telemetry reception; assessment, archiving,
and distribution of data would be managed
at its Earth Resources Observation Systems (EROS) data center in South Dakota.
NASA would design the ground station
and data-processing architecture, build the
ground station infrastructure, develop the
ground processing systems, and deliver and
install them at EROS. USGS was depending on NASA to deliver a system that

would meet the operational
objectives of the mission.
However, EROS was located
1500 miles from the project office, and to operate effectively
during most development activities, it needed “boots on the
ground” at Goddard. USGS was
new to flight project development and space operations in
general, so it was important to
have representatives at Goddard
who understood the ground
systems being developed and
their relationship to the space
segment. USGS approached
Aerospace to provide technical
support at Goddard based on its
observation of Aerospace’s contributions to the Air Force.
The USGS needed the engineering and technical skills
unique to space systems acquisition for Landsat 7. The project
had numerous contractors and
SETAs performing various
roles, and the USGS wanted insight into what they were doing.
Aerospace’s role as a federally
funded research and development center fit the bill. At the
same time, Aerospace wanted
to extend the corporation’s support to other federal agencies to
ensure Aerospace was engaged
in meaningful civil space programs. This made the USGS
request for Aerospace support a
natural match that would meet
national as well as corporate
goals.
In the early years of support to USGS, one Aerospace
representative was stationed at
Goddard. The primary goal was
to stay abreast of development
efforts on the East Coast and
preparations in South Dakota,
ensuring USGS was cognizant
of changes and well represented
in technical meetings. Then, just
prior to launch, a change in civil
agency roles put the USGS in
charge of mission operations,
with NASA as a partnering
agency.
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Landsat is regarded by some as America’s most successful uncrewed satellite.

Operations

When a Delta II booster with
Landsat 7 on top roared to life
at Vandenberg Air Force Base
on April 15, 1999, it signaled a

The Earth Resources Technology Satellite-1 (Landsat 1) in 1972.
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new era in land remote sensing and Aerospace’s support of the Landsat program.
After on-orbit checkout, NASA managed
flight operations until the USGS formally
assumed responsibility for the satellite and
hired its own flight systems manager. There
was one problem, however: because spaceflight operations were new to the USGS,
the organization had no viable candidates to
technically support its manager. Aerospace,
having aided in the development of Landsat
7, was well positioned to serve as a technical
advisor to this flight systems manager. This
arrangement gave USGS access to Aerospace’s experience base, as well as ongoing
support as needed.
Soon after assuming responsibility for
Landsat 7 operations, the USGS found
itself to be a “multi-mission” agency when
EOSAT abruptly relinquished responsibility for the Landsat 4 and Landsat 5 missions. As Landsat 4 had ceased to provide
useful science data, it was immediately
decommissioned. However, the 19-year-old
Landsat 5 was still producing high-quality
imagery from its thematic mapper imager,
and the decision was made to continue
operations.
Since then, both the Landsat 5 and
Landsat 7 missions have provided their
share of excitement in day-to-day operations. Landsat 5, launched in 1984, is now
one of the oldest functioning multimission
modular satellite bus-based spacecraft
still flying. It passed its 130,000th orbit in
September 2008. Landsat 7 has surpassed
its original five-year mission—it has now
been functioning for more than nine
years and recently passed its 50,000 orbit
mark. Although they continue to deliver
science-quality image data from around the
globe, both missions are showing their age
through ongoing operational challenges.
Recent Landsat 5 anomalies investigated by
Aerospace include:
• A balky X-band traveling wave tube
amplifier that has defied all understanding about why it continues to function,
yet still does. In 2006, when the transmitter failed to power up successfully,
the flight operations team and Aerospace personnel devised a new turn-on
routine that has so far granted the
spacecraft two extra years of life.
• A battery cell failure that suspended
imaging for several months while an
Aerospace battery expert and the flight
operations team developed and then
refined a new charging scheme. This
allowed the spacecraft to resume imaging operations.
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array

processes; and preparation of the operations
and maintenance teams.
Aerospace will continue supporting the
USGS in the concept development, design,
and implementation of the Landsat Data
Continuity Mission ground system, which
will be built at the EROS. Aerospace instrument experts are advising the USGS on
the development of the primary flight instrument, the operational land imager. The
USGS is relying on Aerospace to bring its
extensive experience in both ground system
development and acquisition and instrument design to help ensure a successful
continuation of more than 36 years of land
remote sensing data.
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Landsat 4 and 5 shown in an early configuration study.

• An attitude control system working outside of its design parameters
because of failed primary and redundant solar array drives. The spacecraft
pitches multiple times each orbit to
illuminate the array sooner and longer,
but these maneuvers force the onboard
software and hardware to work differently than planned. Aerospace is using
its experience with similar spacecraft to
assist in troubleshooting and long-term
problem solving.
The younger sibling, Landsat 7, is quieter
day-to-day, but has had its share of challenges as well. It has faced anomalies with
its primary imager, the Enhanced Thematic
Mapper+, where a scan-line-corrector mirror failure in 2003 degraded the imaging
products. Aerospace had a leadership role
in the anomaly investigation and served as
test director during an effort to recover the
failed component. Although unsuccessful,
additional ground processing has partially
mitigated impacts to the image data’s utility. Aerospace also had a role in the analysis
and response to the failure of one of three

gyroscopes onboard the spacecraft, using
experience gained from other spacecraft
that use the same model gyros to establish a
way forward for Landsat 7.
As both spacecraft age, Aerospace and
the operations team face increasing questions as to how much longer the spacecraft
can function. This leads to analyses relating
to such topics as fuel use and orbital debris
mitigation.

The Future

The director of the Office of Science and
Technology Policy initiated in 2005 an
interagency effort to develop a long-term
plan for the nation’s land remote sensing
capabilities, organization, and investment.
In the office’s final report, “A Plan for a
U.S. National Land Imaging Program,” the
Future Land Imaging Interagency Working
Group proposed formation of a new federal initiative under the Department of the
Interior, the National Land Imaging Program. This program is designed to provide a
mechanism within the Interior Department
to assess the land imagery needs of federal
agencies, state and local land management

The Landsat 7 space mission has been successfully returning land images in multiple wavelength bands since
1996. Data from the mission is used by national and international partners including federal, state, and local
governments as well as disaster agencies.

officials, scientists, and geographic researchers, and to translate those needs into the
technical capabilities of future satellites.
Aerospace supported the USGS in this
working group, attending meetings, developing content, and helping organize the
structure and messages within the final
versions of the report.
While the Interior Department waits
for congressional authorization and funding to start up the new program, Aerospace
continues to support the Land Remote
Sensing Program within the USGS. Aerospace activities range from ad hoc studies
for development of requirement management and decision support tools, to providing subject matter experts at space systems
development reviews so that USGS headquarters receives a truly independent assessment. Occasionally, when greater depth
is required, the program requests specific
support from Aerospace in areas such as
spacecraft communications, optical systems
stray-light analysis, and documentation
development for procurements and future

studies, such as statements of work and
requests for information.
Aerospace will continue to provide the
USGS with flight operations support, engineering support during on-orbit anomalies,
and technical assistance in support of the
various initiatives advanced by the projects.
With both the Landsat 5 and Landsat 7
missions continuing to operate well beyond
their design lives, the USGS is relying on
Aerospace to technically support the contracted flight operations teams through
good times and bad. When anomalies occur,
Aerospace will continue to offer its expertise, leading in response and recovery and
bringing in subject matter experts as necessary to ensure a successful return to service
or, eventually, an orderly decommission and
disposal.
Aerospace will provide onsite support to
the U.S. government for the Landsat Data
Continuity Mission. The work will involve
offering systems engineering advice; helping
to integrate best practices into the development, integration, and test procedures and

Aerospace currently supports USGS at its
headquarters in Reston, Virginia, EROS in
Sioux Falls, South Dakota, and two mission operations control centers in Greenbelt
and Columbia, Maryland. While working
a variety of sides of the same issues for different parts of the USGS, Aerospace strives
to maintain an independent yet coordinated
support group among the program office
and the projects. This ensures continuity of
objectives without compromising the positions and actions of the disparate organizations within the USGS.
The objective for civil satellite programs
is the same as for other Aerospace customers: mission success. For civil customers,
the goals are the same, the challenges are
the same, the processes and techniques are
the same—but the budgets are smaller. The
good news for Aerospace researchers: they
can talk about their work when they go
home at night.
Further Reading
“A Plan for a U.S. National Land Imaging Program,” (Office of Science and Technology Policy,
Washington, DC, August, 2007).
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Monitoring the Global
Environment from Space

T

he National Oceanic and Atmospheric Administration (NOAA), in partnership with
NASA, has a long history in the development, launch, and operation of environmental satellites. For decades, the Geostationary Operational
Environmental Satellite (GOES) and the Polar-orbiting Operational Environmental Satellite (POES)
programs have been the flagship satellite programs
for NOAA. In recent years, however, NOAA has
been actively seeking both domestic and international partners to expand the type and amount of
data obtained. In addition to GOES and POES,
NOAA operations now include aspects of the European Meteorological Operational (MetOp) satellite
program and the Ocean Surface Topography Mission ( Jason-2) as well as the Taiwanese Constellation Observing System for Meteorology Ionosphere
and Climate (COSMIC) program. The Aerospace
Corporation has been making key technical contributions to all of these programs and has played a
significant role in the development of future environmental satellite programs such as the National Polarorbiting Operational Environmental Satellite System
(NPOESS) and GOES-R.

Geostationary Satellite Programs

GOES-12 image of Hurricane Ike, which
made landfall in Texas on Sept. 13, 2008.

In recent years, NOAA has made additions to its environmental
satellite portfolio and continues to develop future systems.
Correspondingly, the Aerospace Corporation role has expanded to
include support to these new programs.
Jim O’Neal
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Artist's rendering of the NPOESS (National Polar-orbiting Operational Environmental Satellite System) spacecraft. NPOESS combines the existing civil system (POES) and encrypted military system
(the Defense Meteorological Satellite Program, or DMSP) under a single national program.

GOES I–M
The mission of the GOES program is to provide a continuous and
reliable stream of environmental information to support weather
forecasting, severe storm tracking, and meteorological research.
The program formally began with the launch of the first operational satellite, GOES-A, in 1975, which was renamed GOES-1
when it reached orbit. GOES-11 and GOES-12 are the current
operational satellites and the last two from the GOES I–M series.
The primary payload instruments are an imager and a sounder. The
imager is a 5-channel multispectral instrument providing full Earth
imagery, sector imagery, and scans of local regions. The sounder is a
19-channel multispectral instrument providing vertical temperature
and moisture profiles as well as other sounding products. Orbital
locations are 75 degrees west longitude (GOES East) and 135
degrees west longitude (GOES West).
GOES satellites transmit collected data to NOAA’s Command
and Data Acquisition Stations, which relay the data to the NOAA
Satellite Operations Facility located in Suitland, Maryland. The information is then processed and distributed to users throughout the
world (see sidebar on p. 23).
Aerospace has provided extensive support to the GOES I–M series. Specifically, Aerospace contributed to the program reviews conducted by the Independent Integrated Review Team during satellite
development and provided technical support to external independent readiness reviews for the launch vehicles. An important part of
this involvement focused on the launch vehicle mission-unique design review, which included support to splinter meetings with launch
vehicle engineers and written documentation formally identifying
the team’s findings. Additionally, Aerospace independent teams provided technical support to anomaly investigations, as needed.
GOES N–P Series
The GOES N–P series is a new generation of satellites that will
enhance environmental data products and services to the GOES
user community. GOES-N, the first of the series was successfully

launched on May 24, 2006. A significant enhancement over the
previous generation, GOES-N carries a Solar X-ray Imager for
observing solar flares, solar active regions, coronal holes, and coronal
mass ejections. Images for the instrument are used by forecasters to
monitor solar conditions that affect space weather.
Aerospace provides resident systems engineering support at the
NASA Goddard Space Flight Center GOES N–P program office
and at the NOAA Satellite Operations Facility. Additionally, Aerospace provides support to the Launch Services Program for the
GOES N–P missions. These missions are flown on the Delta IV
launch vehicle, with mission assurance support provided by Aerospace. The first of the series, GOES-N, was launched more than
two years ago, with Aerospace providing selected IV&V tasks to
assess RL10 engine ignition concerns. Additionally, Aerospace provides range support to monitor operations in the Delta Operations
Center, in the Horizontal Integration Facility, and at the launchpad.

GOES-R
The GOES-R series will provide significant improvement over
the current GOES series in spectral, temporal, and radiometric
performance. The GOES-R series will incorporate an improved
imager, a lightning mapper, and a solar instrument suite (including insitu space environment sensors). The GOES-R imager will
have 16 bands and will improve visible resolution from the current
1 kilometer down to 0.5 kilometers and infrared resolution from
the current 4 kilometers down to 2 kilometers. Additionally, it will
provide four full-disk images and twelve sector images within the
continental United States every hour. The significant increase in
capability will allow for a continuation of current GOES-derived
products (precipitation, atmospheric motion vectors, sea surface
temperatures, radiances, smoke, fires, clouds) plus the ability to derive new products such as upper-level SO2, vegetation indices, cloud
microphysics, atmospheric waves, and ozone. The Geostationary
Lightning Mapper, sensitive enough to detect 70–90 percent of all
lightning discharges, will help predict severe storms by continuCrosslink Winter 2008/2009 • 21

ously tracking the intensity, frequency, and
location of lightning discharges. It will
provide information that can be correlated
with radar returns, cloud images, and other
meteorological data. The Solar Instrument
Suite includes instruments for monitoring
solar flares and an in situ suite designed to
provide continuous measurement of Earth’s
ambient magnetic field along with protons,
electrons, and alpha particle fluxes at geostationary orbit. The GOES-R program
is in initial development and acquisition
for the instrument, spacecraft, and ground
systems.
Aerospace is playing a key role in
GOES-R development, working side by
side with NASA, NOAA, and contract support engineers in the GOES-R program office at NASA Goddard Space Flight Center in Maryland. Aerospace provides general
systems engineering, acquisition assistance,
and architecture and mission studies as
well as engineering analyses in a number of
technical areas. Aerospace acquisition assistance includes technical support to the government in developing statements of work,
technical specifications, and requirements
documentation as well as technical support
to source selection activities.

Polar-Orbiting Satellites
POES
NOAA and NASA have jointly developed
and operated the POES system that has
been flying since 1970. The two-satellite
constellation consists of a morning and an
afternoon satellite in circular, near-polar
orbits with an altitude of 833 kilometers.
Operating in tandem, these satellites ensure
that environmental data for any region of
Earth is no more than six hours old. The
sensors provide data pertaining to Earth’s
atmosphere, including imagery, temperature
and moisture soundings, and proton and
electron flux at satellite altitude. Additionally, the POES satellites can receive, process,
and retransmit data from remote observation platforms distributed around the globe.
The satellites also provide for the detection
and location of emergency beacons from
ships, aircraft, and people in distress; this
capability has helped save thousands of lives.
Aerospace has provided and continues
to provide significant support to the POES
program. Specifically, Aerospace assists with
external independent readiness reviews to
ensure launch readiness. A team of Aerospace engineers has been stationed at the
NOAA Satellite Operations Facility to aid
in resolution of on-orbit anomalies, launch
preparations, and upgrades to the ground
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system. The facility houses command and control for POES
and GOES as well as other
environmental satellite constellations. Command and control
of NOAA’s future environmental
satellite programs will also reside
there.

capability at the Wallops Island facility.
An Aerospace engineer from the NOAA
Satellite Operations Facility was deployed
to both Fairbanks and Wallops Island to
provide systems engineering and hands-on
hardware installation expertise. As a result,
NOAA established an operational capability for COSMIC in April 2008.

MetOp
The launch of POES-N/NOAA18 in May 2005 inaugurated a
new era of international cooperation between NOAA and
EUMETSAT (the European
Organisation for the Exploitation
of Meteorological Satellites). In
1998, the two agencies signed an
agreement creating the Initial
Joint Polar-Orbiting Operational First test image from the GOES-13 Solar X-ray Imager (SXI) depicting the full solar disc. Data from the SXI is used to forecast impacts
Satellite (IJPS) system. The
to global navigation, radio broadcasts, electrical power grids, and
primary goal was to collect and
satellite operations caused by high-energy particles from the sun.
exchange environmental data
from polar satellites and disseminate it to users worldwide.
a satellite radar altimeter that provides
Prior to the agreement, the POES constelprecise sea-surface heights necessary for
lation consisted of morning and afternoon
determining global sea rise, ocean currents,
satellites. Now, the NOAA satellites fly in
upper ocean heat content, wind speed, and
the afternoon orbit, and the EUMETSAT
wave height. An operational command and
satellites fly in the morning orbit. To ensure control capability was established at the
mission continuity, the MetOp satellites
NOAA facility in Suitland as well as the
carry POES instruments, including the Ad- Fairbanks and Wallops Island facilities.
vanced Very High Resolution Radiometer,
Aerospace engineers in Suitland and
the High Resolution Infrared Radiation
other locations have played a key role in the
Sounder, and the Advanced Microwave
establishment of the Jason-2 operational
Sounding Unit. MetOp-1 was successfully
capability for NOAA, providing in-depth
launched in October 2006 from Baikonur
technical support to nearly every activity ason a Soyuz launch vehicle.
sociated with procurement, installation, and
Aerospace support to the MetOp procheckout. Aerospace provided support to
gram centered on the establishment of an
design reviews and launch readiness reviews
operational command and control capabilas well as launch and early orbit activities.
ity at the NOAA Satellite Operations FaAdditionally, Aerospace continues to play a
cility as well as at the Command and Data
key role in transitioning the ground system
Acquisition Stations in Fairbanks, Alaska,
from development to operations while reand Wallops Island, Virginia. Aerospace en- solving anomalies and refining operational
gineers provided technical guidance to the
procedures.
installation, checkout, and training activities
needed to establish an operational capability COSMIC
for MetOp at NOAA. Aerospace continues COSMIC is a joint venture between the
United States and Taiwan. The six-satellite
to support MetOp activities by participatconstellation was launched in April 2006.
ing in anomaly investigations, upgrades to
Using radio occultation (limb sounding)
ground system hardware, and preparations
techniques, COSMIC is able to gain vertifor the launch of MetOp-2.
cal profiles of temperature and moisture
Jason-2
across the globe with high spatial and temIn partnership with NASA/JPL, EUMET- poral resolution. In 2007, NOAA commitSAT, and the Centre National d’Études
ted to establish an operational capability for
Spatiales (the French National Space
the COSMIC constellation.
Agency), NOAA has recently established
Aerospace again played a key role in the
an operational capability for the Ocean
rapid establishment of a primary satellite
Surface Topography Mission ( Jason-2).
command and data downlink capability at
Launched in June 2008, Jason-2 carries
the Fairbanks facility as well as a back-up

NPOESS
In May 1994, President Bill Clinton directed the Department of Commerce, the
Department of Defense, and NASA to
create the NPOESS Integrated Program
Office (IPO) to develop, acquire, manage,
and operate the next generation of polarorbiting environmental satellites. NPOESS converges the existing civil system
(POES) and encrypted military system
(the Defense Meteorological Satellite Program, or DMSP) under a single national
program. To achieve its mission, NPOESS
has undertaken a far-reaching program of
sensor development and satellite transition
and evolution to provide complete coverage of meteorological conditions for civil,
military, and scientific purposes. A key capability of NPOESS will be to increase the
timeliness of weather data from the current
150 minutes to less than 30 minutes. Many
sensors will be flown on the NPOESS satellites, including the Visible/Infrared Imager/Radiometer Suite and the Cross-track
Infrared Sounder. These sensors provide 25
of the 38 products (called Environmental
Data Records) from NPOESS and account for more than 80 percent of the data
volume from the satellite.
Aerospace is playing a pivotal role in
assisting the government in the development, production, and operational deployment of the NPOESS ground and flight
segments. Aerospace has provided technical support to the government for all
the NPOESS sensors from the beginning,
starting with specification development and
continuing on through integration and test.
Aerospace is called upon by the customer
when anomalies are noted in tests, when
new tests or tools are needed, and when
verification of results is required. Aerospace
has also been helping to develop and field
the ground system for NPOESS. Aerospace
engineers and scientists have developed algorithms, helped install antennas, provided
technical guidance for establishing a fiber
cable link between the United States and
the island of Svalbard in the Arctic Ocean,
supported development of a direct readout
capability, and assisted in the testing of the
command system on the Coriolis satellite.
A 23-member Aerospace office resides

NOAA's Satellite Operations Facility
NOAA's Environmental Satellite-data Processing Center (ESPC) is the central U.S.
ground facility that ingests, processes, and distributes environmental satellite data and
derived geophysical products to domestic and foreign users. The ESPC receives data
from the GOES, POES, DMSP, MetOp, Jason-2, and several NASA satellites and uses
it to produce approximately 450 products daily, divided into four broad categories: atmospheric, oceanic, land, and various combinations of these. The data are tailored as
input to numerical forecast models of the atmosphere and ocean. Examples include atmospheric vertical temperature and moisture profiles, cloud cover, ozone distribution,
ocean surface wind vectors, sea surface temperatures and height, ocean color, ice
and snow analysis, vegetation index, smoke, fire, and volcanic ash concentrations.
Major domestic users of these data include NOAA’s own National Hurricane Center,
Storm Prediction Center, Environmental Modeling Center, National Weather Service
Warning and Forecast Offices, National Ocean Service, and Office of Atmospheric
Research. Additional federal agencies receiving NOAA satellite products include
NASA, the Department of Defense, the Department of Agriculture, and the Department of Transportation. Numerous colleges and universities as well as state and local
governments also receive products from NOAA. International users include space
agencies and weather forecast centers from England, France, Germany, Norway,
Sweden, Denmark, Iceland, Italy, Australia, New Zealand, China, Japan, and India.

The NOAA Satellite Operations Facility in Suitland, Maryland, houses command and
control for POES and GOES as well as other environmental satellite constellations. A team
of Aerospace engineers is stationed at this facility.

in the NPOESS program office in Silver
Spring, Maryland, with additional staff in
El Segundo, California. Furthermore, the
program office calls upon more than 200
engineers and scientists from across the
corporation each year to support the myriad
of activities associated with this major satellite program. A prime example of Aerospace
support occurred following the NunnMcCurdy certification, when the program
office was tasked to expand the system
engineering effort. Aerospace responded by
more than doubling the support staff provided to the NPOESS program office.

Conclusion

nificantly grown to include the MetOp,
Jason-2, and COSMIC satellite programs.
The new environmental data provided by
these cooperative ventures have enhanced
NOAA’s ability to meet mission requirements. Aerospace support to NOAA began
with POES and GOES and has expanded
to encompass these new programs. Furthermore, Aerospace has a significant presence
in the development of NOAA’s future satellite programs, GOES-R and NPOESS.
Aerospace support to these new programs
began with concept development and is anticipated to continue through launch
and on-orbit operations.

Through partnering with other domestic
and international environmental satellite providers, NOAA’s portfolio has sigCrosslink Winter 2008/2009 • 23
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Independent Assessments
for NASA
Debra L. Emmons and Robert E. Bitten
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In the early phase of a project’s lifecycle, Aerospace helps NASA
select the best concept by assisting in the evaluation of proposals
submitted in response to a NASA Announcement of Opportunity.
Technical and cost analysis of notional approaches to implement
future space telescope missions is an example of an Aerospace assessment to provide NASA early in the design cycle with insight
into the mission’s ability to achieve technical and programmatic
goals. Aerospace also helps NASA make the best design choice,
as it did in recommending the cost-effective RS-68 engine for the
Ares V cargo-launch vehicle, prompting NASA to switch from its
earlier decision to use the space shuttle main engine. Finally, Aerospace developed the Strategic Scenario and Contingency Modeling
capability to support NASA in strategic planning and program
portfolio analysis.

Programmatic Assessment Continuum

Aerospace has developed a suite of tools to assess the cost and
schedule at different points within a project’s lifecycle, based upon
the available information. This continuum of tools provides a

Operations

Will cost
Aerospace earned value
management methodology

A Pratt & Whitney Rocketdyne RS-68 engine undergoing hot-fire testing during its developmental phase. A
cluster of five RS-68 engines will power the Ares V.

The programmatic assessment continuum was designed to address project executability throughout the
NASA lifecycle. Aerospace has developed a suite of tools to assess the cost and schedule at different points
within the project’s lifecycle.

process to estimate the initial cost at the
conceptual design stage through the preliminary system design and then to monitor
and assess cost and schedule throughout the
implementation of the mission. The process
allows continual feedback to NASA to affect design or implementation changes.
In the conceptual design phase, the
Complexity Based Risk Assessment
(CoBRA) and Integrated Cost and Schedule Analysis Tool (ICSAT) are employed
for early feasibility and mission-scoping
studies. ICSAT, which Aerospace developed
for NASA, estimates the cost, schedule,
and budget profile for a full NASA mission
based upon historical analogies, given a set
of minimal mission and instrument requirements. The Aerospace-developed CoBRA
model provides a correlation between the
cost, schedule, and complexity of historical
missions to identify appropriate cost and
schedule budgets as a function of a complexity metric.
For evaluating projects in the formulation phase, Aerospace has pioneered the use
of adjusted analogy-based, cost-estimating
methods for both instrument and spacecraft
estimates. Aerospace has also developed
tools such as the Small Satellite Cost
Model, which has been evolving continually
since the early 1990s, as well as the Spacebased Optical Sensor Cost Model to estimate satellite bus and scientific instrument
cost for NASA missions. Aerospace uses a
variety of methods, including analogy-based
methods, which rely on historical information from similar past projects, to conduct
independent cost estimates to ensure the

robustness of the answer and to use as input
to its cost-risk methodology. In 2004, Aerospace developed a process for performing
independent schedule estimates that uses an
analogy-based schedule assessment methodology similar to the one used when evaluating project costs, which permits greater
insight into mission development times.
For evaluating projects in the implementation phase, earned-value-management
probabilistic cost and schedule risk methods
are employed. These methods assess the
project’s ability to implement according
to its plan and provide valuable insight

into problem areas and their effect on the
project’s ability to complete on time and on
budget. Taken together, these methods provide a cost and schedule analysis continuum
to address the assessment needs throughout
a project’s development lifecycle.

Proposal Evaluation Support

Aerospace aids NASA in making decisions
in the early phase of a project’s lifecycle
in evaluating submitted proposals. Its mix
of independent, technical expertise across
all spacecraft, launch vehicle, and ground
systems disciplines—skills developed

Courtesy of NASA/JPL/UMD. Artwork by Pat Rawlings.

ASA’s goal to provide a human presence in space while
contributing to the knowledge of the science of Earth,
other planets, the solar system, and the universe requires
a diverse set of scientific and exploration missions. Its successful
development of these portfolios depends upon a sustainable and
affordable long-term strategy. To provide a basis for an adequate
annual funding profile to fit within NASA’s budget, an objective assessment of a mission’s technical baseline, associated risks, and cost
and schedule is fundamental.
Since 1960, The Aerospace Corporation has provided such objective assessments for national security space programs and recommendations for addressing potential problems and reducing risk. As
its support for NASA programs has steadily grown over the years,
Aerospace has increasingly called upon these capabilities to provide objective programmatic and technical assessments of NASA
projects. In the programmatic area, Aerospace assists NASA in
assessing cost and schedule at different points in project lifecycles
to make important decisions about concept selection, designs, and
implementation.

Orion flies in space while docked with a lunar lander in this NASA artist’s rendering.

Courtesy of NASA

The Aerospace Corporation has developed a suite of program and project assessment
capabilities that provide input to NASA strategic decisions.

Launch

Increasing effort
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Operations

Deep Impact made history when it intercepted comet Temple 1 on July 4, 2005. It is now on a mission to fly by
comet Hartley 2 on Oct. 11, 2010. As it cruises toward the comet, Deep Impact will observe five nearby stars
with “transiting exosolar planets,” named as such because the planet transits, or passes in front of, its star.
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NASA Distinguished Public Service Medal and Cost Estimating Awards Go To Aerospace
NASA Administrator Mike Griffin presented
the Distinguished Public Service Medal to Marcus Shaw, senior project leader, Architecture
and Design Subdivision, Systems Engineering
Division, in 2008 for “repeated extraordinary
performance in support of seminal studies
regarding NASA’s strategic goals.” The medal
is the highest honor NASA presents to a nongovernment employee.
Shaw served as the onsite Aerospace representative to NASA’s newly formed Office of
Program Analysis and Evaluation from 2005 to
2008 while a member of the Vehicle Systems

Division. He worked with more than 100 members of the Aerospace technical staff during this
time, including those from the Engineering and
Technology Group, Space Launch Operations,
and Civil and Commercial Operations.
In September 2008 Shaw was presented
with The Aerospace Corporation’s President’s
Award, where he was cited for repeated
extraordinary leadership and performance in
addressing complex technical, political, and
programmatic issues of critical importance to
achieving NASA top-level strategic goals.
Mike Griffin awards Marcus Shaw with the NASA
Distinguished Public Service Medal.

Cost Estimating Awards
ment. Bitten has been the lead for NASA cost
estimating and programmatic assessment activities at Aerospace and directly supports the
Cost Analysis Division of the Office of Program
Analysis and Evaluation at NASA Headquarters, the Science and Exploration Systems Mission Directorates, the Science Support Office
at NASA Langley Research Center, and the
Discovery/New Frontiers Program Office at
NASA Marshall Space Flight Center.

Aerospace employee Bob Bitten was awarded
the NASA Cost Estimator of the Year Award in
July 2007 for his broad support to a number of
NASA centers and for the diversity of his cost
analysis, research, and methodology develop-

For his work in assessing the cost effectiveness
of different alternatives for the Hubble Space
Telescope Robotic Servicing Module Analysis
of Alternatives, Bitten shared The Aerospace
Corporation’s President’s Award in 2006.

for Department of Defense acquisition
support—makes Aerospace an ideal
organization to assist NASA with the
evaluation process. Over the last decade,
Aerospace has performed independent assessments for the NASA Science Support
Office at NASA Langley Research Center,
which supports the NASA Science Mission
Directorate in the acquisition of Earth and
space science missions and instruments.
Aerospace evaluates proposals for technical feasibility, risk posture, new technology
development, cost and schedule implications, and other considerations. The assessment determines which proposals in
response to a particular NASA Announcement of Opportunity are more likely to
accomplish the science objectives within the
planned resources.
Aerospace has used its programmatic and
technical suite of tools in evaluating more

than 500 full-mission and instrument-only
proposals for NASA programs, including Discovery, New Frontiers, Mars Scout,
Medium Explorer, Small Explorer, Earth
System Science Pathfinder, New Millennium, and other programs dating back to
the first Discovery evaluation in 1995. Three
current operational missions—Deep Impact, MESSENGER, and Phoenix—were
selected through this review process. The
Deep Impact and MESSENGER missions
were selected as part of the Discovery program in 1999, and the Phoenix mission was
selected as part of the Mars Scout category
within the Mars program in 2002.
Deep Impact successfully intercepted
comet Temple 1 on July 4, 2005, and provided substantial insight into the internal
composition of comets. Deep Impact is the
first space mission to probe beneath the
surface of a comet and reveal the secrets of
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RS-68 Engine Assessment

Aerospace also aids NASA in assessing
design choices for developmental vehicles
and directly contributed to the design of
the next American lunar launch vehicle. In
response to President George W. Bush’s
announcement in January 2004 that the
United States would return humans to the
moon by 2020, NASA conducted the Exploration Systems Architecture Study. That
study concluded that lunar launch requirements could best be met with a combination of a smaller, EELV-class crew launch
vehicle, referred to as Ares I, and a larger,
Saturn V-class cargo launch vehicle, referred
to as Ares V. The new vehicle designs offer
a solution for separating crew and cargo as
specified by the Columbia Accident Investigation Board report, and are predicted to
replace the space shuttle, which is scheduled
to be retired in 2010. The new vehicles will
provide support to the International Space
Station and future solar system exploration
missions.
As directed by Congress, NASA derived
the design of both Ares rockets from existing space shuttle components in an attempt
to minimize lifecycle cost, maximize workforce retention, and reduce development
risk. In addition, the NASA Exploration
Systems Architecture Study recommended
using the space shuttle main engine—the
most advanced, efficient, and expensive

rocket engine ever built—for both the Ares
I and Ares V rockets. Shortly after the study
was completed, however, NASA’s design
analysis showed that using the shuttle
main engine on the Ares I would be more
difficult than originally envisioned, and
NASA replaced it with the J-2X, a rocket
engine derived from Apollo-era Saturn V
hardware.
NASA asked Aerospace to reevaluate
the impact of replacing the space shuttle
main engine on the Ares V with the RS68, a cost-effective engine that had been
developed for the Delta IV launch vehicle.
The Exploration Systems Architecture
Study had advised against using the RS-68,
pointing to the considerable additional cost,
complexity, and development risk. It also
suggested that the lower efficiency of the
RS-68 would require substantially larger
propellant tanks with the possibility that the
Ares V might outgrow the vehicle assembly
building at Kennedy Space Center. The
Aerospace study was to determine whether
using the RS-68 engines could offset the
increased development and production costs
of larger propellant tanks while continuing
to meet the height requirements of the
vehicle assembly building.
Aerospace showed that RS-68 based
vehicles could be smaller than had been
estimated by the architecture study because
Ares V designs based on the shuttle main

Lunar Transportation
Architecture
Scott Pace, former associate administrator for Program Analysis and Evaluation at NASA, congratulates Bob Bitten on receiving the Cost Estimator of
the Year Award.

its interior. The MESSENGER mission
launched in 2004 is on its seven-year journey to orbit and map the planet Mercury.
The Phoenix lander—launched in 2007
and successfully landed on the Mars North
Pole on May 25, 2008—has embarked on
the mission to determine whether Mars has
ever harbored water.

Future Space Telescope Mission

Aerospace also supports NASA’s Science
Mission Directorate early in the design
cycle to assess whether missions can achieve
their technical and programmatic goals.
For example, commissioned by NASA in
November 2007, Aerospace in eight weeks
completed a technical and cost analysis of
several notional approaches to implement
future medium-class space telescope missions capable of performing a broad array
of science investigations, from extragalactic

Aerospace supports Constellation program
confidence-level estimates and risk analysis
efforts for the lunar program elements—
including the Altair (lunar lander) project,
mission operations, ground operations, and
extravehicular activity project. An important
aspect of the confidence-level estimate is
the identification of areas that pose a high
risk to the program in terms of technical
challenges and/or cost and schedule overrun. Aerospace has assisted NASA with the
identification of major risk drivers and communicated them to the project and program
managers.
Aerospace also developed cost and risk
assessments of several cargo launch vehicle
(Ares-V) and lunar lander (Altair) configurations. The assessments were commissioned by NASA Exploration Systems Mission Directorate to provide an independent
assessment of the expected cost and associated risks of these systems. These results
will be used by NASA to validate internal
assessments which are being used as part of
the lunar campaign design process.

Courtesy of NASA/MSFC

The NASA Cost Estimating Team Award went to
the Constellation Cost Confidence Team in July
2007, which included Aerospace members Inki
Min, Marcus Lobbia, and Torrey Radcliffe. This
team has led the way in advancing the state
of the art, educating the program and project management and financial management
communities, and integrating confidence-level
estimating into the existing agency program
planning and budgeting processes.

surveys to searches for exoplanets. This
exercise was developed as part of an effort
to improve early cost estimation for space
missions.
Aerospace performed a technical concept
validation and developed cost estimates
for mission concepts, based on instrument
complexity and basic system parameters
such as size, weight, data rate, and data
storage. Concepts ranged from 1–2 meter
aperture sizes, with operations in the near
infrared and visible region. A multidisciplinary team assessed technical design and
representative cost and schedule, and identified, in particular, the cost drivers and payload differentiators. The science instruments
require resources that define the instrument
in terms of mass, power, data rate, and
pointing control, as well as orbit requirements that, in turn, allow the resources of
the spacecraft to be determined. The cost
analysis highlighted the cost sensitivity to
focal plane and aperture differences (also
called collecting area whereby diameter is
measured in meters) and other key optical
parameters.
The results of the analyses provided
NASA with an objective comparison for
validating and scaling information to match
technical content with budgetary resources.
NASA commended Aerospace for the
“thoroughness and comprehensiveness of
the study in such a short turnaround time.”

A concept image shows the Ares V cargo launch vehicle. The envisaged heavy-lifting Ares V will be NASA’s
primary vessel for safe, reliable delivery of large-scale hardware to space. This includes the Altair lunar lander,
materials for establishing a permanent moon base, and the vehicles and hardware needed to extend a
human presence beyond Earth orbit.
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has already affected program direction several times and is being used to assist with
budget planning. This capability, in conjunction with the other tools and analyses
described in this article, allows Aerospace
to provide strategic guidance and decision
support at the highest levels of NASA’s
management.

NASA Engineering and Safety Center

NESC performs in-depth independent assessments of NASA’s most
difficult technical problems. The organization has technical discipline
teams in many space system functional areas, including mechanical
systems, electrical power, and software, among others. It has performed
numerous ad hoc analytical and experimental investigations for NASA
projects.
The Aerospace Corporation has been a trusted partner of NESC since
its inception. NESC’s commitment to excellence and impartiality parallels
that of Aerospace, making for a natural and sustaining partnership. The
following contributions are among the more than 35 made by Aerospace in a wide range of areas.
• Performed an independent assessment on a portion of the shuttle’s
external tank Thermal Protection System foam that remained
unchanged after post-Columbia design modifications (deemed

• Contributed to a nondestructive evaluation of composite overwrapped pressure vessels and Thermal Protection System foam.
• Contributed to an anomaly investigation into test failures of NASA
pyrotechnic valves, including review of NASA test data and independent performance modeling.
• Integrated data from NASA, DOD, and industry to recommended
approaches to optimize the nation’s rocket test facilities for the Constellation program’s mission to the moon and eventually Mars.
• Provided assessment of recurring anomalies on the space shuttle
and the International Space Station.

For their significant contributions to the latter two studies conducted by
NASA-wide teams, Aerospace participants have received NESC Group
Achievement Awards.
—Allan R. Cohen

mation on the progress of missions being
carried out. Earned-value management is
a specific, well-defined set of procedures
used in program control to track expenditures and their relationship to the amount
of work that has been accomplished. The
earned-value data (the budgeted cost of
work actually completed) provided by a
project may be used to predict its estimate

at completion, or expected total cost. A
number of performance indices are used—
cost performance, schedule performance,
and schedule cost—which vary over time
and can provide significantly different
results.
Aerospace’s cost-risk methodology for
earned-value management uses these different performance indices to calculate the

Earned-Value Management

Aerospace uses earned-value management
to provide NASA with important infor28 • Crosslink Winter 2008/2009

The Mars Science Laboratory (MSL) will carry a laser for vaporizing a thin layer from the surface of a rock and
analyzing the elemental composition of the underlying materials. MSL will be able to collect rock and soil
samples and distribute them to onboard test chambers for chemical analysis. It’s designed to have a suite of
scientific instruments for identifying organic compounds such as proteins, amino acids, and other acids and
bases that attach themselves to carbon backbones and are essential to life.

• Developed guidelines for "Design Development Test and Evaluation (DDT&E) Considerations for Robust and Reliable Human Rated
Spacecraft Systems," commissioned by the Astronaut Office at
NASA Johnson Space Center.

Courtesy of NASA/JPL-Caltech/University of Arizona

engine had used relatively inefficient trajectories to reduce the number of engines
expended. The analysis leveraged the higher
thrust of the RS-68 to increase the efficiency of the ascent trajectory, thereby
offsetting the higher specific impulse of the
space shuttle main engine. Aerospace also
found that the cost of increasing the vehicle tank size was not as high as had been
assumed, and that the cost savings from
entirely eliminating the main engine infrastructure were substantial.
After independently verifying these findings, NASA chose to use the RS-68 for the
Ares V, canceled its procurement of new
space shuttle main engines, and began the
process of shutting down the main engine
production line. In a letter of commendation to the Aerospace team, NASA wrote
that Aerospace efforts “provided NASA the
rare opportunity to both increase performance and decrease costs.” NASA estimates
that the switch to the RS-68 will save from
$3 billion to $6 billion through 2016, and
additional savings of hundreds of millions
of dollars per lunar mission are expected.

"use-as-is"). Determined that it could not be certified to NASA
requirements. A piece of this foam subsequently dislodged on the
next shuttle mission.

Courtesy of NASA/JPL

One of the recommendations of the Columbia Accident Investigation
Board was that NASA establish a technologically strong, objective
organization whose goal was to reduce the likelihood of recurrence of
such failures through independent assessment of technical risks. To meet
this objective, the NASA Engineering and Safety Center (NESC) was
established in July 2003 as a distributed organization with headquarters
at NASA Langley Research Center in Hampton, Virginia, and members
at each NASA center. It is funded by the Office of the Chief Engineer,
and thus not beholden to any one project or center.

This artist’s concept depicts NASA’s Mars Phoenix Lander just before its 2008 touchdown on the arctic plains
of Mars. Pulsed rocket engines control the spacecraft’s speed during the final seconds of descent.

corresponding estimates at completion for
each work breakdown structure (WBS)
element cost to develop a total system estimate at completion cost distribution. The
WBS is a list of everything that has to be
paid for to bring a system to its full operational capability. The Aerospace process also
uses the earned-value management data
to perform an earned-schedule assessment
to predict the schedule at completion. This
includes a Monte Carlo simulation of the
schedule and a probability assessment of the
launch readiness date for a system.
Aerospace has been using this methodology to support the NASA Mars Exploration program office since 2007 to provide
continual insight into the development of
the Mars Science Laboratory (MSL) elements. These analyses have provided NASA
with the ability to target preventative measures and recovery activities on key development and test areas.
MSL is a rover that will assess whether
Mars ever was, or is still today, an environment able to support microbial life. MSL
will travel farther, carry more instruments,
and sample more rocks and soil than its
predecessors. (See the back page of this
Crosslink for more on MSL.)

Strategic “Sand Chart” Analysis

Aerospace research into the reasons for
NASA cost and schedule growth led to the
development of the Strategic Scenario and
Contingency Modeling capability, referred
to at NASA as the “Sand Chart” tool. Aerospace developed this capability to support

NASA in strategic planning and program
portfolio analysis.
Starting with a program architecture
(defined as a portfolio of either loosely or
tightly coupled projects) and an available
program funding wedge, the Sand Chart
tool inputs probabilistic cost risk assessments for each of the program’s elements or
projects and simulates the dynamics of the
interaction of the cost and schedule growth
for project elements. Real cost and schedule
overrun data from NASA projects and the
interrelationships of these projects are used
to inform the model algorithms.
This top-level risk and sensitivity framework complements traditional budget risk
analysis, which typically only captures risks
owing to cost model and input uncertainties, not discrete outside influences. Such
influences can have more dramatic impacts
on programs. This capability has given
NASA a better understanding of the primary internal and external influences on its
programs for the next several decades. The
analytic framework includes future planned
decision points and a range of unplanned
events and provides for comparing architecture alternatives to support strategic decisions. The result is a program schedule and
program plan laid out against the budget
that is robust (and achievable) to a range of
likely “what-if?” scenarios.
NASA applies this process to many areas, such as how soon the first lunar landing
will take place and how many science missions can be flown by a certain date within
the expected budget. Moreover, the analysis
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Early Space Environment Research

Aerospace first began conducting space environment satellite
investigations in 1961. The research programs at this time were
broadly focused on three areas: energetic space radiation, the upper atmosphere, and the active sun. The goal was to understand the
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A spectrogram showing the evolution of relativistic electron fluxes, a dominant
component of the space radiation environment, as seen by the NASA/SAMPEX
satellite throughout more than an eleven-year solar cycle. The vertical axis is magnetic latitude and is expressed in terms of L value, L being the equatorial crossing
of a magnetic field line measured in Earth radii. The color scale, covering more

pace assets need protection from the space environment,
which can present numerous hazards. Best known is the
degraded performance of electronics caused by the effects
of long-term exposure to radiation—but lesser-known effects can
also cause profound consequences. Some of these effects are caused
by particles energetic enough to penetrate vehicle shielding, while
others are rooted in the presence of less-energetic charged particles.
For example, electrostatic charging and discharge phenomena cause
problems on spacecraft, and ionospheric variability causes problems
with the propagation of radio signals in space. In low Earth orbit,
further difficulties stem from the neutral gas environment, including variable drag and materials degradation caused by the presence
of reactive gas species.
Current methods to mitigate space environment effects, however,
generally do not lead to optimal spacecraft designs. These methods
encompass a variety of approaches, including specialized design
requirements and practices, testing regimens, and monitoring and
modeling the environment itself. Central to all of these approaches
is the need for understanding the space environment and the conditions it is capable of presenting.
Research and other activity at The Aerospace Corporation directly addresses this need. Space is vast, and the environment is
both highly structured and extremely variable on a wide range of
time and distance scales. Its full range of behavior has not been
explored with any degree of rigor. The work at Aerospace plays an
integral role in the effort to understand this environment and its effects on space systems and apply that knowledge to important civil
and national security space programs.

Electron flux (/cm2-s-sr)

Understanding the space environment and its effects on space systems
has been an important endeavor for The Aerospace Corporation
throughout its history. Leveraging the civil investment in space science
has become a vital strategy for continued progress.

6
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Leveraging the Civil Investment
in Space Science

7

little-known environment in which space systems must operate, so
research centered on making and understanding appropriate measurements of the space environment.
The high-altitude U.S. nuclear test Starfish in 1962 dramatically demonstrated that not only was it important to understand
the natural environment in which satellites were deployed, but that
artificial changes in this environment could also affect space assets. During the tests, high-energy electrons became trapped and
formed new radiation belts around Earth. The failures of several
satellites were attributed to the products of the Starfish test.
During the 1960s Aerospace provided scientific investigations
for 20 space missions, but launch vehicles failed on approximately
half of them. Nevertheless, Aerospace scientists and engineers were

The Orbiting Vehicle (OV) series of spacecraft were launched by the Air Force
beginning in 1965 to provide information on a variety of space phenomena
and spaceflight issues. These satellites were approximately 81 centimeters long
and 69 centimeters in diameter. Many of these experiments focused on understanding the space environment, and Aerospace provided instrumentation for
several of them. For example OV1-14 (pictured), launched in 1968, included
seven Aerospace experiments.

eager to fly new experiments. Space science, scientific satellite instrumentation,
and spacecraft engineering were new disciplines that held exciting challenges and an
air of discovery. For example, although the
instrumentation had antecedents in laboratory hardware, transformation to spaceflight hardware often presented significant
challenges.
In general, each scientific mission included several instruments—often both
charged-particle and plasma-wave instruments and optical instruments for observing
Earth’s upper atmosphere and the sun. Various sensors measured protons from 100 to
a few hundred electron volts and electrons
from 100 to 5 million electron volts. Heavy
ions also were measured from a few hundred thousand electron volts to tens of millions. Optical instrumentation included instruments to measure all-sky Lyman-alpha,
ultraviolet dayglow, multicolor nightglow; a
crystal spectrometer to measure solar x rays
in the 0.5–12 angstrom range; and broadband solar x-ray monitors. New Aerospace
radiation models from this era were used
to estimate the radiation environment for
a variety of orbits. Their descendants, AE8
and AP8 (“A” stands for Aerospace), are the
industry-standard models used today.
During the 1960s, the U.S. Air Force
supported almost all Aerospace missions
and instruments. A significant exception was an energetic particle instrument
included on ATS-1, a NASA spacecraft
flown in geosynchronous orbit. During the

than four orders of magnitude, indicates the intensity of the relativistic electrons.
The temporal and spatial variability of the relativistic electrons is highly variable
on several timescales. Although not visible in this figure, this variability extends to
much shorter timescales.

1970s, three factors accounted for a change
in focus for Aerospace research: electronic
components based on new technologies
were found to be much more susceptible
to radiation than their predecessors; effects
due to single particles penetrating electronic components (single-event effects)
were discovered; and deleterious effects
from spacecraft charging to kilovolt potentials were found to be commonplace. One
new major Aerospace investigation at this
time was testing devices on the ground for
single-event effects. Today, these investigations have grown increasingly important as
new technologies have been introduced into
spaceflight circuitry.

Air Force and NASA Partnership

SCATHA (Spacecraft Charging at High
Altitudes) and CRRES (Combined Release
and Radiation Effects Satellite) were two
investigations sponsored jointly by the Air
Force and NASA. Aerospace played an
integral role for these missions, which also
marked a time of growing support from the
civil space program to Aerospace’s work and
objectives in the space environment.
SCATHA—also designated P78-2
within the DOD Space Test Program—was
designed to measure the radiation environment and its effects on space systems in
geosynchronous orbit. The goals were to
characterize the conditions that caused
electrostatic charging of satellite surfaces,
measure the levels of charging that could
occur on different satellite materials, and

detect and characterize charging-induced
electrostatic discharges. The investigation
offered insight into how to control charging
of spacecraft surfaces, which in turn affected
future design criteria, materials specification, construction techniques, and testing
procedures. The overall program included
the SCATHA flight mission and a laboratory-based technology program.
Aerospace constructed science payloads
of plasma, energetic-particle, and plasmawave sensors designed to measure the elements of the space environment that cause
surface charging for SCATHA. Aerospace
also developed a suite of engineering instruments that measured the level of charging
on thermal blanket and thermal radiator
materials, the occurrence of electrostatic
discharges, the amplitude and frequency
content in the electrostatic discharges, the
contamination of sample surfaces, and the
degradation of the thermal properties of
several thermal control materials. In all,
Aerospace delivered and integrated 19 sensors and electronics boxes into the SCATHA spacecraft. Aerospace also performed
systems engineering functions and oversaw
the performance of the spacecraft fabricator
and integrator for the Air Force.
SCATHA was a jointly sponsored investigation because the charging phenomena
it was designed to understand had been
implicated in numerous anomalies experienced by several DOD, commercial, and
NASA spacecraft. The SCATHA satellite
was launched in early 1979 and operated
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Spacecraft Charging
SCATHA (Spacecraft Charging at High Altitudes) Satellite
Aerospace provided many of the sensors for this mission, which yielded the measurements
that form the basis for current understanding of electrostatic charging in space. This satellite
functioned for approximately ten years, returning comprehensive data on the space plasma
and radiation environment around geosynchronous orbit.
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An example of the charging episode experienced and measured by SCATHA. Charging of
spacecraft materials in orbit is an important environmentally caused issue, and a major goal of
the SCATHA mission was to understand this phenomenon better. The graphs show the potentials developed on the spacecraft frame relative to the local plasma in the top panel and the
potentials developed on an insulated Kapton blanket used for thermal control in the bottom
panel. The white arrows indicate the occurrence of electrostatic discharges (ESD), showing that
they happened during periods of rapidly changing potentials. This event was recorded during
a period of geomagnetic activity, which was also affected by changing solar illumination from
transiting through an eclipse period. The measurements collected by SCATHA contain many
such events that have been used to better understand charging and to help specify design
practices for spacecraft in various orbits. The measurements shown, including the detection of
the ESD events, were made by instruments conceived and constructed by Aerospace.
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Mission designers have tried to protect space systems from the effects
of radiation since the discovery of the Earth’s radiation belts by the first
U.S. satellite, Explorer 1, in 1958. Designers use models based on measurements returned by a host of missions, and Aerospace has been instrumental in developing these models. The first model developed for
electrons in the inner radiation belt, AE1, was published in 1965. The
figure above on the left shows contours of constant particle flux for
relativistic electrons having energies greater than 0.5 MeV as a function of position within the Earth’s magnetic field. Similarly, the figure
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above on the right shows contours of fluxes of protons having energies greater than 1 MeV as described by the current-generation proton model, AP8. This model, along with the corresponding model for
electrons, AE8, are today’s industry-standard models. Aerospace, along
with the Air Force Research Laboratory, has begun an effort to modernize these radiation models using new data and new understanding
to provide more accurate and useful models, which will be named AE9
and AP9. The figures immediately to the right show the empirically
derived principal components on which AE9 will be based.
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for nearly 10 years. It provided the measurements that form the basis for current spacecraft charging characterizations and the
charging-related specifications for design
and construction of spacecraft that must
survive in the near geosynchronous radiation environment. The data continue to be
actively used to gain new understanding of
the space environment and its interactions
with, and effects on, spacecraft.
The CRRES project goals were to measure the near-Earth radiation environment
and its effects on state-of-the-art microelectronics and other spacecraft components, as
well as to perform chemical releases in the
near-Earth environment. Aerospace was in
charge of systems engineering and oversight
of the program for the Air Force.
CRRES carried two suites of science
and engineering payloads and 24 chemical canisters. The science payload suites
were instruments that investigated the
radiation belts and radiation effects, called
SPACERAD, and those that supported the
chemical release program and the study of
ionospheric irregularities, called LASSII.
Aerospace served as principal investigator
on three of the SPACERAD payloads and
one of the LASSII payloads and as coinvestigator on four other science payloads with
supporting hardware responsibility. Those
experiments measured the radiation-belt
electrons, relativistic protons, magnetospheric ion composition, heavy ions, and
plasma waves.
CRRES was launched into a geosynchronous transfer orbit in 1990. It was the first
major science mission to the outer Van Allen radiation belt in a decade. The CRRES
mission completed the chemical release
program and garnered an unparalleled set of
measurements in Earth’s radiation belts. The
observations and measurements gleaned
from this mission are the cornerstone of
current understanding of the radiation belts
and their impact on space systems. The data
are still being mined today to develop nextgeneration radiation-belt models.

Space Science Experiments Under Development

Aerospace has several instruments under development for flight on
NASA space sciences missions. This figure depicts one of eight magnetic
electron ion spectrometers being built for the Radiation Belt Storm
Probes (RBSP) mission to be launched in 2011. These instruments will
measure fluxes of energetic electrons and ions on the two RBSP spacecraft to provide better understanding of how the radiation belts respond
to geomagnetic activity. The measurements will be used to improve
radiation models and to study the particles that cause internal charging.

This figure shows the Relativistic Proton Spectrometer (RPS). Two copies
of this instrument are being built at the request of the National Reconnaissance Office for flight on the RBSP spacecraft. The RPS will measure
the fluxes of relativistic protons that cause radiation damage and cause
single-event effects in microcircuits.

The Growing Role of Civil Space

The SCATHA and CRRES experiments
demonstrated the benefits of participating
in civil space missions. Pooling resources
proved beneficial to increasing the quantity,
breadth, and frequency of measurements.
The scientific and technical findings were
valuable to both national security and civil
space programs, as they were facing similar
problems in the space environment.
The number of DOD flights carrying space environment sensors declined
in the 1980s, but NASA continued to be

An illustration of the fly’s eye energetic particles sensor being developed
for NASA’s magnetospheric multiscale (MMS) mission. Eight such sensors
will fly on MMS’s four satellites in 2014. They will probe how charged particles are energized by a fundamental physical process called magnetic
reconnection.
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interested in space science and pursued
progress in the field. Although the number
of NASA missions flown was not large,
they were well planned and incorporated
comprehensive sensor suites designed to
make large strides in scientific understanding. Top researchers from a variety of institutions (including Aerospace) were involved
in these missions, as they are today. The results elevated this work from gathering data
and developing simple models to establishing the field as a true science discipline in
which understanding begins at the sun and
stretches to Earth. Many cause-and-effect
relationships in the space environment have
now been quantified, and physical models
have become ever more quantitative and
insightful over the years.
During the 1980s and 1990s, Aerospace increasingly looked to the civil space
program to improve its understanding of
the space environment. It was clear that a
sustained course with multiple investigations was necessary. The space environment
had exhibited a wide range of behavior as
a function of many parameters, including
solar and geomagnetic activity, time, and
position in space. There was also growing
recognition that several components of the
space environment posed significant risks to
space systems. The sum of these realizations
was that understanding the space environment was a large task, and that significant
research efforts were still required. The data
at hand were inadequate, and more measurements and analyses were needed. However, the resources needed to make progress
were not available within the DOD, so
Aerospace pursued opportunities within the
civil space program with vigor.

Polar and SAMPEX Missions

Aerospace participated in NASA missions during the 1980s and 1990s, and
two notable projects were the Polar and
SAMPEX missions. Polar was part of a
larger effort to gain understanding of the
solar-terrestrial environment as a connected
physical system through which energy and
matter flow. Polar focused primarily on the
high-latitude magnetosphere, which is a
crossroads through which much of the variability of the space environment acts. It was
thus natural for Aerospace to participate, so
the corporation constructed instrumentation and analyzed the returned data. Polar
was launched in 1996 and returned useful
data for more than 12 years. Much has been
learned about the space environment as a
result, and Aerospace hardware produced
key insights about how charged particles are
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energized and transported throughout the
magnetosphere.
SAMPEX was the first of NASA’s
reinvigorated line of Small Explorers,
designed as a new way to conduct space
investigations with greater emphasis on
focused science objectives and an expanded
role for non-NASA project management. SAMPEX was designed to measure
fluxes of energetic charged particles in the
magnetosphere, with an emphasis on the
populations that cause single-event effects. The University of Maryland led the
mission, and Aerospace built some of the
hardware, assisted with engineering the
instrumentation, and analyzed the measurements. The mission was launched in 1992
and is still providing useful measurements.
The SAMPEX team made many discoveries, and its long history of measurements
provides a vivid illustration of extreme variability in the space environment.

Evolution of the Business Model
for Space Environment Work

The Aerospace business model for understanding the space environment has evolved
since the 1960s. The goal is still to provide
the understanding necessary to conduct the
national security space mission effectively
and reliably. Ongoing research and measurements of the space environment are
necessary to grapple with its complexities.
Changes in technology and design practice
have produced new vulnerabilities that require new knowledge of the space environment. Aerospace has developed a diversified
approach to acquiring this knowledge, and
the civil space program plays an important
role.
Much of the needed progress requires
new observations of the space environment,
so a large amount of activity focuses on
obtaining appropriate measurements. Researchers specify which measurements are
needed and devise systems to obtain them.
This work involves design and construction
of instruments and finding ways to fly them
in appropriate places. Once the measurements are obtained, the data are analyzed,
cast into physical models, and new theory
is developed. These activities mesh well
with those of the civil space program, and
Aerospace is able to apply these investments so that all of its customers benefit
from new gains in understanding the space
environment.
For example, measurements from Polar
and other spacecraft have been incorporated into a model of the charged particle
environment tailored for GPS orbits.

 easurements from SCATHA have been
M
reanalyzed to provide a better understanding of electrostatic charging in space.
Theory developed under NASA funding
has been used to understand the evolution
of the radiation belts. Research into the dynamics of the magnetosphere funded by the
National Science Foundation has been used
to understand the behavior of some portions of the energetic particle environment.

Current Projects

New missions to gather needed data are
the keystones for progress in the space environment, and Aerospace actively pursues
opportunities for flights. This pursuit has
led to involvement in several current NASA
missions.
An especially well-placed mission is
the Radiation Belt Storm Probes (RBSP),
which will use two spacecraft with identical
instruments to explore the dynamics of the
radiation belts under extreme conditions.
Aerospace participates in a consortium of
research institutions that will provide a
suite of instruments to measure the energetic particle environment. This contract
was awarded through NASA’s competitive
acquisition process, and Aerospace has been
funded to provide several instruments and
data analysis support for the flights. In addition, NASA was asked by the National
Reconnaissance Office (NRO) to host
a pair of sensors to measure relativistic
protons. NASA agreed, and the NRO has
tasked Aerospace to provide the hardware
for this project. Thus, the RBSP mission is
another partnership between NASA and
national security space, and Aerospace is involved on both sides of the partnership.
Another current project is NASA’s
Magnetospheric Multiscale mission, which
will send four spacecraft to regions in the
magnetosphere where a phenomenon
called magnetic reconnection occurs. This
phenomenon is responsible for energizing
charged particles, both directly and indirectly, and the spacecraft will probe its fundamental physics. Aerospace will produce
one of the components of the energetic
charged particles instrumentation. This basic research will help improve understanding of how charged particles are energized
and transported in the space environment.
Aerospace also participates in smaller
endeavors through the civil space program.
Suborbital missions carried by sounding
rockets allow detailed probes of precisely
targeted phenomena, such as the aurora.
These missions enable rapid turnaround
and testing of new technologies and

The Paired Ionosphere-Thermosphere Orbiters (PITO) mission was conceived by
Aerospace as a way to address several research goals within the ionospherethermosphere (I-T) system. This system resides above Earth’s sensible atmosphere
and spans the altitude range of approximately 100–2000 kilometers. It contains
a mixture of charged (i.e., plasma) and neutral gases and its variable behavior
governs propagation of radio signals between space and Earth, drag forces on low
Earth orbiters (LEO), and degradation of spacecraft materials from the impingement of atomic oxygen. The PITO concept involves two identical spacecraft in LEO

instruments. Other civil projects include
ground-based monitors, advanced data
analysis, and development of models and
theory.

Conclusion

Aerospace’s scientific participation in civil
space activities leverages efforts to better
understand the space environment and
protect national space assets. The goal is
to apply knowledge of the environment to
national security and civil space missions to
improve their reliability and effectiveness.
New space environment measurements and
their scientific interpretation are used to advance this goal, and participation in the civil
space program is an essential component of
Aerospace’s strategy.
One of the drawbacks of reliance on the
civil space program is that the targets of
interest are not always well aligned with
the needs of national security space. An
example is the ionosphere-thermosphere
(I-T) system, which is the region below
about 2000 km altitude. The environment in
this region exhibits a range of behavior that
impacts national security space systems by
affecting radiowave propagation and drag.
However, I-T research has received low

that provide insitu sampling and remote imaging of the I-T system. The figure on
the left shows the eccentric, high-inclination orbits used for PITO, and that the
satellites are phased such that one vehicle is at apogee (PITO-1) while the other
(PITO-2) is at perigee. PITO-1 images the region being sampled by PITO-2; half an
orbit later, the opposite happens. Aerospace has performed a feasibility study of
the PITO mission. The resulting spacecraft design is depicted in the figure on the
right. The study showed that the mission is feasible within a budget that is consistent with NASA’s Medium Explorer (MIDEX) missions.

priority within NASA, so it has progressed
slowly.
One way to address this problem is the
way it was done in the early days—fly a
new mission. Aerospace has conceived a
mission involving two satellites called the
Paired Ionosphere-Thermosphere Orbiters
(PITO). PITO was designed to resolve important outstanding issues in I-T research,
and a recent study concluded that it is quite
feasible and can be performed with modest
resources. In the past, Aerospace has taken
the lead in uncovering many aspects of the
space environment and its effects on space
systems. The examples cited above, especially SCATHA and CRRES, show that
Aerospace has the capability to handle and
manage mission-sized efforts in this realm.
Marshalling these strengths to lead a space
environment mission like PITO provides
an opportunity for Aerospace to serve its
customers through leadership.
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A Vacation in Space:
The Aerospace Corporation’s
Support of Spaceport Development
The Aerospace Corporation has been
assisting individual states as they develop
plans for spaceports. Aerospace also has
been working with the Federal Aviation
Administration on issues related to the
emerging field of space tourism.
Glenn Law

“Flight at Dawn,” a conceptual image of Spaceport America. Design by URS/Foster + Partners.
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ith several generations of fascinating science fiction books and movies as part of our
cultural foundation, it is not surprising that
many ask, “Where do I buy a ticket for a ride to space,
and what week do I set aside for my space vacation?”
The industry that will make this possible is primarily
concerned with four issues: the size and composition
of its market (its source of revenue); the safety and reliability of its vehicles; the timing, type, and amount of
government regulation; and the availability and cost
of investment funds. The challenge is that all of these
issues must be worked in unison to create a viable
industry.
The market for high-volume commercial space is
focused on suborbital and orbital space tourism. A
continuous stream of market studies, and now advanced
ticket sales, project a viable demand for space tourism.
Other markets can complement space tourism, such
as zero-g experiments, technology development, and
entertainment. The most recently publicized entertainment concept is that of a rocket-racing league.
Designer Burt Rutan, his company Scaled Composites, and its investors won the Ansari X Prize of $10
million with the White Knight and SpaceShipOne
vehicles October 4, 2004. That historic event, followed
by Richard Branson’s investment through Virgin Galactic in a follow-on vehicle, can be considered the most
significant harbinger of a safe and reliable commercial
space tourism transportation system to date. There are
several other entrepreneurs advancing their systems as
well.
The regulatory environment for commercial human spaceflight is under development by the Federal
Aviation Administration (FAA) Office of Commercial
Space Transportation. The Aerospace Corporation,
along with two prestigious academic organizations,
recently completed a congressionally mandated study
through the FAA on key issues associated with regulating this emerging industry. Of concern is establishing
the appropriate balance between the safety of the uninvolved public, the opportunity for the public to partake
in potentially dangerous activities, and the freedom
needed by this nascent industry to make development
possible.
It is a foregone conclusion that at some point, the
past half century of technology and experience associated with government spaceflight (both human and
robotic), along with the ingenuity, creativity, and persistence of entrepreneurs, will offer the public the opportunity to safely and reliably experience space. The key
question is, “When?” Besides the magnificent machines
that will provide the transportation, the infrastructure
to support a commercial enterprise must be in place to
pace the expansion of this emerging industry. That is
where spaceport development becomes critical.
Dictionaries provide a much more comprehensive
definition of an “airport” than they do a “spaceport.”
And it is no wonder. For the last decade, enthusiasts,
investors, and developers have been trying to figure out
just what ground facilities will be needed when commercial spaceflight becomes a reality.
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The Rise of Spaceports

During the mid-1990s, NASA and Lockheed Martin began developing a test vehicle
called the X-33 that was designed to be a
precursor to the VentureStar fully reusable
single-stage-to-orbit launch vehicle. In
response to the X-33 program and the potentially lucrative VentureStar, many states
began developing proposals for spaceports.
Many of these spaceport plans did not go
beyond the proposal stage, but a few were
able to continue—even after the X-33 program was canceled in 2001 because of technology difficulties and cost overruns.
While various states were beginning to
develop plans for spaceports to support the
VentureStar program, interest was growing
among many small companies to develop
the space tourism market, beginning with
short flights to the edge of space. The idea
gained credibility in 1996 with the issuance of the $10 million X Prize. The X
Prize was modeled after the Orteig Prize of
the 1920s that offered $25,000 to the first
person to fly nonstop between New York
and Paris. Charles Lindbergh in his aircraft
The Spirit of St. Louis won that prize, and
helped bolster interest in commercial air
travel. The conditions of the X Prize cup
were to launch a three-passenger vehicle,
twice within two weeks, to an altitude of 60
kilometers (328,000 feet), which is generally
considered the boundary of space.
A suborbital vehicle named SpaceShipOne, developed by Scaled Composites,
flew its second flight to 60 kilometers, and
won the $10 million X Prize October 4,
2004. Soon after, Scaled Composites announced a joint venture with Richard Branson to develop a follow-on vehicle named
SpaceShipTwo to carry up to nine paying
customers to space. The new venture was
named Virgin Galactic, and would need a
spaceport from which to operate.
In addition to the X Prize, multiple space
tourism market studies also enhanced interest in this emerging sector. One such study
was conducted by Futron Corporation,
which forecast that space tourism could
generate $700 million annually by the year
2021. An update to this study showed that
demand was increasing, and that as many as
25,000 American passengers per year would
generate more than $1 billion annually. Futron also predicted that the price of a suborbital flight would drop from the current
$200,000 to around $50,000. The analysis
included only American passengers, and the
global market is expected to be even larger.
In pursuit of winning the X Prize (as
well as capturing the space tourism market),
a large number of companies began devel38 • Crosslink Winter 2008/2009

oping suborbital vehicles. In 2002, Aerospace was contracted by the Department of
Commerce to survey and characterize the
suborbital reusable launch vehicles in development, and to identify current and emerging suborbital market opportunities. The
survey was the most extensive at the time,
and Aerospace contacted more than 20
companies that were in the process of developing suborbital vehicles. The final report
produced by Aerospace, titled “Suborbital
Reusable Launch Vehicles and Applicable
Markets,” was published by the Department
of Commerce in October 2002.

Texas Aerospace Commission

Many states were vying to construct the
launch site for the VentureStar vehicle during the height of its program development.
Texas set up the Texas Aerospace Commission to pursue a spaceport in its state. The
commission contracted with Aerospace in
1998 to conduct an assessment of 10 candidate sites, and to determine the technical
viability and potential competitiveness of
each of the sites. During a three-month effort, Aerospace conducted site visits to each
of the 10 sites, and evaluated the viability
for reusable launch vehicle operations.
The evaluation included an objective
analysis of each site’s capability of achieving the desired mission orbits, an analysis
of the flight mission profiles and flight risks
to the general population, an assessment of
ascent and reentry operability (including
consideration of environmental factors), an
assessment of spaceport licensing considerations, and a comparison to other existing
and planned U.S. spaceports. Aerospace
produced a ranking of the 10 sites and delivered the results to the Texas Aerospace
Commission. Aerospace also briefed the

representatives of each of the 10 sites on the
results and the rankings.
Interest in the Texas legislature for the
development of a Texas spaceport waned
with the cancellation of the VentureStar
program, and many of the sites discontinued their planning activities.

The Oklahoma Spaceport

Oklahoma is another state that showed
great interest in the VentureStar program.
The state established the Oklahoma Space
Industry Development Authority (OSIDA)
for oversight, and focused on developing
its spaceport at the Clinton-Sherman Industrial Airpark in Burns Flat, Oklahoma,
approximately 100 miles west of Oklahoma
City. The site was originally the ClintonSherman Airbase, and was built to accommodate B-52 bombers loaded with nuclear
bombs during the 1950s and 1960s. The
base has a 13,500-foot long, 300-foot wide
runway. Oklahoma considered the ClintonSherman Industrial Airpark an ideal location for the VentureStar program.
In an effort to expand the use of the
Oklahoma Spaceport into the emerging
suborbital space tourism marketplace, the
Oklahoma legislature also passed SB 55,
which authorized the state to award $15
million in transferable tax credits to a qualifying company proposing to build a space
plane. The conditions of the bill required
that the company have $10 million in initial
capital, would create at least 30 jobs, would
locate its headquarters in Oklahoma, and
could build a space plane.
As with Texas, the cancellation of the
VentureStar program had an impact on
plans for the Oklahoma Spaceport. Oklahoma, however, chose to continue the development of its spaceport and focus on the
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emerging suborbital space tourism market.
In 2003, the state awarded the transferable
tax credits from SB 55 to Rocketplane (now
Rocketplane Kistler), one of the entrants
to the X Prize. Rocketplane fulfilled the
commitment of locating its headquarters in
Oklahoma and became the first client of the
soon-to-be Oklahoma Spaceport.
The first step in developing a spaceport is
to apply to the FAA for a space launch site
operator’s license, which Oklahoma did in
2003. Since OSIDA was a small organization, it began looking for outside support
in developing its spaceport license. OSIDA
selected Aerospace for this task, and from
2003 to 2005, Aerospace developed the
appropriate documentation for the license.
Title 14, Chapter 3, Part 420 of the Code
of Federal Regulations outlines in detail the
FAA’s requirements for a launch site operator license, which include: launch risk analysis, site hazard analysis, explosive site plans,
security and access control procedures, FAA
and Coast Guard agreements if applicable,
lightning protection, accident investigation
plans, and emergency response plans.
Aerospace delivered to OSIDA seven
final reports outlining these requirements
in July 2005, and the documents were then
submitted to the FAA as part of the state’s
license application. After extensive review
by the FAA, the Oklahoma Spaceport was
granted its operator’s license in June 2006.
The operational capability of the Oklahoma Spaceport continues to develop, and
the state has requested further assistance
from Aerospace. In 2006, Aerospace developed requirements and preliminary layouts
for the establishment of an operations center for the spaceport. Aerospace delivered its
final report on this task in November 2006.
A follow-on task has been requested, and
will consist of much more detailed specifications for an operations center for the
spaceport and will include the development
of equipment, software, and supporting infrastructure specifications.
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This map of the United States depicts locations identified by individual states for the development of spaceports. In the future, tourists may be able to travel to various space-vacation destinations from these sites.

Meanwhile, the New Mexico Spaceport
Authority was created to develop a spaceport near Upham, New Mexico, approximately 45 miles north of Las Cruces and 30
miles east of Truth or Consequences. This
location is along the western boundary of
the White Sands Missile Range, and will
benefit from the controlled airspace around
the missile range. The proposed spaceport
will encompass a 27 square mile site, and
will include a 13,000 foot runway.

Aerospace Supports the FAA Office of Commercial Space
Transportation
Since 1992, Aerospace has provided technical support to the FAA Office of Commercial
Space Transportation, whose mission is to ensure protection of the public, property, national
security, and foreign policy interests of the United States during launches and reentries of
commercial spacecraft. The office also encourages, facilitates, and promotes U.S. commercial space transportation.
Aerospace has performed nearly 40 technical tasks under FAA sponsorship in many areas
related to commercial spaceflight. Examples include a study of radio-frequency blackout
caused by plasma shields surrounding reentering space vehicles; an assessment of triggered
lightning strikes on reusable launch vehicles at inland spaceports; an evaluation of the U.S.
liability risk-sharing environment for commercial spaceflight; a study of space-based navigation systems for application to expendable launch vehicles and reusable launch vehicles;
development of a simplified methodology for calculating casualty expectations resulting
from aerothermal structural demise of reentering spacecraft; and several analytical studies
evaluating risks to the uninvolved public for various launches and reentries at a number of
potential spaceport locations.
Another area of support to the FAA was mandated by the Commercial Space Launch
Amendments Act of 2004 (Public Law 108-492). This legislation required that FAA sponsor an independent study by a nonprofit entity to evaluate eight technical and policy issues
relevant to the safety of commercial human spaceflight. Aerospace was selected to lead this
study, supported by researchers from George Washington University and MIT. The study
report was submitted to Congress in December 2008.
Aerospace’s participation in these efforts offers its Air Force customer insight at the working level into these processes, requirements, and status of FAA plans and assessments as it
regulates commercial launch activities and ranges. The FAA and the U.S. Air Force have
also signed a memorandum of agreement coordinating their activities.
— Bob Seibold

New Mexico Governor Bill Richardson
announced an agreement with Richard
Branson and Virgin Galactic in December 2005, in which Virgin Galactic would
be the first permanent tenant of the New
Mexico spaceport. The following year, a
partnership between New Mexico and
Virgin Galactic was announced to develop
and build the spaceport, which was officially
named Spaceport America. New Mexico
planned to fund the $225 million development of its spaceport with $100 million
from the state’s budget and the remaining
$125 million with tax severance bonds
voted on by the residents of the three counties surrounding the spaceport location.
Two of the three counties passed the tax
measure in 2007 and 2008.
In 2007, the development of Spaceport
America began with an award to a team of
U.S. and British companies to design the
primary terminal and hangar facility. The
100,000 square-foot facility is projected to

cost approximately $31 million, and will
include the operating facilities for Virgin
Galactic, headquarters for the New Mexico
Spaceport Authority, and a visitors center.
Construction of the spaceport is scheduled
to begin in late 2008, with completion
planned for late 2009 or early 2010.
With such a short development schedule for its spaceport, New Mexico needed
to design, develop, and implement an
operational methodology that addresses
staffing, policies, procedures, tools, training,
and equipment to support full operations.
The New Mexico Spaceport Authority in
turn contracted with Aerospace for input
into developing this top-level operations
plan. The plan will contain the steps necessary to achieve operational readiness
and a timeline of those steps, identifying
their approximate initiation, duration, and
sequencing. Aerospace’s first task was to
develop a preliminary plan to establish the
necessary functional capability to support
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Signal Enhancement for
the Human Voice
Scientists at The Aerospace Corporation routinely use signal analysis to study satellite
data of the space environment. The techniques applied to study these sounds from
space have also proven beneficial to law enforcement efforts to decipher voices.
Tamitha L. Skov and James L. Roeder

Courtesy of Rocketplane Kistler

An artist’s concept of a Rocketplane berthing with the International Space Station.
The image depicts one of many ideas for a fully reusable space transportation

the operations of Spaceport America. The
New Mexico Spaceport Authority has also
expressed interest in developing a task order
agreement with Aerospace in support of the
state’s development of Spaceport America,
and support in developing the application
for the FAA launch site operator’s license.

The Future of Spaceports

Though the current focus for spaceports
is capturing the commercial suborbital
market, most believe that the future market
is for commercial orbital trips by paying
customers. Bigelow Aerospace in Las Vegas,
Nevada, is developing one possible destination. Founded by Robert Bigelow, owner
of the Budget Suites of America hotels,
Bigelow Aerospace is developing commercial orbital complexes, or “space hotels,” as a
destination for paying customers. Bigelow
Aerospace has already launched two test
modules for its space hotel. Genesis 1 was
launched in July 2006, and Genesis 2 was
launched in June 2007. Both are one-third
scale test modules for the final version of
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system. Innovative approaches to designing, building, and operating the systems
are cropping up in the United States and elsewhere.

the Bigelow space hotel. The next module,
Sundancer, will be an expandable habitat
module that will have the capability to accommodate human visitors, with launch
anticipated for 2010.
With the development of its space hotel
progressing, Bigelow will require a company
to provide the launch services to deliver the
visitors to orbit and return them to Earth.
To speed up the development of such a
vehicle, Bigelow Aerospace has developed
its own $50 million prize, similar to the X
Prize, called “America’s Space Prize.”
The prize will go to whoever can build a
vehicle capable of taking at least five people
to an altitude of 400 kilometers, complete
two orbits, and repeat the mission within
60 days. While the first flight need only
demonstrate the ability to carry five crew
members to the stated height, the winner
must take at least five people up on the
second flight.
With the suborbital and orbital markets
beckoning, there are many spaceports
vying to be the Earth departure location.

Not only are American states showing
interest, the United Arab Emirates, Singapore, and Sweden, among others, are beginning to develop spaceports to compete in
this emerging global marketplace.
Further Reading
“Analysis of Human Space Flight Safety” (Report to Congress, November 2008). Prepared
by The Aerospace Corporation, El Segundo,
CA, for the FAA. http://www.faa.gov/about/office_org/headquarters_offices/ast/ (as of January,
2009).
“Suborbital Reusable Launch Vehicles and Applicable Markets” (Department of Commerce,
October, 2002). http://www.space.commerce.
gov/library/reports/ (as of August, 2008).

S

ince 1966, Aerospace has analyzed audio-frequency radio
signals in the 1 to 20 kilohertz (kHz) range from scientific
payloads on Air Force and NASA spacecraft. The primary
focus of such analyses has been to study electromagnetic signals
generated by charged particles in space to better understand the
radiation environment in Earth’s magnetosphere and ionosphere,
where charged particles abound.
Aerospace has recently been applying these techniques to analyze and enhance audio recordings for various law-enforcement
agencies across the United States. In most cases, the task is to improve the intelligibility of recorded voices that have been shrouded
in various types of noise. This work is done for the National Law
Enforcement and Corrections Technology Center, which Aerospace operates under contract to the National Institute of Justice.
Since 1996, tapes from more than 500 cases have been processed
for all local police departments and most of the state and federal
law-enforcement agencies. Aerospace employees have testified in
court as expert witnesses in such high-profile cases as those of Michael Jackson, Jon Benet Ramsey, and most recently Elio Carrion,
the U.S. Air Force senior airman shot by a San Bernardino, California, sheriff deputy.
Specific characteristics of audio speech recordings must be taken
into consideration when tailoring audio processing algorithms to
support the needs of the audio forensics analyst. These include the
character of speech signal and how the vocal tract generates it, the
physiology of how the sound is perceived by the listener’s ear and
brain (known as “psychoacoustics”), and the environment in which
the recording is made. The latter characteristics can include a great
variety of ambient noise sources, including wind, other voices,
nearby vehicles, music, and electromagnetic interference. All of
these subtle (and not so subtle) aspects of the audio forensics
analyst’s duties are reviewed in the following sections.

Sounds from Space

The physics of collisionless plasma waves is one area in which
Aerospace studies “sounds from space.” An example of such a phenomenon occurs when lightning strikes and generates what are
called “whistler” waves—very low frequency electromagnetic (radio)
waves with maximum amplitudes usually at 3 to 5 kilohertz, similar
to the frequency band of human speech. Although electromagnetic
in nature, these waves can be converted into audio signals using a
suitable receiver.
Produced mostly by intracloud and return-path lightning strikes,
the initial impulse forming the wave travels away from the source
region, up through the ionosphere, into the magnetosphere, and
then returns, traveling along closed magnetic field lines. The wave
undergoes dispersion of several thousand kilohertz because of the
slower velocity of the lower frequencies through the plasma environments of the ionosphere and magnetosphere, which results in
the wave being perceived as a descending tone, much like a whistle
that lasts for several seconds.
The “dawn chorus” emission is another space physics electromagnetic wave phenomenon occurring most often near sunrise. The
chorus waves exist in the audio-frequency spectrum up to about 10
kilohertz and resemble the sound of the birds’ dawn chorus, hence
the name. The chorus is thought to be caused by high-energy electrons that get caught in the Van Allen radiation belts and fall to
Earth’s surface in the form of audible radio waves.
Dawn choruses occur more frequently during space weather
events called geomagnetic storms. A related phenomenon, which
occurs during auroras, is known as an auroral chorus. It has been
theorized that similar choral effects can be created by the auroras of
Jupiter and Saturn and any other planet that possesses a magnetosphere-ionosphere system capable of creating auroras. In 2002, the
Cassini spacecraft recorded an auroral chorus from Saturn.
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Psychoacoustics

What is commonly referred to as the human “speech signal” begins as a sound
generated from the vocal folds (mistakenly
called “vocal cords”) in the larynx. This
“speech signal” is a continuous waveform
with fundamental frequency of approximately 100 Hz for men and approximately
200 Hz for women. The exact frequency of
the fundamental is determined by the vibrational characteristics of the folds and the dimensions of the larynx. Higher-order harmonics of diminishing amplitude are also
present in the signal, and their frequencies
and amplitudes are coupled to the throat,
mouth, and face. Motion of the throat together with mouth and facial movements
alter the output signal and are crucial to the
formation of speech sounds.
The “vocal tract” consists of the laryngeal cavity, the pharynx, the oral cavity
(formed by the tongue, palate, jaw, cheek,
lips, etc.), and the nasal cavity. Resonances
within the vocal tract naturally occur due
to the physical shape and size of these
cavities. By changing the size and shape of
these cavities—for example, by moving the
tongue, lips, and jaw—the vocal tract acts as
a frequency-dependent amplifier that modulates the speech signal and enables us to
produce the sounds we normally associate
with voice. Since the speech signal is harmonic, the resonant gain of the vocal tract
occurs at multiples of the fundamental pitch
frequency. These amplitude peaks in the frequency spectrum of the voice are called the
“formants” and are critical to intelligibility.
Understanding which formants and which
frequencies in the human voice are critical
to intelligibility is where signal processing
comes into play.
The majority of the voice power is carried
by the vowel sounds, which are the highest
amplitude and longest duration of all voice
signals. Vowel sounds and their transitions
are created by the formants. Usually the first
two to four formants are all that are needed
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Looking at the overall characteristics of the
human voice and how it is perceived by the
listener is the main concern of psychoacoustics. As the typical voice contains significant
energy from about 100 Hz to over 5 kHz,
psychoacoustics covers various vocal sounds
over a large spectral range. As previously
mentioned, vowels have more focused energy than consonants, especially at lower
frequencies. Surprisingly, the intelligibility
of speech is imparted primarily by the consonants, which are nearly 30 decibels lower
in amplitude than the vowels. Unvoiced
consonants have considerably less energy
than any other speech sound and are usually
found at frequencies higher than 5 kHz.
Since the spectral shape of the voice and
formants are determinable using Fourier
analysis (decomposing a musical instrument
sound or any other periodic function into its
constituent sine or cosine waves), it is possible to isolate the characteristics of vowels
and consonants. The same techniques
of signal analysis used on space physics
wave phenomena commonly analyzed at
Aerospace can easily be applied to speech
analysis. By tailoring these tools to filter
signals in the frequency range required by
psychoacoustics, it is possible to filter out
noise between the formants, identify, and
then amplify the frequencies corresponding to the consonants. Because the resonant
frequencies of the lowest two formants are
relatively stable regardless of the pitch or
inflection of speech, it is possible to isolate
and enhance vowel sounds separately from
the consonants. This is vital to increasing
the intelligibility of voice recordings because consonants require radically different
amplification and filtering treatment than
do vowels. Capitalizing on the large gap
between the second and third formants
allows for effective noise reduction using
specifically designed bandpass filters, thus
further improving intelligibility via signal
processing.

Although the theory of psychoacoustics
is most often practiced in the laboratory,
application of audio signal processing
techniques in the real world means dealing with these issues under less-than-ideal
circumstances. Factors that affect speech
intelligibility and the ability of signal processing to enhance the intelligibility of voice
recordings fall under the general categories
of physiological stress, transmission systems,
masking, and reverberation.
Voices differ from person to person. Frequency and spectral characteristics unique
to a particular voice are most notably determined by the gender and age of a person.
For example, a child or a woman will have
a higher fundamental frequency and higher
frequency formants than an adult male. But
the exact frequency of formants can also
change within a single voice from day to
day. Health issues and stress levels can cause
significant changes in the frequency spectrum of a voice, especially in the higher order formants. Language, accent, and dialect
also cause changes in higher order formants
and voiced consonants. Thus, signal processing tools must adapt to these changes similarly to voice recognition systems.
Transmission systems are another factor
that affects how audio processing techniques can be applied to improve intelligibility of voice recordings. In law enforcement in particular, many audio forensics
recordings are done over band-limited
transmission systems such as telephones,
lossy compression device recorders (which
sacrifice some data permanently to make
the overall file size smaller), poor microphone response systems, and the like, resulting in the partial and oftentimes complete
removal of frequencies above 2000 Hz and
below 400 Hz. Systems that severely limit
the high-frequency energy of speech (often
called the “intelligibility band”) cause serious problems in speech recognition devices.
An example of this kind of limitation
can be demonstrated using the common
telephone. A simple exercise is to say the
word “six” over the phone. If the word is
said out of context, it will be impossible to
tell whether the speaker is saying “six” or
“fix” due to the lack of spectral information
above 2000 Hz. In this case, the unvoiced
consonant “s” has energy well over 3000 Hz,
which gets entirely lost in transmission. This
example illustrates how difficult reconstruction of the high-frequency spectral range
can be over certain transmission systems,
and the audio analyst must be careful so
that high-frequency artifacts are not introduced during the reconstruction.
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Above: Spectrogram of a male voice saying “Rice University” with red indicating highest energy portions. The time domain signal is shown beneath, with phonetics. There
is significant energy in the consonant sounds above 2000 Hz, which is the cutoff for
most telephone systems. Top right: A frequency-time spectrogram showing Whistler
waves with time on the x axis and frequency on the y axis. The color represents the
intensity or volume of the waves, with red indicating the largest intensity signals (in
this case, loudest sounds). The Whistler waves are clearly seen as the curved red lines,
which descend in frequency with time. Bottom right: Spectrogram of the dawn chorus
during a geomagnetic storm. The frequency range of these waves is slightly higher
than that of the Whistlers, but still well within the audible range.

Another factor affecting voice intelligibility is a phenomenon called “masking.” This
effect is caused by the superimposition of
noise in a small frequency range over an
otherwise intelligible voice signal. Examples
of such band-limited noise are electromagnetic alternating current interference, tape
hiss, analog or digital clipping and other
distortion, bias offsets, cell phone multiplexing interference, and loud ambient environments. How the amount of band-limited
noise affects intelligibility is dependent upon
the signal-to-noise ratio (s/n) and the frequency of the noise. Noise at a similar frequency as the voice fundamental masks the
voice only at small s/n levels. However, noise
at higher frequencies masks the subject
voice at much higher s/n. For cases in which
the noise frequency significantly overlaps
the high-frequency voice band, successfully
filtering out the noise between the formants
and the consonant bands is critical to enhancing the intelligibility of the speech.
The final real-world issue affecting the
intelligibility of voice recordings falls under
the category of “reverberation.” This phenomenon is the persistence of sound in a
particular space after the original sound is
removed. When sound is produced in an
enclosed space, a large number of reflected
echoes from the various surfaces within the
space build up and then slowly decay as the
sound is damped by objects (and air) within
the room. The amount of reverberation that

Frequency (kHz)

to understand the vowel sounds. Consonant
sounds are impulsive and far lower in power
than the vowels and occur over a smaller, yet
higher, frequency range. Most consonants
are created by sharp movements in the vocal
tract, mouth, and face (usually the tongue,
lips, and jaw). Some consonants, however,
do not require the speech signal, but are the
result of air movements only, for example
the “f ” as in “fair.” These “unvoiced consonants,” as they are called, prove very difficult
to transmit over communication devices
and are often only unambiguously determined using signal analysis techniques.

Frequency (kHz)

Techniques used to analyze these kinds
of electromagnetic waves include spectral
analysis, noise reduction, filtering, and time
stretching. Aside from electromagnetic
waves, similar digital signal processing
techniques may also be used to modify
or analyze any type of signal that carries
information. Examples of such signals include housekeeping telemetry signals from
a launch vehicle, a Whistler-mode plasma
wave emission such as those previously
described, or an audio recording of people
speaking. Once digitized, these very different signals have very similar attributes.
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occurs in any particular situation is dependent upon the size of the room, the kind of
surfaces encountered, and the number of
sound sources present. Reverberation is a
special case of masking in that it is bandlimited noise, but the noise in this case
stems from reflections of the voice itself.
These echoes mimic or clone the source
frequency spectrum, often with greater lowfrequency energy, making them particularly
difficult to remove without removing the
very frequency information that constitutes
the source signal. The masking effect of
these “distractor” voices on intelligibility is
dependent upon the number of voices and
the s/n. Intelligibility is adversely affected by
multiple distractor voices even at very large
s/n ratios. Sufficiently long echoes from
hard walls or enclosed spaces act as multiple
cloned distractor voices, which are the largest challenge for audio forensics analysts to
remove. To make things even more difficult,
many law-enforcement audio recordings
contain not only masking and reverberation, but additional distractor voices coming
from radios and televisions.

Conclusion

Tailoring signal processing techniques
usually reserved for space applications has
proved valuable in the field of audio forensics. The National Law Enforcement and
Corrections Technology Center and Aerospace have furthered techniques used in
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audio forensics casework and have designed
a three-day course in signal processing techniques specifically to train law enforcement
agency personnel in their use. Currently, the
center has delivered the course to several
hundred law enforcement personnel and
continues to receive requests for additional
classes and an expanded curriculum. Analogous to most technical analysis, the techniques taught within the course are heavily
tailored to the unique needs of the audio
forensics analyst, with the primary focus
being to improve the intelligibility of voices
recorded using a variety of methods in a
variety of different environments.
Numerous considerations for tailoring signal processing techniques for audio
applications must be taken into account,
including the characteristics of the voice
and how it is generated by the vocal tract,
the psychoacoustics of how the sound is
perceived by the listener, and finally the environment in which the recording is made.
These real-world issues provide continual
challenges, which the audio forensics analyst must be equipped to face. The National
Law Enforcement and Corrections Technology Center and Aerospace have met
those challenges head on and proved that
space science applications and forensics can
be used together to solve violent crimes, explain mysterious occurrences, and ultimately
improve the ability of law enforcement
agencies to establish justice.
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Flight Systems Engineering for
Robotic Spacecraft

The Mars rovers were designed to be 30 percent
larger than the previous Mars Pathfinder rover
and lander, but had to fit within the same volume as their smaller and less capable predecessor.
Mass growth threatened the project throughout
its development. In the end, the rover and lander
touched down on Mars weighing almost 50 percent
more than Pathfinder.

Matthew J. Hart and Frank F. Donivan

Courtesy of NASA/JPL

The Jet Propulsion Laboratory (JPL) and NASA's Goddard Space Flight Center frequently draw
on The Aerospace Corporation’s capabilities across a wide range of tasks and applications to
meet the nation’s space, Earth science, and planetary exploration objectives.

A

Courtesy of NASA/JPL-Caltech/University of Arizona
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erospace plays an important role in assuring mission success for NASA, which
is most clearly illustrated through the
successful launch and operations of complex planetary science spacecraft including Deep Impact,
Mars Exploration Rover, Dawn, and Earth orbiters, such as the Hubble Space Telescope and the
Tracking Data Relay Satellite System (TDRSS).
Aerospace’s customers include two of NASA’s preeminent centers for spacecraft development, the Jet
Propulsion Laboratory ( JPL), located in Pasadena,
California, and the NASA Goddard Space Flight
Center (GSFC), located in Greenbelt, Maryland.
JPL was established by the California Institute of
Technology before World War II, and developed
the first U.S. satellite, Explorer 1, which launched
in 1958. The first robotic spacecraft sent to the
moon and across the solar system were also created
at JPL.
GSFC develops and operates many of NASA’s
Earth observation, astronomy, and space-physics
missions as well as the TDRSS for communications with the space shuttle, International Space
Station, and science missions such as the Hubble
Space Telescope. Throughout its history, Aerospace, which has a long-standing relationship with
both institutions, has helped with the evaluation of
advanced mission concepts, development, testing,
launch, flight, and anomaly resolution of highprofile NASA missions.

Conceptual Development of Science
Missions

Conceptual development for a scientific space mission begins with engineers taking very early ideas
and giving them form. NASA’s scientific requirements drive the concept design, which includes an
initial spacecraft and launch vehicle sizing, instrument payload definition, mission design, and concept of operations. Throughout the advanced-study

process, mission concepts are developed,
refined, and evaluated for scientific merit,
technical and programmatic risk, and cost.
Most early concepts are rejected because
they are deemed too risky or unaffordable.
Concepts approved for further study are
reviewed through concurrent engineering
methods and tools. Concurrent engineering
is a process whereby engineering tasks are
done in parallel so that changes to one area
are quickly conveyed to other affected areas.
At JPL, the Project Design Center is the
hub of conceptual development activity, and Team
X is the collaborative engineering team that accomplishes the work. Aerospace has been a partner
in Team X since its inception in the early 1990s.
Aerospace employees are trained to support Team
X, and two or three typically support each study.
Team members specialize in spacecraft subsystem
conceptual design, systems engineering, mission
design, and programmatic assessment, including
cost and risk.
Each designer and analyst on Team X has a set
of tools linked to other tools in a common database. When a design change is made to one area,
it is immediately communicated to other affected
subsystem areas. Engineers can then modify their
own designs as necessary. Team X might converge
on concept designs for two or three different mission concepts in a week, generating configuration
drawings of the spacecraft and instruments, master
equipment lists, power and mass budgets, mission
design and operations details, and an estimate of
the development and operations cost.
When Team X was formed, Aerospace engineers had been working on an integrated concurrent engineering model tool that could be used
by one system engineer to accomplish an entire
mission concept design. JPL, at the same time,
was developing a design team where individual
subsystem design engineers representing all areas
of a spacecraft design would meet to iterate on a
design. Taking both approaches into consideration,
Aerospace developed the initial tool framework for
Team X by breaking the integrated concurrent engineering model into subsystem-level tools for use
by each team member. Aerospace later adopted the
collaborative engineering team concept similar to
that used at JPL for its own Concept Design Center, which provides a similar function for Air Force
and national security space customers.
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Aerospace provides design expertise to
countless Team X studies, tackling challenging mission concepts such as Europa,
and Titan orbiters; Mars rovers and landers; missions to Venus, Mercury, and the
sun; and missions beyond the boundaries
of the solar system. Aerospace also helps to
improve the core design tools and the databases behind them.

Mission Selection

Not every advanced mission concept makes
it through Team X to the next stage, but for
those that do, the competition to get to this
next step is fierce. NASA decides whether
it will assign a specific mission to JPL or
any other of the field centers based on the
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In addition to helping formulate a broad
spectrum of science missions for NASA,
Aerospace is often asked to help conceptualize new spacecraft that must operate
within an existing spacecraft and ground
system architecture.
The NASA TDRSS provides tracking and data acquisition services between
crewed and uncrewed low Earth orbiting
(LEO) spacecraft and NASA control and
data processing facilities. LEO satellites
can only maintain contact with a given
ground station for 15 minutes or less. Using TDRSS satellites at nine positions in
the geostationary belt, LEO spacecraft can
transmit and receive data without interruption, for their full orbit. The current constellation of nine satellites (seven active plus
two spares) provides the communications
link for a large suite of space missions including the space shuttle, the International
Space Station, the Hubble Space Telescope,
Atlas II vehicles during launch, the commercial Sea Launch enterprise, and Earth
and deep-space science missions as well as
the McMurdo and South Pole stations.
Aerospace technical experts have worked
shoulder to shoulder with the GSFC project engineers in the concept, design, and requirements definition of the new spacecraft.
Aerospace develops and maintains models
of communications traffic requirements
and loading on the full constellation, and
advises NASA in the selection and timing
of new vehicles to address new or changing requirements. Aerospace also maintains
a high-fidelity reliability model for each
spacecraft and provides predictions and assessments of vehicle failure scenarios, and
replenishment strategies, for the TDRSS
fleet.

The Mars rovers Spirit and Opportunity have been exploring the surface of Mars for five years. Aerospace provided systems engineering and mission assurance support to many elements of the project.

required engineering expertise and the development risk.
Traditionally, high-risk missions have
been directed to organizations with core
competencies in certain areas. For example,
complex robotic planetary orbiters, and surface landers, such as the Mars rovers, have
been assigned to JPL. High-risk astrophysics missions, on the other hand, have been
assigned to Goddard Space Flight Center.
A large part of NASA’s space science
portfolio is competitively procured through
NASA’s Announcement of Opportunity
process. Innovative proposals may come
from university, industry, government, federally funded research and development
centers, and international partners.
NASA’s competitive mission program
includes a wide range of solar system, planetary, and Earth science programs. These
include Discovery and New Frontiers, Mars
Scout, Earth System Science Pathfinder,
and Explorer. Aerospace is frequently asked
to help NASA in the selection of proposed
missions by evaluating the technical, cost,
and management aspects of each. Aerospace
also performs independent cost estimates
for NASA centers as well as specific flight
projects.
Once NASA gives the go-ahead for a
mission, Aerospace is often asked to perform mission assurance, systems engineering, and technical assistance during the preliminary and critical design phases. Recent
examples of this include work on the Mars
Exploration Rovers, the Juno mission to

Jupiter, GRAIL, and the James Webb Space
Telescope.

Mars Exploration Rover

The Mars rovers were developed at JPL at a
cost of approximately $820 million, including launch. The mission timeline was ambitious, requiring development and launch
of a system in 3 years. This time frame was
achieved through parallel development
activities and tight synchronization of the
system and lower-level requirements and
design, all of which required heightened attention to systems engineering and mission
assurance.
Aerospace provided risk management
planning and execution, systems mission
assurance support, and integrated requirements management to maintain consistency
between requirements at the mission level
and lower flight system or subsystem levels.
The primary mission assurance focus early
in the development phase was the creation
of system-level failure modes effects and
criticality analysis. This gave the projectmanagement team visibility into the overall
risk of the system design as it matured and
highlighted areas where additional attention
was required.
Aerospace formed a small team of engineers who worked in parallel with the system and subsystem design engineers. They
systematically addressed each of the vehicle
subsystems, identifying failure modes,
classifying root causes, and documenting
the criticality to mission success of each
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Concept Development to
Support NASA Space System
Architectures

The primary goal of the Juno mission is to better understand the formation, evolution, and structure of Jupiter.
Concealed beneath a dense cover of clouds, Jupiter safeguards secrets to the fundamental processes underlying
the early formation of the solar system.

potential failure and the likelihood of its occurrence. Planned mitigations and preventive measures were identified and factored
into the final mission risk. These data were
regularly gathered across all areas of the
flight system by interviewing key design
engineers, analyzing design changes, and
documenting the implications of design updates and potential failures on interrelated
subsystems.
The disciplined process of inquiry, assessment, reporting, and analysis was conducted
across all subsystem areas within the flight
system team during the preliminary and
critical design phases, and was continually
updated as changes to higher-level requirements resulted in modifications or additions
to the lower-level subsystem designs. A failure modes database was used to drive design
changes to improve reliability and reduce
risk, inform the fault protection design and
implementation, and help with anomaly
resolution during operations. This database
complimented the project’s fault-tree analysis and provided additional insight into
how and why failures may occur and what
preventative measures could be adopted
through robust design.
At the system level, Aerospace established a second team, again working in
parallel with the JPL design team, to ensure
that requirement changes adopted through
the project’s change control board were
correctly flowed down and implemented at
lower levels. Tight synchronization of requirements changes approved by the change

control board to implementation in the
design was critical to keeping the project
moving toward its launch date. Aerospace
engineers developed and maintained the
system-level requirements database that
captured these changes as they occurred and
confirmed that they had been flowed down
correctly and were properly implemented in
the design.
Aerospace wrote the original risk management plan for the rover project, defining
the approach to capturing, documenting,
evaluating, and mitigating project risks.
Aerospace personnel also managed the
risk management system during the design
phase. Aerospace offered design guidance in
evaluating the options for diversity in functionality and the use of redundant design elements. Aerospace also developed reliability
models for alternate designs and collected
and applied failure-rate data at the component level. Lastly, Aerospace performed
launch vehicle mission design trade studies
and authored the target specification for the
launch vehicles.

Juno Mission to Jupiter

Juno will be the first mission to Jupiter from
Earth in 20 years. Scheduled for launch in
2011 and arrival at Jupiter in 2016, the Juno
spacecraft will spend a little more than a
year probing Jupiter’s atmosphere and magnetosphere in hopes of learning how that
planet was formed and implications for the
early evolution of the solar system.

Aerospace is providing independent
mission assurance and systems engineering
support to the Juno project management
team, addressing a variety of design and
operational challenges, including the application of parts and materials expertise to
ensure successful operation in an extremely
cold, high-radiation environment.
Spacecraft power is a critical design challenge for Juno. The sun is little more than
a bright star at Jupiter. At that distance,
solar arrays—which are commonly used to
power spacecraft orbiting Earth or Mars—
typically do not generate enough energy to
run a spacecraft, or its onboard science and
communications instruments. Previous missions to Jupiter and the other outer planets
solved this problem by carrying their own
power source, which used the thermal energy produced through the radioactive decay of plutonium to generate electricity.
Solar cell efficiency has improved measurably in the last 20 years, enabling the development of arrays able to operate further
from the sun. However, even with these
advances in technology, Juno requires about
45 square meters of active solar array area
to generate the 450 watts of power needed
to operate at Jupiter. In fact, Juno’s solar
arrays are so large that they cannot all be
switched on until the vehicle reaches a safe
distance from the sun between Mars and
Jupiter. Otherwise, the arrays would produce so much energy that they would damage the spacecraft’s electrical power system.
The Juno vehicle is a spin-stabilized
spacecraft, with the spacecraft bus and science instruments at the hub and three large
solar array wings projecting outward. The
spacecraft’s configuration is reminiscent
of the rotor on an old-fashioned windmill. Juno’s solar cells will operate under
low-intensity, low-temperature conditions,
similar to those used for the Dawn mission
and the European Space Agency mission
Rosetta. Solar cell efficiency increases with
lower temperature but decreases with lower
light intensity, and the low light intensity
from the sun is the challenge. Aerospace
solar power experts are working with JPL
engineers to ensure that Juno’s solar arrays
will generate the required power during
orbital operations.
Living within Juno’s electrical power
allocation and not allowing it to grow is a
primary design consideration for this mission. Solar array area grows about 25 times
faster for Juno than it does for Earth orbiting missions, so every watt of additional
power required by the spacecraft or science
instruments has a large impact on the solar
array size, which then ripples back into the
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Going to the Moon with GRAIL

The Gravity Recovery and Interior Laboratory, or GRAIL, will fly twin spacecraft in
tandem orbits around the moon to study its
interior structure and gravity field. GRAIL
has in its lineage the XSS-11, which was a
small experimental spacecraft launched in
April 2005 and managed by the Air Force
Research Laboratory, with technical oversight provided by Aerospace. Aerospace is
using the experience and mission assurance
principles successfully applied to the XSS11 spacecraft on GRAIL. Aerospace had
a number of critical roles on the XSS-11
project, including project system engineer
and flight director, mission design and
safety lead, and launch vehicle integration
and operations lead.
Like XSS-11, GRAIL is mostly a singlestring system, which means it does not have
redundancy or backup systems to protect
against failure. The onboard scientific instrument must measure minute changes in
acceleration using a radio link between the
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causes, to provide an assessment of launchreadiness requirements for NASA/JPL.
Technical glitches can also occur on the
launchpad after the spacecraft is integrated
onto the launch vehicle, where it is often
difficult to troubleshoot problems. One of
the Mars rovers experienced a ground fuse
failure while on the launchpad shortly before launch. Aerospace was asked to support
the JPL team assessing the risks to the mission and helped develop a solid technical
rationale for going forward with the launch.

Conclusion

Courtesy of NASA

Courtesy of NASA

spacecraft bus design, and ultimately the
launch vehicle selection. Finding ways to
improve the overall array efficiency through
careful evaluation and selection of the solar
cells and to manage power usage once in
orbit at Jupiter are crucial to the success of
the mission.
Another challenge for the Juno project is
designing for operations in Jupiter’s highradiation environment. Juno will receive a
total ionizing dose in its 13-month mission
orbiting Jupiter similar to that received by
an Earth orbiting geosynchronous satellite
in 10–12 years. This, combined with the extremely cold temperatures and exposure to
plasma at Jupiter, creates challenges for the
spacecraft, its instrument electronics and
surfaces, and materials and coatings on the
exterior of the spacecraft.
Most of the sensitive electronics are inside a tantalum vault mounted on top of the
spacecraft bus, which helps protect them
from the outside radiation environment.
However, there are instrument detectors,
antennas, components, coax cabling, and
surface coatings that will be exposed. Aerospace is applying lessons learned from radiation effects on Earth orbiting spacecraft
to the Juno project to help in evaluating
and selecting electronic parts and materials. Aerospace is also providing expertise in
evaluating the electromagnetic environment
that will be induced by the spacecraft bus
and instruments, and is helping manage
the spacecraft charging and potential electromagnetic interference through testing,
evaluation, and appropriate design selection.

GRAIL, the Gravity Recovery and Interior Laboratory, will study the interior, or composition, of the moon. Aerospace is helping assure that the mostly single-string spacecraft are optimized for reliability.

Glory is a low Earth orbit scientific research satellite designed to collect data on the properties of aerosols
and black carbon in the Earth's atmosphere and climate system. It will also collect data on solar irradiance for
understanding long-term effects on Earth's climate.

two spacecraft. If one of the two spacecraft
fails, the mission is lost. Aerospace is now
performing mission assurance studies to
assess the reliability of the GRAIL design
during its preliminary design phase. These
studies allow GRAIL engineers to quickly
assess what impact adding select redundancies has on the reliability of the mission.

Glory Instrument Development

James Webb Space Telescope

The James Webb Space Telescope, successor
to the Hubble Space Telescope, is an ambitious project to place a 6.5 meter diameter
infrared detecting telescope at the second
Lagrange point approximately 1.5 million
kilometers from Earth, opposite the sun.
The mission will allow scientists to examine
the history of the universe from the first
glow of the “Big Bang” to the formation of
stars, galaxies, and planetary systems. Not
only must the segmented beryllium mirror be deployed automatically like a flower
opening its petals, but the telescope will be
shielded from light and heat from the sun,
Earth, and moon by a five-layer “sunshield”
approximately the size of a tennis court.
Detection of very faint sources in the infrared part of the spectrum requires that the
near-infrared detectors be maintained at a
temperature of 37 degrees above absolute
zero and that the mid-infrared detector be
maintained at a temperature of seven degrees above absolute zero.
Because of its distance from Earth, the
James Webb Space Telescope will not be
serviceable by astronauts (unlike Hubble).
Thus, the onboard thermal control system,
used to cool the infrared detectors and
shield the telescope assembly from the
sun, must operate for many years without
benefit of servicing or replacement. GSFC,

the center developing the telescope, asked
Aerospace to review requirements and the
design of the cryocooler and sunshield. The
design of the sunshield, consisting of thin
membranes made from a polymer-based
film, will be examined along with supporting equipment, and its ability to withstand
degradation from radiation and charged
particles.

Dawn Propellant Tank

Aerospace is often asked to apply its experience from Air Force, industry, and national
security space programs to troubleshoot
problems that occur late in the development
phase of robotic missions when the majority
of the flight hardware is built and options
such as redesign or rebuild are limited.
The Dawn spacecraft was launched in
2007 on a journey to study Vesta and Ceres,
the largest two main-belt asteroids. Because
of schedule and resource constraints, the
flight propellant tank was fabricated and installed into the spacecraft core structure before the flight spare and qualification tanks
completed their fabrication and test. After
installation, the flight spare tank unexpectedly failed an in-process screening test, and
the qualification tank failed a postqualification program burst test. The failures of the
flight spare and qualification tanks called
into question the flightworthiness of the
flight tank. Aerospace supported an independent review of the flight tank, through
an assessment of the fabrication and test
process, inspection, and nondestructive testing of existing hardware articles. The findings of this assessment informed NASA’s
own risk assessment, and supported the
conclusion that the original flight tank was
adequate for completing the mission.

The Glory mission, scheduled to launch in
March 2009, will collect data on the properties of aerosols and black carbon within
Earth’s atmosphere and climate system, and
will collect data on solar irradiance for longterm effects on Earth’s climate. An onboard
instrument, the Aerosol Polarimetric Sensor, has been an extremely challenging
instrument to construct, and Aerospace has
assisted with identification and elimination
of stray light within the instrument that
would corrupt the detector with spurious
signals. Aerospace electro-optical experts
have been able to identify the source of
the light as reflections off internal surfaces
and worked with NASA and the vendor to
eliminate the contaminating light. Aerospace was asked to use its specialized estimating tools to conduct independent cost
estimates of the total project, since resolution of the engineering problems caused the
mission to exceed its original predicted cost.

In-Plant Monitoring for TDRS

Aerospace has a significant role in the development of the next two members of the
TDRS constellation, K and L. Similar to its
role with the earlier spacecraft, Aerospace
will be involved with development, testing,
and launch. At NASA’s request, Aerospace
established an office to provide full-time
technical expertise at the Boeing Satellite
Systems plant in El Segundo, California.
Aerospace will monitor and report on design, development, integration, testing, and
launch of TDRS K and L.
Ground system modernization for the
operational TDRS system is another challenge recently addressed by Aerospace. The
TDRS spacecraft downlink their data to a

dedicated satellite ground station complex
at White Sands, New Mexico, where it
is then distributed to users. The complex
operates around the clock on crewed missions such as the space shuttle that cannot
tolerate interruptions in service, making upgrades to the ground system extremely challenging. The system has been operated and
maintained by a skilled team of engineers
and technicians for more than 30 years.
However, today it is almost impossible to
find replacement parts for the first-and
second-generation computers and applications code written in languages no longer
supported, nor taught, in today’s computer
science classes.

Aerospace’s role in supporting NASA robotic missions takes many forms and spans
the project lifecycle from conceptual design
to launch and operations. Aerospace brings
unique technical skills and capabilities to
address the many challenges of these oneof-a-kind missions of scientific space and
Earth exploration. Aerospace support to
these missions benefits the nation through
applications of lessons learned across a
broader diversity of programs. NASA and
the DOD are enhanced by mission success
for our nation’s most critical missions of
exploration.

Assuring Launch Readiness

Planetary missions are particularly challenging in terms of achieving launch
readiness. Earth and Mars align for a short
time every 26 months, such that a Delta
II launch vehicle can be used to carry a
spacecraft to Mars. Similar situations exist
for launches to other planets, to varying degrees. In all cases, the motion of the planets
limits how often it is possible to launch
and the length of the launch period. Daily
launch opportunities are often constrained
to short periods of hours or minutes per day,
after which Earth’s rotation and the location of the launch site will no longer allow
the launch vehicle to reach its target.
The ability to successfully launch on any
given day depends on many technical and
operational factors, as well as uncontrollable
events, such as the weather or errant incursions of aviation or marine vehicles into
the keep-out zone surrounding the launch
site. Aerospace has examined U.S. launch
history, focusing on launch delays and root
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The Moon, Mars, and Beyond
NASA will send a new generation of explorers to the moon, and then
on to Mars and other destinations in the solar system. Aerospace is
providing its unique expertise to help in this endeavor.
David S. Adlis

Courtesy of NASA
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NASA’s first test flight is called Ares
I-X. It will provide an early opportunity
to evaluate hardware, facilities, and ground
operations associated with the Ares I and
gather critical data during ascent of an
unmanned, simulated Orion and Ares I
launch vehicle stack. The Ares I-X test vehicle will use a four-segment solid rocket
motor from the shuttle program in place
of the five-segment version that will fly on
Ares I. It will have mass simulators for the
entire upper portion of the vehicle forward
of the solid rocket motor. The avionics boxes
and flight software are being provided by
Lockheed-Martin and are of Atlas V heritage. By preserving the Ares I vehicle’s outer
dimensions and mass while using existing
propulsion and avionics systems, NASA can
perform a useful, relatively simple test that
will provide valuable engineering data early
in the program. Aerospace is performing
several independent verification and validation analyses in support of the Ares I-X
flight test. The disciplines involved include
fluid mechanics, thermal, loads/dynamics, structures, mechanical systems, flight
software, guidance, navigation, controls,
and vibro-acoustics. To date, more than 50
Aerospace engineers have supported the
program in various degrees. The Ares I-X
launch is expected to take place in the summer of 2009. Aerospace will be involved
through the flight readiness review process
and postflight analyses.

The second test flight, named AA-1, will
solely test the ascent abort subsystem and
is expected to fly in mid 2010. Aerospace’s
current involvement in the AA-1 test flight
is significantly less than for Ares I-X, and
primarily focuses on fluid mechanics and
loads/dynamics. Aerospace experts in these
disciplines are also providing in-line consulting support to the main Ares I program
to assist NASA with their wind tunnel
test programs and vehicle-coupled loads

predictions. These efforts take advantage of
knowledge gained in supporting Ares I-X.

Environments, Loads, and
Structural Dynamics

As a member of the Ares I Loads Panel,
Aerospace provided a comprehensive assessment of the state of the art in loads
analyses. This included analysis of the liftoff
and atmospheric flight loads needed to
design the launch vehicle and its payload.

Courtesy of NASA
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ASA’s plan for human exploration of the solar system—the heat-protection systems. For example, Orion will reenter Earth’s atConstellation program—includes a series of missions to
mosphere using a newly developed thermal protection system, with
return astronauts to the moon. A centerpiece of this plan
parachutes to further slow its descent.
is the Orion capsule, which will fly atop the Ares I crew launch
Ares I Development
vehicle. Orion will be similar in shape to the Apollo spacecraft that
took Americans to the moon in 1969–1972, but significantly larger; Aerospace is supporting several aspects of NASA’s Ares I development efforts. For example, NASA plans to conduct test flights of
it will accommodate four crew members on missions to the moon,
and six on missions to the International Space Station or Mars. For various vehicle configurations early in the development cycle to
increase confidence in, and reduce risk for, the final vehicle configumissions to the moon, an Ares V cargo launch vehicle will precede
ration. Aerospace is supporting the two earliest test flights, as well
Orion into low Earth orbit, bringing with it the Earth departure
stage and the lunar module. Orion will dock with the lunar module, as the main Ares I program itself.
and the Earth departure stage will propel both
on their journey to the moon. Upon reaching
the moon, astronauts will use the lunar landing
craft to visit the surface, while the Orion spaceThe Orion crew exploration vehicle.
craft stays in lunar orbit. Once the lunar mission
is complete, the astronauts will return to Orion
using a lunar ascent module. They will then use
the service module main engine to break out of
lunar orbit and head back to Earth.
Ares I uses a single five-segment solid rocket
booster, a derivative of the space shuttle’s foursegment solid rocket booster, for the first stage.
A liquid-oxygen/liquid-hydrogen J-2X engine
derived from the engine used on Apollo’s second
stage will power the Ares I second stage. Ares V
will use RS-68 liquid-oxygen/liquid-hydrogen
engines mounted below a larger version of the
space shuttle’s external tank along with two
five-segment solid propellant rocket boosters
for the first stage. The upper stage will use the
same J-2X engine as the Ares I. Orion borrows
its shape from the capsules of the past, but takes
advantage of 21st-century technology in computers, electronics, life support, propulsion and

Engineers conduct a hot-fire test of subscale main injector hardware at NASA’s Marshall Space Flight Center
to support development of the RS-68 engine for Ares V. An Aerospace study on the possibility of using RS-68
engines in place of the Space Shuttle Main Engine (SSME) contributed to NASA’s decision to retire the SSME.
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reusable
solid rocket
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S-II
(five J-s engines)
1M lb LOX/LH2

Saturn V

Comparisons of previous, current, and future human spaceflight launch vehicles. Aerospace provided a
quick-look assessment of the flight dynamics and flight control aspects of the Ares I (and Ares I-X, which is not
pictured) launch vehicles, particularly with respect to flight control algorithms.

As part of this effort, Aerospace provided
an in-depth review and documentation of
the equations used in combining the various
load contributors encountered during atmospheric flight. For the critical buffet loads—
caused by the formation and interaction of
shock waves, shock-wave oscillations, flow
separation, and attached turbulent boundary layers—Aerospace developed the loads
analysis methodology. In addition, Aerospace supported development of Ares I and
Ares I-X buffet forcing functions, and later
supported the buffet wind-tunnel test for
Ares I-X and the planning of such a test
for Ares I. Aerospace independently analyzed the Ares I-X wind-tunnel test data
and developed buffet forcing functions and
developed procedures to remove from the
data features related to the test that would
not occur in flight.
During transportation in the launch
configuration and prior to liftoff, launch
vehicles can experience severe loads caused
by ground winds. Aerospace performed
independent structural margin assessment
of the Ares I-X aft end for ground wind
loading. Similarly, Aerospace provided independent verification and validation of thermal analyses, including troubleshooting the
models and assessing the adequacy of case
definitions, and conveyed lessons learned
regarding EMC, EMI, and lightning.
With Ares I using a lengthened version
of the space shuttle solid rocket motor,
NASA had predicted that motor thrust
oscillations could induce response levels
that approach, or exceed, the limits deemed
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acceptable for human flight. Because of
Aerospace’s experience with respect to this
phenomenon for several launch vehicles,
Aerospace was asked to assess the analysis
methodology used by NASA. Aerospace
analyzed space shuttle thrust-oscillation
data and developed independent analysis
spectra for the motor pressure oscillations—
with close attention to data-acquisition
fidelity, time scaling, and statistical behavior.
Aerospace also provided expertise with
respect to the potential for a pogo-like
interaction between the motor thrust oscillations and structural responses. As a result
of increased understanding of the thrust oscillation problem, NASA is now modifying
the design of Ares I to provide additional
damping of ascent vibrations. Aerospace
also assessed roll-out and on-pad structural
margins, provided independent assessment of mass properties, and performed
structural-modes uncertainty analyses.

Orion Avionics

Aerospace has been providing independent
assessments for NASA in the area of safety
and mission assurance for a number of
years, and an increasing number of these
have been in support of the Constellation program. For example, the extremely
long and slender profile of the Ares I and
I-X launch vehicles provides a challenging
environment for control design. To aid in
test and verification, Aerospace provided a
quick-look assessment of the flight dynamics and flight control aspects of the launch
vehicle, particularly with respect to flight
control algorithms, and specifically recommended additional instrumentation for
structural mode identification.
A launch abort system will sit atop the
Orion crew module to provide safe escape
for astronauts in an emergency. The system
will have three different solid rocket motors for abort, jettison, and attitude control.
Aerospace compiled historical data on solid
rocket motors with an eye toward developing reliability comparisons for the launch
abort system motors. Aerospace engineers
used design data to summarize the characteristics and risks to better define the uncertainties associated with these motors when
making a reliability estimate. The analysis
further summarized best practices for solid
rocket motors developed through decades
of experience. In addition, Aerospace inde-

Since the fall of 2007, Aerospace engineers
have worked alongside NASA engineers
focusing on the Orion avionics subsystem,
which includes the hardware and software
components for flight software, communications and tracking, command and
data handling, instrumentation, and crew
displays and controls. Orion avionics will
operate with crew oversight, similar to the
space shuttle, but will also have to support
unmanned operations. The Orion contractor team has been conducting trades studies
to generate avionics subsystem require-

The abort motor manifold for Orion’s launch abort
system is readied for a hydro proof test to validate
engineering models about how it will respond to
induced pressure and vehicle flight loads. Aerospace
compiled historical data on solid rocket motors with
an eye toward developing reliability comparisons for
the launch abort system motors.

ments for both modes of operation. The
space shuttle avionics were developed in the
late 1970s and early 1980s and rely on electronic components of that era. But the last
18 years have brought significant electrical
power savings and computational power
that can be incorporated into avionics design. Advances in high-reliability avionics
based on commercial fly-by-wire aircraft
can be applied, as well as improvements in
radiation susceptibility. In addition, whole
new families of parts that support flexible
designs such as field-programmable gate
arrays (FPGAs) have become available.
Methods for enhancing the reliability and
robustness of avionics bus architectures are
also under consideration. The Orion design
team is balancing these opportunities with
the typical concerns for spacecraft mass and
power allowances as it finalizes its planning
before the preliminary design review.
Aerospace has been active in the areas
of engineering design, development, and
testing for the Orion spacecraft, including
technical discipline support, engineering
analysis, technical insight, technology assessments, and programmatic support.
Aerospace is supplementing NASA’s systems engineering and integration team
and is serving as co-chair of the avionics
requirements team, charged with requirements analysis and oversight. Part of these
duties entails analysis and planning for
the test and verification being developed
for Orion. Aerospace has also provided

pendently reviewed the vendor qualification plans and provided NASA with
specific recommendations to enhance
mission assurance.
Unlike the Apollo crew module, each
Orion crew module is expected to be
refurbished and reused up to ten times.
Aerospace performed an initial investigation into reusability parameters to build
a framework for a comprehensive reusability trade study and risk evaluation.
Components of this assessment included
program reusability requirements, flightrate considerations, a comparison with
the space shuttle reusability experience,
landing scenarios, and capsule reusability
parameters. Aerospace recommended using this initial investigation as a guide to
performing a comprehensive trade study
at the NASA Headquarters level.
Aerospace reviewed the planning processes described by Constellation documentation and compared them with the processes used to develop other space systems.
This review identified issues related to the
software lifecycle and the various development, configuration-management, sustainment, and day-of-launch roles. Aerospace
also identified metrics needed to calculate
software turnaround times and minorversus-major changes to software between
launches and on the day of launch.
The ability of an electronics system to
provide insight into its status is highly beneficial in spaceflight. Spacecraft operators
need insight into critical aspects of a system
in the event of problems, and such insight
can be achieved by folding self-test information from subsystems or components
into the operational telemetry channel.
Higher-level functions that implement autonomy—such as integrated vehicle health

Courtesy of NASA/Boeing

Core stage
(five RS-68
engines)
3.1M lb LOX/LH2
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Upper stage
(one J-2x)
280k lb LOX/LH2

Space shuttle

s pecialized engineering support, such as
radiation environment definition and effects
analysis and expertise with phased-array antennas and electrical, electronic, and electromechanical parts. Aerospace is also involved
with analysis of security protocols for communications between the Orion spacecraft
and the ground.

A model of the integrated crew module and launch vehicle sits in one of four wind tunnel facilities used by
NASA. Aerospace supported the buffet wind-tunnel test for Ares I-X and the planning of such a test for Ares I.
Aerospace independently analyzed the Ares I-X wind-tunnel test data.

NASA's Vision for
Space Exploration
• Complete the International Space Station.
• Safely fly the space shuttle through 2010.
• Develop the Orion crew exploration vehicle
and fly it to the International Space Station
no later than 2014.
• Return to the moon no later than 2020.
• Extend human presence across the solar
system and beyond.
• Implement a sustained and affordable
human and robotic program.

management systems or fault detection,
isolation, and recovery functions—can
benefit from improved self-test capability.
Also, launch processing costs could be reduced if self-testing were to provide reliable
information without requiring unit removal.
Using historical and recent developments in
Department of Defense launch vehicles and
spacecraft, Aerospace investigated the costs
and benefits of avionics self-test capability
for crew exploration and launch vehicles,
including modeling approaches for evaluating self-test costs against launch vehicle
availability.
To identify any residual risk associated
with electrical assembly workmanship
requirements, Aerospace compared ANSI
standards with NASA standards and
provided detailed commentary on similarities and differences. Specific to the Orion
service module, Aerospace investigated
failures and anomalies due to workmanship
of propulsion strip heaters, internal tank
heaters, solar array and antenna deployment
mechanisms, wiring harnesses, and avionics
cold plates and provided recommendations
for mitigating and preventing them.
Aerospace assessed NASA quality assurance requirements and significant data
deliverables, such as acceptance-data package content, and compared them with those
used for national security space programs.
The initial comparison revealed major differences between NASA requirements and
military requirements, and highlighted
areas of potentially significant cost savings
for NASA without additional risk. Primary
recommendations included the restructuring and reduction of program safety, reliability, and quality assurance requirements
and documents—including the consolidation of quality assurance requirements—and
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Crew vehicle docked with lander and departure stage, leaving Earth orbit.

the establishment of electronic access to
verification information in lieu of copious
hard-copy documentation.
Aerospace evaluated safety documentation for the Ares I system definition review,
including the failure modes and effects
analysis, probabilistic risk assessment, hazard analysis, fault tree report, and the safety,
reliability, and quality assurance plan. This
review showed some inconsistencies among
documents, highlighted some assumptions
that were potentially very nonconservative,
and provided a list of potential hazards
or issues that did not appear to be fully
addressed.
NASA sought liquid rocket engine experts to review hazard reports for the Ares
I upper-stage engine. Aerospace provided
a detailed review—and a perspective from
outside the NASA community. This outside perspective allowed experts who have
reviewed and understood issues and resolutions with successful national security space
systems to evaluate the assumptions and
designs for Ares I rocket systems, providing
valuable insight that might not be available in the NASA community to the same
extent, given the limited number of liquid
rocket engine designs they’ve been using for
the past few decades.
Aerospace personnel served on an expert
panel to provide an independent review of
the certification requirements for the Orion
heat shield for lunar return and the guidance, navigation, and control system for a
skip entry. The team raised several issues
and made recommendations on material
selection and qualification as well as arc-jet
flow field modeling techniques and facility
upgrades.
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Related Projects and Systems

Aerospace’s extensive experience in test and
verification was brought to bear in NASA’s
development of the Constellation Environmental Qualification and Acceptance
Testing Requirements (CEQATR) document. The CEQATR is based on MILSTD-1540, and Aerospace familiarity with
this standard contributed greatly to baselining the new human spaceflight standard.
In support of NASA’s Program Analysis
and Evaluation office, Aerospace studied
the possibility of using RS-68 engines
in place of the Space Shuttle Main Engine (SSME). The results of this study
contributed to NASA’s decision to retire
the SSME. The RS-68 was chosen as the
propulsion system for Ares V, increasing
performance to translunar injection and
potentially saving billions of dollars over the
life of the program.
Aerospace, as part of a national assessment of rocket engine test facilities and
program needs over the next 14 years,
performed a first-order assessment of the
preliminary concept for the NASA Stennis Space Center A-3 Test Facility that will
support the J-2X altitude simulation testing
program.
Aerospace is part of the Lunar Dust
Management Project core team that is
chartered to identify and develop techniques for dust mitigation for extended human missions on the surface of the moon.
Charged dust on the moon is abrasive, and
it adheres to spacesuits and other surface
systems, working its way into critical joints
and other mechanisms. The abrasive dust
can cause leaks in the spacesuits, degrade
performance of other hardware, and reduce
surface exploration and habitation times.

Sufficient charge can build up to levitate
particles, and even to violently eject them.
As part of the core team, Aerospace developed the criteria for prioritizing dust mitigation technologies and recommended and
performed detailed assessments of commercially available technologies that could
be applied. These include removal methods
such as mechanical brushing and gas blowing for large particles, electrostatic removal
of small particles, and magnetic methods
for magnetic fractions. In addition, mitigation techniques to prevent particle adhesion
are also being evaluated, including design
improvements (dust-repellent coatings
and smooth surfaces), strippable coatings,
and electrodynamic screens. To prevent the
dust from being dispersed from the lunar
surface, methods for surface stabilization
are also being evaluated, similar to the techniques used by the DOD to prepare landing
areas in desert regions.
NASA engineers are embarking on a
number of high-profile spaceflight government-furnished equipment (GFE) projects
for the Constellation program. In light of
this, NASA is revitalizing its systems engineering processes. As part of this effort,
Aerospace has been invited to participate in
a number of milestone reviews to provide independent technical, cost, and schedule scrutiny to enhance the success of the projects.
During the past year, Aerospace has supported milestone reviews for the Low Impact Docking System (LIDS), the Androgynous Peripheral Attach System (APAS), to
LIDS Adapter System (ATLAS), the ISS
to CEV Communications Adapter (ICCA),
and the CEV Parachute Assembly System
(CPAS). This has led to more rigor in products and entrance/exit criteria for the GFE
reviews, thus reducing risk.

Conclusion

As NASA embarks on an ambitious new
program for human spaceflight, including
a new generation of launch vehicles, Aerospace’s cross-agency and cross-program
perspective and insight has proved to be a
valuable resource. By virtue of its experience
with new launch vehicles and space systems,
and its uniquely independent role in national security space, Aerospace can provide
a distinctive contribution to the Constellation program and help NASA ensure mission success.
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Research Horizons

Independent R&D at Aerospace

Solar-Cell Cover Glasses and Coatings
Several new types of lightweight, flexible, radiation-hardened coatings have been proposed to replace Ce-doped
microsheet cover glass as encapsulation on solar cells. If
successful, such coatings could drastically reduce costs and
improve the capability of solar arrays. But before these materials can be deployed, a complete understanding of their
performance in the space environment must be obtained.
Aerospace researchers are investigating such coatings to
provide critical data for evaluating end-of-life solar-array
capabilities.
Simon Liu of the Aerospace Energy Technology Department and Michael Meshishnek of the Space Materials Laboratory are testing and modeling the effects of the
Computer simulation of atomic positions
Simulation of POSS molecule atomic posispace environment on solar-cell cover glasses and coatings.
in a relaxed POSS (Si8O12H8) molecule.
tions after damage by space radiation.
“Exposure of coating to the space environment often results
in the loss of transmittance and reflectance due to defects
POSS embedded MA8000 (aromatic methacrylic) and PM1287
generated from space radiation,” said Liu. “The new coatings must
(vinylsilsesquioxane) host matrix with different dopants—10 perprotect the solar cells from space environmental elements such as
space radiation, ultraviolet/visible radiation, atomic oxygen, thermal cent Gd or 10 percent Tb —have been tested with low-energy
protons at the Aerospace Low Energy Accelerator Facility. “Testing
cycling, and high voltage discharge. The coatings also need to be
showed that the MA8000 POSS is not suitable as a coating for
highly transparent in the visible light spectrum and be radiation
GaAs triple-junction solar cells,” Liu said.
stable, allowing maximum power generation by the solar cells,” Liu
Aerospace will continue to evaluate the POSS coating as the
said.
manufacturer makes improvements. The next generation POSS
“Aerospace is working to increase its ability to assess the technologies, to evaluate the state-of-the-art devices for specific satellite will be embedded in a DC93-500 host matrix for improved adhesion and radiation hardness. “Our efforts will focus on evaluating
applications, and to advise the Air Force, national security space
agencies, and NASA on investment and procurement strategy,” Liu new POSS coatings for space environments, characterizing the
said. Aerospace has unique laboratory capabilities and experience to defect generation mechanism in the coatings based on space
environment effects, evaluating new coatings deposited with ionassess radiation degradation. For example, studies have been done
in low-energy photon irradiation and combined proton-AM0 spec- assisted deposition and plasma-assisted deposition techniques for
space radiation hardness, and establishing molecular dynamic
trum irradiation, low-energy electron, and ultraviolet irradiation
simulation modeling for defect generating in coatings,” Liu said.
sources.
Radiation assessment standards and databases are widely used
“Aerospace also has excellent contacts with potential stakeholdto evaluate the end-of-life performance of solar arrays. At present,
ers in the new technologies—for example, developers, suppliers,
neither an assessment methodology nor a database exists for these
and government programs,” Liu said. Through involvement in the
advanced solar-cell coatings. The photovoltaic community is interSmall Business Innovation Research program, Aerospace has been
ested in developing lightweight and flexible coating to replace solar
participating in monitoring the development in industry of space
cell cover glass. Aerospace and the Air Force Research Laboratory
photovoltaic-related technology.
have been cooperatively leading the study of the thin-film
During the first year of this three-year project, Aerospace has
coating and thin-film photovoltaic-related technology for space
completed SRIM (Stopping and Range of Ions in Matter) modelapplications.
ing of proton penetration depth into polyhedral oligomeric silsesquioxane (POSS) coating for several simulated orbit environments.

Numerical Weather Prediction
By some estimates, watering the nation’s lawns requires 200 gallons
of water per person per day. What does that have to do with the
weather?
Weather forecasts from numerical weather prediction models are
required at increasingly high spatial and temporal resolution to support military operations and domestic emergencies. For example,
high-resolution weather forecasts support satellite calibration and
validation, launch load and plume predictions, and domestic emergency response planning, as well as routine air quality predictions.

The Aerospace Advanced Environmental Applications (AEA)
group conducts research into numerical weather prediction using
the complex Weather Research and Forecasting (WRF) model.
WRF is a community model developed by the National Center
for Atmospheric Research and is widely used in both civilian and
DOD operational weather predictions. Aerospace runs the WRF
model for Southern California every day (forecasts are posted
at www.aerospaceweather.com). Aerospace specializes in using
satellite data to improve the model forecasts. But recently, while
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c onducting a series of forecasts over the Los Angeles Basin to help
local air quality bureaus understand high ozone pollution episodes,
Aerospace found that the benefits of satellite data can be masked by
artifacts in the modeling system.
“We learned that the model tends to forecast warmer temperatures than observed,” said Leslie Belsma, project engineer in AEA.
“A source of cooling not included in the model system is anthropogenic moisture, or water from human processes. When water
such as rain passes through dry air some of it evaporates, which
requires energy. This energy is lost by the air and it represents a
cooling process—the air gets cooler. The principle of evaporative
coolers (swamp coolers) is the same. The two main human sources
are domestic use—which consists of watering lawns, replenishing
pools, and gardeners sweeping walks and driveways with water—
and commercial crop irrigation, largely from the inland valleys’
agricultural regions. Both of these sources act, in effect, like natural
precipitation.”
AEA commenced a study to find out if human water use does, in
fact, influence the weather. The study, Belsma said, compares temperature forecasts made with the standard WRF model to forecasts
made with a modified WRF model that incorporates anthropogenic water sources. Belsma’s team, which includes Rich Coleman
of the Sensors Signals and Electronics Subdivision and Jim Drake,
Michael McAtee, and Al Fote of AEA, first gathered data to quantify how much water is being released into the atmosphere by human activities.
“Data for the 10 Southern California counties show that the
combination of domestic use and commercial irrigation exceeds
natural precipitation in five of them,” Belsma said. “To incorporate
anthropogenic moisture into the WRF model required distributing
the water use in terms of the space and time scales needed by the
model. Unfortunately, no single data set has all the required information. Aerospace developed a technique to infer the monthly use
by mapping annual consumption amounts compiled by the USGS
to month-by-month profiles for the 18 California evapotranspiration zones identified by the California Irrigation Management
Information System program.”
The team then distributed the moisture spatially by mapping it
to the satellite-derived land-use data embedded in WRF. Of the
24 land-use categories in WRF, Belsma said, the team distributed
the moisture over the four allocated to irrigated croplands and one
designated as urban land. “For the month of July, data show that a
sizable area of the state is affected by significant amounts of ‘equivalent precipitation’ from watering our lawns and crops—especially
in summer, when natural precipitation averages less than 1.5 milli
meters per month over most of the region.”
Next, the researchers had to modify the WRF model so that
it could include the water from human activities in calculations
of how surface properties affect the heating or cooling of the atmosphere. They added the moisture data to a registry from which
WRF computed the added water at each model time step. This was
combined with any rain at the surface within the WRF land surface
submodel.
“We used our normal daily runs over Southern California,
choosing 30 days between July and August of 2007 as the ‘control
run,’ i.e., the model forecast generated without the domestic and
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Daily anthropogenic equivalent precipitation for July in California. The scale is
tenths of millimeters of equivalent daily precipitation. A sizable area of the state is
affected by significant amounts of equivalent precipitation from watering lawns
and crops, especially in summer when natural averages are less than 1.5 milli
meters per month over most of the region.

irrigation water. We then ran the modified WRF for the same
dates. We compared the forecasts from both model runs to surface
observations of temperature throughout the entire region. When
we computed the temperature bias—that is, whether the forecast
temperature tended to be consistently warmer or colder than what
was observed—we found that the temperature bias varied dramatically with the time of day, but was very similar for the modified and
control model runs,” Belsma said.
The greatest difference between the control and the irrigated run
was at the 19th forecast hour (noon local time), when the bias of
the modified case was slightly (0.13 K) cooler. To see if the differences might stand out more if the team just compared model forecasts to observations located in the areas in which they inserted the
anthropogenic moisture, they restricted the calculation of the bias
in temperature to just these areas.
“The biases showed the same strong diurnal variation and again
were generally close to each other, with the bias a bit cooler (0.20
K) compared to the control run. We next looked at the effect at a
single station, the Bakersfield airfield, located at the southeast corner of the extensively irrigated San Joaquin Valley. Averaged over
all days and forecast hours the temperatures forecast at Bakersfield
were nearly 1 degree cooler than the forecasts made without taking
into account this water source,” Belsma said.
Belsma said the team’s study demonstrated the impact of human water consumption on the weather: “We already know that
water consumption is a major environmental issue worldwide. Now
Aerospace has demonstrated that all that water going to quench the
thirst of our lawns and agricultural regions in this desert climate of
Southern California affects the weather as well.”

Energetic particles that are accelerated at solar flares and
travel toward Earth at near relativistic speeds pose a serious
threat to Earth-orbiting spacecraft. Often, spacecraft passing
through penetrating radiation from these energetic particles
see a complex structure that includes large latitudinal and
longitudinal variations in particle fluence. Thus a strong likelihood exists that the actual environment may be significantly
different than current models indicate. These variations have
only begun to be explained by numerical trajectory calculations. Inclusion of the interplanetary magnetic field, which
guides these particles toward Earth, is of paramount importance in understanding how they penetrate Earth-orbiting
spacecraft.
A team of Aerospace scientists—Tamitha Skov and Joseph Mazur of the Aerospace Space Sciences Department and J. Bernard
Blake of the Space Science Applications Laboratory—has been
using multispacecraft measurements of upstream magnetic fields to
further develop the particle model that traces numerical trajectories
of energetic particles through the complex structure of the solar
wind. “The ultimate goal is to provide realistic particle trajectories
and their incidence at Earth,” said Skov. “This will allow a better prediction of the variation of penetrating radiation seen deep
within the magnetosphere and at high latitudes, where penetrating
radiation is most prominent. These analyses will help generate better specifications of energetic protons, electrons, and ions that have
not been modeled well in the past.”
Accurate predictions of the distribution of charged particles in
the inner magnetosphere are needed for spacecraft requirements
and simulations of space environmental effects on materials. “It is
clear from current missions that the inner magnetosphere is highly
dynamic, and the extremes in energetic particle fluence are yet unknown,” Skov said. “Within the past decade, spacecraft technology
has advanced far beyond our current specifications. At the same
time, national security space interest in more hazardous orbits has
far outpaced the development of new models in these regions.”
Existing trapped-radiation models treat solar-wind and solar-cycle
variability extremely crudely and are only beginning to provide
probability distributions as part of their output.
The team has extended the energetic particle anisotropy database compiled from the NASA Advanced Composition Explorer
(ACE) and Polar satellites from FY06 by including data from the
NASA Solar Anomalous Component Magnetospheric Particles
Explorer (SAMPEX) and NOAA’s Geostationary Operational
Environmental Satellites (GOES), as well as new data from Polar.
ACE samples low-energy particles of solar origin as well as higherenergy galactic particles. SAMPEX is designed to detect solar energetic particles, precipitating energetic electrons, anomalous cosmic
rays, and galactic cosmic rays. Polar measures energetic particles and
energy input to the Earth’s polar regions. GOES monitors Earth’s
weather and the near-Earth space environment.
Skov said that the team has made several significant accomplishments: It has completed a numerical trajectory-tracing model
through the L1 libration point to the magnetopause for quiet and
disturbed solar wind periods. The L1 libration point is approximately one one-hundredth of the way from Earth to the sun (e.g.,

Diagram of the 3-D orientation of a solar wind transient structure as it passes
the orbit of Earth. The numerical trajectories of solar energetic particles streaming through the center of the structure having energies of 20 MeV, 45 MeV, and
110 MeV are superposed. Note how the particle paths bend sharply at the same
location, which corresponds to the magnetic boundary between the transient
structure and the associated interplanetary shock (not shown).

about 1.5 million kilometers, 1 million miles, or 240 Earth radii
in front of Earth), where the gravitational and orbital forces of
Earth and the sun are balanced, allowing a spacecraft to remain in
a relatively stationary location relative to Earth as it orbits the sun.
Interplanetary observations upstream of Earth—specifically, ACE
and Wind spacecraft data at the L1 libration point—have been
imported into the model. A preliminary 3-D field-line mapping of
the spatial domain within the model has been created to determine
field gradients at the boundaries of the inverted 3-D magnetic
structures.
The team also determined that highest energy particles can
remain trapped in magnetic mirrors convecting with solar wind.
These oscillating particles are observed at the Polar and SAMPEX
spacecraft. New evidence shows that geosynchronous Earth orbits have unusually isotropic particle fluences during solar particle
events; electron precursors of these events, as detected in SAMPEX
and high Earth orbit spacecraft data, may possibly aid in prediction.
The team plans next to enhance the numerical trajectory-tracing
model by incorporating multispacecraft observations of the interplanetary field upstream of Earth, including the twin STEREO
spacecraft. Adding the solar wind interplanetary magnetic field
variability as a real-time parameter in the model will enable the
examination of modulation effects on the energetic particle fluence
anisotropy and the way in which the anisotropy varies deep within
the magnetosphere compared to high latitudes. The team will also
begin to analyze extended data sets for solar-cycle effects in penetrating radiation variability.
Plans are also to improve the 3-D field-line mapping of the solar
wind with the transient model field inversions to better understand
the field gradients that occur when multiple observed and modeled
field data sets are coupled. Analysis will continue of the energetic
particle fluence at the solar wind monitor position ahead of Earth
for comparison with predicted numerical trajectories and the variability seen in Polar pitch-angle distributions. SAMPEX measurements will also continue regarding how the solar wind interplanetary magnetic field drives radiation deep in the magnetosphere
during periods of quiet and high solar wind variability.
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D. M. Tratt et al., “Promoting Robust Design of Diode Lasers for
Space: A National Initiative,” 2008 IEEE Aerospace Conference, pp.
1–9 (Piscataway, NJ, 2008).
D. M. Tratt, J. M. Neff, and A. Valinia, “Analysis of Laser Remote
Sensing Technology Needs in the Earth Sciences: a DecadalScale Outlook,” Journal of Applied Remote Sensing, Vol. 2, 023546,
doi:10.1117/1.3036940, 2008.

D. M. Tratt, J. M. Neff, and A. Valinia, “NASA Laser Remote Sensing Technology Needs for Earth Science in the Next Decade and
Beyond,” Lidar Technologies, Techniques, and Measurements for Atmospheric Remote Sensing III (Florence, Italy, Sept. 17–19, 2007), Proc.
SPIE, Vol. 6750, Art. 675016, doi:10.1117/12.740063, 2007.
E. L. Valles, “Constellation Design for Improved Iterative LDPC Decoding,” 2008 IEEE Aerospace Conference, pp. 1–7 (Piscataway, NJ,
2008).
J. A. Vedda, “Challenges to the Sustainability of Space Exploration,”
Astropolitics, Vol. 6, No. 1, pp. 22–49 ( Jan. 2008).

R. L. Walterscheid and D. G. Brinkman, “Spin-Down Circulation
of High-Latitude Ion Drag-Driven Gyres,” Journal of Geophysical
Research—Space Physics, Vol. 113, No. A4 (April 2008).

B. H. Weiller et al., “Construction of a Polyaniline Nanofiber Gas Sensor,” Journal of Chemical Education, Vol. 85, No. 8, pp. 1102–1104
(Aug. 2008).

J. E. Wessel, R. W. Farley, A. A. Fote, Y. Hong, B. H. Thomas, D. J.
Boucher, et al., “Calibration and Validation of DMSP SSMIS Lower
Atmospheric Sounding Channels,” IEEE Transactions on Geoscience
and Remote Sensing, Vol. 46, No. 4, pp. 946–961 (April 2008).
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M. A. Zurbuchen et al., “A Thin Film Approach to Engineering Functionality into Oxides,” Journal of the American Ceramic Society, Vol.
91, No. 8, pp. 2429–2454 (Aug. 2008).

G. F. Hawkins, C. H. Tang, “Force Diversion Apparatus and Methods and Devices Including the Same,” U.S. Patent No. 7,367,898,
May 6, 2008.
There are many instances where it would be desirable to redirect
or absorb forces during a collision. This invention provides a
means of doing so through a system of machines configured to
convert compression force to shear force and a layer of material
that spreads the compression forces over the machines. The layer
of material connected to the machines may also be configured to
control the dynamic motion of the apparatus. An apparatus can
be configured to impart a predetermined rotation to an object by
including both a force conversion portion and a force spreading
portion. Compression forces can be absorbed by converting at
least some of them into shear forces while the object is in contact
with the surface and simultaneously imparting a rotational force.
This invention can be applied to protecting the body, protecting
a vehicle (tanks, light vehicles, helicopters), or designing sports
equipment (golf clubs).
M. J. O’Brien, B. A. Nelson, M. R. Hilton, “Ceramic Ball Bearing
Acoustic Test Method,” U.S. Patent No. 7,370,537, May 13,
2008.
Silicon-nitride hybrid bearings, which combine ceramic balls
with steel races, have been proposed for satellite use to improve
momentum control wheels and flywheels; however, the siliconnitride balls have low tensile strength, which makes them vulnerable to cracking. Current inspection methods find it difficult to
differentiate between cracked and uncracked material in ceramic.
This invention proposes a new, more reliable way to test these
balls for flaws. To run the test, the ball is placed between platens
that have hemispherical sockets with radii equal to that of the
ball, but which do not completely cover the ball when pressed
together. The two platens are compressed, increasing the load
upon the ball until a tensile hoop stress develops at the equator
that is intense enough to cause any preexisting crack or flaw to
grow, generating acoustical emissions that are monitored by a microphone. If no crack growth is detected through acoustical emissions, an upper bound can be placed on the maximum possible
size of a crack or flaw that might be present. The test method is
specialized for testing small bearings.
R. B. Dybdal, M. A. Rolenz, “Method of Determining Communications Link Quality Employing Beacon Signals,” U.S. Patent No.
7,373,105, May 13, 2008.
This method of determining communication link quality involves
providing communication satellites with beacon transmitters and
users with a real-time display of link performance. The beacons
transmit two types of signals—a stable, continuous wave tone

that provides a reference signal level, and a coded waveform. The
user’s equipment processes the two signals to provide a real-time
determination of link impairments and, from this, a determination of the type and quality of service that is available to the user.
The communications device determines link loss, scintillation effects, Doppler offsets, and noise and interference levels, and controls the transmitter signal level so that each user has an equitable
share of the satellite’s downlink transmitter. With this added
functionality, the user can understand the limitations of the existing communication capabilities and user transmission levels are
controlled to reduce the dynamic range of signals received and
processed by the satellite, thereby increasing system effectiveness.
R. Kumar, “Power Controlled Fading Communication Channel
System,” U.S. Patent No. 7,373,168, May 13, 2008.
Existing closed-loop power control algorithms in the Code Division Multiple Access (CDMA) and Universal Mobile Telephone
System ignore the round-trip delay incurred in the measurement
of the received signal power. This assumption of zero round-trip
delay may be valid when the delay is negligible, but not in the
case of satellite channels. Any power control algorithm based on a
zero delay assumption will not have satisfactory performance, resulting in interrupted communication, and may result in a drastic
reduction in the capacity of the CDMA system. This invention
provides a system for improving the reception of communication signals and to maximize the system capacity by adjusting the
power level of a transmitted signal by predicting the amount of
fading in a fading channel. A power-control algorithm accounts
for the propagation delay by including an adaptive nonlinear
predictor. The fading channel power gain is modeled in terms
of a parameterized nonlinear model with memory. The model
parameters are adaptively estimated by a recursive least-squares
algorithm, from which a power controller derives the required
prediction of the channel power gain and the requisite transmitted power level.
W. E. Lillo, “Dual Code Spread Spectrum Communication System,”
U.S. Patent No. 7,397,840, July 8, 2008.
Spreading codes have long been used to isolate channel signals so
that only receivers with predetermined codes can receive them.
This invention relates to use of multiple correlated codes for
demodulating a single spread spectrum signal, allowing for different levels of access to different users. Some of the receivers get
the channel signal first using one spreading code, and others get
it later using a second spreading code. The first group of receivers generate a replica of the first spreading code, and the second
group generate replicas of the first and second spreading code.
Thus, all of the receivers correlate the first channel signal during a
first time period, but only a portion of the receivers fully correlate
the second channel signal during the second time period. In this
manner, the first message is communicated in the first channel
signal to all of the receivers, while a second message is communicated in the second channel signal to only a subset of all of the receivers. Hence, the broadcast communication system can be used
for sending secret messages to certain receivers at one time and
for sending public messages to the entire group at another time.

R. Kumar, “Generalized Polyphase Channelization System,” U.S.
Patent No. 7,403,577, July 22, 2008.
This invention describes a digital channelizer for channelizing a
broadband input signal into a number K of channel signals using
a complex mixer for converting the input signal into a complex
baseband signal, an analog-to-digital converter, a bank of filter
blocks, and a bank of FFT (fast Fourier transform) processors.
The sampling rate of the individual channels is equal to 1/M
times the sampling rate of the broadband signal where M is the
decimation factor. The invented architecture deals with the case
wherein K is higher than M, and one is not an integer multiple of
the other, and permits allocation of seamless band comprised of
multiple channels to a single user while avoiding any distortion
due to the channelization process. The architecture is computationally very efficient as the number of computations increases
only logarithmically with K. For broadband signals, such computational requirements may be one of the dominant factors in
determining the overall cost, weight, and power requirements of
a satellite system.
M. H. Abraham, H. Helvajian, S. W. Janson, “Laser Assisted Chemical Etching Method for Release Microscale and Nanoscale Devices,” U.S. Patent No. 7,419,915, Sept. 2, 2008.
The global market for microelectromechanical systems (MEMS)
and nanotechnology is greater than $8 billion per year. Most
MEMS fabrication techniques are time-consuming and expensive, and do not lend themselves to nanoscale devices. This
invention provides a method for creating buried patterned films
in bulk material using a focused ion beam or a broad-area ion
beam and a mask. It uses laser-assisted chemical etching for etching bulk silicon from a patterned buried film. More specifically, a
laser is used to precisely heat an area about a buried film so that
the localized heat enhances the chemical etching of the substrate
for releasing nanoscale patterned structures that exist in or on the
silicon wafer. Devices can be fabricated with microscale or nanoscale dimensions using implanted ions; resolution is defined by
the ion-beam implant pattern resolution and dose. The resulting
thicknesses are on the order of thousands of angstroms and may
be patterned by lithography or by direct write with a focused ion
beam. The method can be scaled up for mass production.
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Contributors
The Hubble Space Telescope
David A. Bearden, Principal Director, NASA
Advanced Programs Directorate, has supported many NASA interplanetary and Earthscience programs. In 2006, he shared The
Aerospace Corporation President’s Award for
leading the Hubble Space Telescope Servicing
Analysis of Alternatives. He was also the recipient of the Aviation Week & Space Technology
Annual Aerospace Laurels in 2000. Bearden joined Aerospace in
1991. He has a Ph.D. in aerospace engineering from the University
of Southern California.

Signal Enhancement for the Human Voice
Allan R. Cohen, Senior Project Leader,
NASA Headquarters and Goddard Space
Flight Center Programs, joined Aerospace in
1981 and has worked in many different capacities, including the Structural Mechanics Subdivision, the MILSATCOM program office,
and various program offices in the National
Systems Group. Since joining Civil and Commercial Operations
in 2000, he has been responsible for numerous Aerospace projects
in support of NASA, including direct support to the Hubble Space
Telescope Program Office. He has an M.S. in aeronautics and astronautics from Purdue University.

Maintaining the Legacy of Landsat
Steven J. Covington, Senior Project Leader,
NASA Headquarters and Goddard Space
Flight Center Programs, serves as engineering and operations coordinator for the U.S.
Geological Survey’s Landsat 5 and Landsat 7
missions. He joined Aerospace in 1995, supporting NASA and the U.S. Geological Survey
in the Landsat 7 ground system development
before moving to flight operations support after launch. He has a
B.S. from Rochester Institute of Technology.

Thomas R. Hill, Senior Project Engineer,
NASA Headquarters and Goddard Space
Flight Center Programs, currently serves as
engineering and operations coordinator for the
U.S. Geological Survey’s Landsat Program. He
joined Aerospace in 1999, and has also served
in support of NOAA and its geostationary
weather satellite constellation. He has an M.S.
in computer science from Colorado Technical University.

Independent Assessments for NASA
Robert E. Bitten, Senior Project Leader,
NASA Advanced Programs Directorate, received the NASA Cost Estimating Support
Contractor of the Year award for 2007. Bitten
has worked throughout the lifecycle of NASA
projects ranging from strategic planning to
concept development, proposal evaluations and
milestone reviews, to launch. He shared The
Aerospace Corporation President’s Award for
his work on cost-effectiveness assessment for
the Hubble telecope analysis of alternatives in 2006. He has a B.S.
in industrial and systems engineering from the Georgia Institute of
Technology and an M.B.A. from Pepperdine University.

Debra L. Emmons, Systems Director, NASA
Advanced Programs Directorate, manages independent assessment support to NASA customers. Since joining Aerospace in 2003, she
has supported numerous NASA project and
program assessments, including the Mars Science Laboratory and Constellation program.
She developed a quantitative schedule analysis
tool and has used it on several NASA proposal evaluations and
assessments. She shared The Aerospace Corporation President’s
Award in 2006. She has an M.S.E.E. from Cornell University and
an M.B.A. from the Imperial College of London.

Systems Engineering for Robotic Spacecraft
Frank F. Donivan, Systems Director, NASA
Headquarters and Goddard Space Flight
Center Programs, manages the technical staff
supporting TDRS and Landsat flight projects
as well as the NASA Earth Science Technology Office and the Constellation program at
NASA Headquarters. Donivan’s background
includes radio astronomy, interplanetary navigation, and ground system architectures as well as system engineering. He has a Ph.D. in astronomy from the University of Florida.
He joined Aerospace in 1997.
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Matthew J. Hart, Systems Director, NASA
Advanced Programs Division, oversees Aerospace engineering analysis support to JPL,
NASA Ames and Glenn Research Centers,
and others. He has led systems engineering,
architecting, mission assurance, and reliability
studies for numerous NASA missions and
programs, including the Jupiter Icy Moon
Orbiter High Capability Instrument Study and the Project Prometheus Analysis of Alternatives. Hart joined Aerospace in 1987
and shared The Aerospace Corporation President’s Award for the
Hubble Space Telescope Servicing Analysis of Alternatives in 2006.
He has an M.S. from Stanford University in aerospace engineering.

Tamitha L. Skov (née Mulligan), Research
Scientist, Space Sciences Department, joined
Aerospace in 2004 and works in the fields of
solar ejecta, energetic particle transport, penetrating radiation in Earth’s magnetosphere,
and audio signal recording and processing. In
addition, she joined the National Law Enforcement and Corrections Technology Center
in 2005 where she serves as an audio forensics analyst and instructor. She received a Ph.D. in space plasma physics from UCLA.

James L. Roeder, Senior Scientist, Space Sciences Department, leads research in space
plasma physics and spacecraft-environment
interactions. Since 1996 he has supported the
National Law Enforcement and Corrections
Technology Center—Western Region, primarily focused on the analysis and enhancement of
audio recordings. He has worked at Aerospace
since 1982 and has a Ph. D. from the University of Houston.

Civil Investment in Space Science

A Vacation in Space

J. B. Blake is a distinguished scientist in the
Space Science Applications Laboratory, where
he has worked since 1962 (when it was known
as the Space Physics Laboratory). Blake has
served as investigator on many scientific satellite missions and more than 20 Air Force research and engineering missions. His research
has focused on beta decay; the Mossbauer
effect; magnetospheric, auroral, and cosmic ray physics; and nuclear
astrophysics. He is a Fellow of the American Physical Society and
the American Geophysical Union. He was awarded The Aerospace
Corporation Trustees’ Award in 1986. He has a Ph.D. in physics
from the University of Illinois.

Glenn Law, Senior Project Engineer, Launch
Support Division, was one of three lead developers of Aerospace’s Concept Design Center
(CDC). He is also the lead developer of the
Launch Vehicle CDC and the Ballistic Missile
CDC, and has led numerous CDC teams for
various Air Force studies. He led the team that
developed the spaceport licensing documents
for the Oklahoma Space Industry Development Authority in its
pursuit of an FAA license. Law began working at Aerospace in
1991. He has an M.S. in aeronautics and astronautics from MIT.

James H. Clemmons, Principal Director,
Space Science Applications Laboratory, joined
Aerospace in 1997 to conduct experiments
that probe the space environment. He has led
development of approximately 20 scientific instruments that have flown in space on sounding rockets and satellites to investigate a variety of phenomena in Earth’ s magnetosphere
as well as its ionosphere-thermosphere-mesosphere system. He has
a Ph.D. in physics from the University of California, Berkeley.
Joseph F. Fennell, Distinguished Scientist,
Space Science Applications Laboratory, is
widely recognized for his work in space plasma
research and the application of space physics
knowledge to the operation of space systems.
Fennell began working at Aerospace in 1971.
He has been an investigator on many space
experiments that studied auroral phenomena,
satellite charging, and Earth’s radiation belts and served as a coinvestigator on the NASA Radiation Belt Storm Probes mission.
Fennell has written numerous scientific publications and technical
reports on trapped energetic particles and space plasmas. He received The Aerospace Corporation President’s Award in 2006. He
has a Ph.D. in physics from Saint Louis University.

The Moon, Mars, and Beyond
David S. Adlis, Systems Director, Houston/
NASA Programs, has more than 10 years of
experience as a NASA project manager in the
development and delivery of a wide variety of
spacecraft equipment. His primary expertise is
in systems engineering and hardware development for human spaceflight. He has received
the Johnson Space Center Certificate of Commendation for leadership in intercenter and international coordination in the development and integration of spaceflight hardware as well as the Silver
Snoopy Award. He has an M.S. from Texas A&M University. He
joined Aerospace in 2000.

Monitoring the Environment from Space
Jim O’Neal, System Director, Suitland Program Office, works in support of the NOAA/
NESDIS Office of Systems Development.
Prior to joining Aerospace in 2000, he served
as technical team leader for NOAA’s Polarorbiting Operational Environmental Satellite (POES) program. He served in both
the Army and the Air Force in many spacerelated assignments. He has M.S. degrees in statistics and electrical
engineering.
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Separation Anxiety: Targeting a Smooth Landing
on a Rough Surface
Mars Science Laboratory
The Mars Science Laboratory (MSL), slated to begin its journey to Mars in
fall 2011, will join twin rovers Spirit and Opportunity on Mars. It too will seek
out evidence of water, and therefore the possibility of life, on the red planet.
Aerospace is performing the mechanical separation analysis for the many
events that must occur during Mars entry, descent, and landing. Aerospace
performed avionics board-level analysis and helped troubleshoot mechanical
actuator design problems with the MSL mission.

Like the twin rovers that landed on Mars in early 2004, the MSL will be
packed inside a cruise stage and protected by a heat shield during its travels.
But unlike the two Mars Exploration Rovers that were cushioned in airbags
as they descended onto Mars, MSL will use a unique skycrane landing system.
The skycrane will use a propulsion descent stage carrier that will place the
MSL rover on the surface of Mars without the use of a conventional legged
lander or airbag landing system.
This is how it works: The skycrane, with the MSL lander stowed beneath it, is
released from the backshell of the Mars Entry System after aeroshell separation. The system then free-falls for a short time before the skycrane descent
engines are ignited. During the powered descent, an onboard navigation system, and descent and hazard avoidance radar are used to guide the vehicle to
a safe landing location. As the skycrane approaches the landing location, the
rover is released and lowered to the surface on a bridle. Once the rover is safely
on the surface, with the skycrane hovering above, the bridle is cut and the
skycrane diverts to a safe impact location, leaving the rover, which is about the
size of a Mini Cooper, ready to start operations on the surface of Mars.

The major components of NASA’s Mars Science Laboratory spacecraft,
consisting of the cruise stage atop the aeroshell, with the descent stage
and rover inside. The components have undergone several weeks of
systems testing together, including simulation of launch vibrations and
deep-space environmental conditions.

This portion of the Mars Science Laboratory spacecraft, called the
cruise stage, will do its work during the flight between Earth and Mars
after launch in the fall of 2011.
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The descent stage, carrying the Mars Science Laboratory underneath it,
will provide rocket-powered deceleration as it approaches the surface
of Mars. When it nears the surface, it will lower the MSL rover on a bridle
the rest of the way to the ground.

Martian landscape image courtesy of NASA/JPL/Cornell.
All other images courtesy of NASA/JPL-Caltech.
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The Crosslink Crossword

1

2

3
4

Across
2. May accompany fury
4. Doghouse denizen
5. Meds medium
8. The "Y" sometimes is one
10. Packrat's pride
11. Clean surfaces
13. High-quality paper
15. A good fighter's is black
17. It's very sound
18. Surfer's gadget
20. Constant change
22. Rowing sport
24. ____ opposite
25. Goods in transit
26. "The pond," to some
30. Lamb sandwich
31. Umpire's call
32. Grow light
33. Tide-watching locale

Down
1. It shows "You are here"
3. She must be licensed
5. Computer or customer
6. This may lead to a tip

5

6

7

8

9

10
11
13

14

15

12

16
17

18

19

20

21
23

22

24
25

26
27

28

29

30

31
32
33

7. Often goes with life
Across
9. Greeting
2. Maygesture
accompany fury
4. Doghouse
denizen
12. Sounds
pretty
sweet
5. Meds medium
8. The
is one
14. Elvis
sang"Y"
of sometimes
the Heartbreak
10. Packrat's pride
16. Strain
11. Clean surfaces

19. Note-jotting place
27. A sweeping view
Down
20. Breakfast, to dietitians
28. Itare
may
be mutual
1. It shows "You
here"
3. She must be
licensed
21. Type of musical cords
29.
Holds
fish
5. Computer or customer or fuel
22. Put off payment 6. This may lead to a tip
7. Often goes with life
23. Detectives and dentists
do it gesture
9. Greeting

13. High-quality paper
12. Sounds pretty sweet
15. A good fighter's is black
14. Elvis sang of the Heartbreak
17. It's very sound
16. Strain
Most puzzle words and clues are from articles
in this issue.
The solution is on the Crosslink Web site: http://www.aero.org/publications/crosslink/.
18. Surfer's
gadget
19. Note-jotting place
20. Constant change
20. Breakfast, to dietitians
22. Rowing sport
21. Type of musical cords
24. ____ opposite
22. Put off payment

