This book attempts to convey the creativity,
leadership, and vision that were necessary for the
mission’s success. It is a book about dedicated people
and their scientific and engineering achievements.
The Galileo mission faced many significant problems.
Some of the most brilliant accomplishments and
“work-arounds” of the Galileo staff occurred
precisely when these challenges arose. Throughout
the mission, engineers and scientists found ways to
keep the spacecraft operational from a distance of
nearly half a billion miles, enabling one of the most
impressive voyages of scientific discovery.
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The Galileo mission to Jupiter explored
an exciting new frontier, had a major impact
on planetary science, and provided invaluable
lessons for the design of spacecraft. This
mission amassed so many scientific firsts and
key discoveries that it can truly be called one of
the most impressive feats of exploration of the
20th century. In the words of John Casani, the
original project manager of the mission, “Galileo
was a way of demonstrating . . . just what U.S.
technology was capable of doing.” An engineer
on the Galileo team expressed more personal
sentiments when she said, “I had never been a
part of something with such great scope.. . . . To
know that the whole world was watching and
hoping with us that this would work. We were
doing something for all mankind.”

When Galileo lifted off from Kennedy
Space Center on 18 October 1989, it began an
interplanetary voyage that took it to Venus, to
two asteroids, back to Earth, and finally on to
Jupiter. The craft’s instruments studied Jupiter’s
enormous magnetosphere and its belts of intense
radiation. The spacecraft also sent off a planetary
probe that accomplished the most difficult
atmospheric entry ever attempted. After this,
the craft spent years visiting Jupiter’s moons and

delving into their structures and properties.
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Preface

The Galileo Project: Commitment, Struggle, and Ultimate Success

I am glad to see that someone has followed through and done a really comprehensive
and workman-like job capturing the history of the Galileo project. This book goes all
the way back to the initiation of the project, when it was more or less just a thought in
a few peoples’ minds, and traces the whole evolution from there. T got a great deal out
of reading it.

I have a vested interest in the Galileo project—I was deeply involved in it for
over a decade. A lot of people know about the mission and its terrific science return,
but they don’t know about the struggle putting the project together, getting it started,
and keeping it going through all of the reprogramming and restructuring. One of the
arguments that we used with people on Capitol Hill to keep the program alive through
delays in the congressional budgeting process was that Galileo would be a nonthreatening
manifestation of our country’s technological capabilities, and this would send a powerful
message to the rest of the world. It did just that.

Galileo meant a lot to the United States, but it also meant a lot to our space
science community, because at the time that we were going through the development
of Galileo, it was the only major deep space project. There were Earth satellite launches
going on, but nothing to the planets. It was Galileo that really helped NASA and the U.S.
space science community maintain viability during a period of extreme drought in pro-
gram development. A lot of capability would have disappeared over the course of the 10
years that Galileo was in development.

The commitment that individuals made to Galileo was extraordinary. Many indi-
viduals committed a third or more of their professional lifetimes to executing this project.
Over the years, situations developed so many times where it looked like there was just no
way out for the project, but we always managed to come up with a solution. The number
of times we managed to pull the fat out of the fire was truly remarkable.

The Galileo project was complex in that it required funding for science instrument
and spacecraft development from numerous sources, including NASA and its Centers, the
Department of Energy, U.S. universities, and the Europeans (especially the Germans). Just
how the pieces of the fabric were woven together into what turned out to be a very suc-
cessful program—one that required an investment of almost two decades of preparatory
and execution work to bring about—is an interesting story. Revisiting the program from a
historical point of view is what motivated me to read this book. I think that people who are
interested in the space program, its science achievements, and its contribution to technol-
ogy in general will really appreciate this history. It's comprehensive, it's complete, and it
seems to me to be pretty even-handed. I'm very appreciative of what Michael has done.

—John Casani, First Galileo Project Manager



Foreword

We Are All Standing on the Bridge of Starship Enterprise

This book details the history of the Galileo mission. Galileo had political ups and downs,
technical challenges and hurdles, and was a multigenerational task. We had people starting
the mission on advisory committees and senior management jobs who have now passed on.
Many people went through parts of Galileo in stages of their careers. I have friends who still
mark their anniversaries and the birthdates of their children in terms of, “That was when we
were on the beginning stages of prelaunch preparation,” or, “It was during our first Europa
encounter when that happened.” The Galileo team felt much more as a family than a pure
professional enterprise. People worked together for long periods of time, through good
times and bad, to accomplish this thing not just for them, but for everybody.

The Galileo mission to Jupiter was part of the grand sweep of solar system exploration.
You can view planetary exploration as a human endeavor—a wave sweeping outward from Earth.
We went to the close-in places first—the Moon, Venus, and Mars. The outer solar system was the
next big frontier, and it was an order of magnitude more difficult to explore. The distances are
truly staggering, and the problems of developing spacecraft that could survive on their own for
long periods of time were major challenges.

The early explorations of the outer solar system were performed by relatively fast-
trajectory spaceships, like the Pioneers and Voyagers. They and Galileo were major steps
forward in being able to develop reliable craft that would operate for decades, continue
to send data back without failing, and be smart enough to take care of themselves out of
communication with Earth. At Jupiter, the time available to send a radio signal is typically
45 minutes, and another 45 minutes before you get an answer back. You are well beyond
being able to do the types of things that can be done in Earth orbit.

NASA’s outer solar system missions helped turn that region into a known place,
rather than just the realm of astronomers. The outer solar system became someplace that
can be talked about and thought about in geological and geophysical terms. The person on
the street and kids in school can say, “Hey, I saw a picture of a moon of Jupiter the other
day and it had volcanoes on it.”

We planned the Galileo mission in that context. The scientific advisory committees
to NASA and the U.S. government laid out an exploration strategy of fast reconnaissance
missions followed by missions such as Galileo, in which we orbited planets and did more
detailed studies. There was a leapfrogging characteristic to this type of exploration. The
missions take so long to plan and execute that the next wave of exploration must be pre-
pared even before the current one can be launched. We began work on Galileo in 1972 in
its infant form, and we really got to work on it in 1974 with detailed studies, even before
Voyager was launched in 1977.



On Galileo, we combined orbital and in situ exploration strategies. We believed
that if we were going through so much effort and so many resources to get there, we ought
to not only study the planet, its satellites, and magnetic fields, but that we also should
understand the chemistry of the atmosphere in detail with an entry probe that actually went
into the atmosphere, grabbed a sample, analyzed it, and sent the data back to the mother
ship before burning up in the atmosphere. This was very ambitious.

We had a strategic plan that said we were going to go orbit Jupiter, get into its
atmosphere, and then inform that plan with tactics derived from Voyager results. It is a good
example of the way exploration progresses. You learn things that lead to new questions
you want to answer, and so forth. We were preparing to follow up and understand Jupiter’s
miniature planetary system at a very detailed level, even as Voyager was continuing on from
Jupiter to Saturn, opening up the rest of the outer solar system.

People frequently ask, “Why should the average person be interested in what’s
going on in the Jupiter system?” There are answers to that on all levels, ranging from the vis-
ibility of high technology to developing new things that have spinoffs to enhancing national
prestige to satisfying pure curiosity. But really, it is all about changing the way we look at
the universe and the world. We want to know how planets tick and understand the pro-
cesses that control us here on Earth—everything from geophysics to climatology to global
warming. The universe is effectively a laboratory waiting for us to study these things.

Most of the people who have worked on Galileo over the years probably regard
their biggest contribution as having changed the textbooks. Kids today learn about such
things as the moons of Jupiter, and they know what they’re talking about. To them, the
planets become not just dots in the sky that you can barely see with a telescope. The planets
become real places, and kids know their characteristics.

There is always a tension in the national debate about how much robotic explora-
tion (such as Galileo) we should do versus so-called human exploration (such as Apollo).
This misses the point! What we call robotic exploration is in fact human exploration. The
crews sitting in the control room at Jet Propulsion Laboratory as well as everyone out there
who can log on to the Internet can take a look at what'’s going on. So, in effect, we are all
standing on the bridge of Starship Enterprise.

It is important to note that Galileo was an international mission. Science is, by its
nature, international. We had people contribute from countries all over the European com-
munity and other countries as well. This was one of the first missions in which the analysis
of data more or less continued around the clock, around the globe. We’'d wake up in the
morning and hear that one of our colleagues in Berlin had processed some images over-
night and brought new data to the table—and we could look at it immediately, while they
had a chance to sleep.

The intellectual children, grandchildren, and great-grandchildren of the people
who worked on Galileo have now spread through the crews operating the Cassini space-
craft at Saturn and the MER Rovers, Spirit and Opportunity, on the surface of Mars. It is an
ongoing spirit of exploration and, to me, that’s really the bottom line of what Galileo was
all about. It is important to record the history of these types of things, both because of the
intrinsic interest that the public has and because there are always lessons to be learned. I
sure hope people will read this book and get that feeling from it.

—Torrence V. Johnson, Galileo Chief Scientist
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ADDRESS TO THE U.S. SENATE SUBCOMMITTEE ON

Science, Technology, and Space, author James Michener

asserted that “it is extremely difficult to keep a human life
or the life of a nation moving forward with enough energy and commitment to lift it into
the next cycle of experience . . . . There are moments in history when challenges occur
of such a compelling nature that to miss them is to miss the whole meaning of an epoch.
Space is such a challenge.”

The Galileo mission to Jupiter successfully explored a vast new frontier, had a
major impact on planetary science, and provided invaluable lessons for the design of sub-
sequent space vehicles. In accomplishing these things, Galileo met the challenge of “such a
compelling nature” that Michener envisioned. The impact of the mission was felt by those
who worked on it, the country that supported it, and the people from other parts of the
world who were deeply impressed by it. In the words of John Casani, the original Project
Manager of the mission, “Galileo was a way of demonstrating . . . just what U.S. technology
was capable of doing.”> An engineer on the Galileo team expressed more personal senti-
ments when she said, “I had never been a part of something with such great scope . . . .
To know that the whole world was watching and hoping with us that this would work. We
were doing something for all mankind . . . I'd walk outside at night and look up at Jupiter,
and think, my ship’s up there.”

' James A. Michener, “Space Exploration: Military and Non-Military Advantages” (speech delivered before the U.S.
Senate Subcommittee on Science, Technology, and Space, Washington, DC, 1 February 1979). Published in Vital
Speeches of the Day (Southold, NY: City News Publishing Company, 15 July 1979).

2 John Casani interview, tape-recorded telephone conversation, 29 May 2001.

3 Nagin Cox interview, tape-recorded telephone conversation, 15 May 2001.
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Like other grand voyages of discovery, Galileo altered the way we view our sur-
roundings (in this case, our planetary surroundings). It is thus fitting that this mission to
the Jovian system was named after a man whose own astronomical observations radically
challenged the way that people of his time viewed their universe. The discoveries of both
Galileo the man and Galileo the spacecraft brought us new perceptions of our planetary
system, made our lives richer and more interesting, and breathed new vitality into our quest
to understand ourselves and our universe.
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THE GALILEO SPACECRAFT LAUNCHED ON 18

October 1989, it began an interplanetary voyage that

took it to Venus, two asteroids, back to Earth (twice),
and finally on to Jupiter. It studied the planet’s intense magnetic fields, belts of radiation,
and high-energy particles, and it sent off a planetary probe that accomplished the most
difficult atmospheric entry ever attempted. The Galileo spacecraft repeatedly swooped
by Jupiter’s Galilean moons, using a suite of scientific instruments to delve into their
structures and properties. The mission amassed so many scientific “firsts” and key discov-
eries that it can truly be called one of the most impressive feats of exploration of the
20th century. The Galileo mission added dramatically to our understanding of the Jovian
system and our entire solar system. Moreover, the mission was a triumph of teamwork
and ingenuity under exceedingly difficult conditions.

The Lure of Jupiter for People on Earth

For centuries, the Jovian system has stirred our imaginations and been the frequent
subject of our observations. The astronomer Galileo Galilei, using an early telescope that
he himself made, discovered that Jupiter was not only a planet, but also the center of its
own system of moons. This discovery called into question the Aristotelian-Ptolemaic view

' Statement by Torrence V. Johnson, Galileo chief scientist. Reported in “Galileo’s Bounty,” San Francisco Chronicle
(31 July 2000): A4.



of the universe, which was accepted at the time by the Catholic Church, that all things
revolve around Earth and, by extension, us. Thus, there could be only one center of
revolution, and yet, Jupiter did not appear to obey that law.?

The Aristotelian-Ptolemaic model held that Earth was fundamentally different

» o,

from the other planets in that it was “corruptible,” “alterable,” and “naturally dark and
devoid of light.” Earth, it was thought, was also the only planet accompanied by a moon.
Galileo’s discovery showed that this was not so. Jupiter was more like Earth than had
been previously imagined. Using this new knowledge, Galileo argued that Earth indeed
might not be fundamentally different from the other planets in additional ways. In his
1632 treatise entitled 4 Dialogue Concerning the Two Chief World Systems, Galileo used
his discovery of the Jovian moons, as well as many other observations of Jupiter, the other
planets, and Earth’s Moon, to defend the Copernican model of our planetary system. In
Copernicus’s view, Earth was not immovable. All of the planets, including Earth, revolved
around the Sun. Such a concept challenged the anthropocentric ideas of the time and flew
in the face of official Church doctrine.*

Jupiter’s sheer size and energy have added to our interest in the planet. It is one
of the brightest objects in the night sky. Unlike other planets, it emits more thermal radia-
tion than it absorbs from the Sun. It is also a radio-wave source. A storm bigger than Earth
(the Great Red Spot) has been raging on its surface for centuries.

Jupiter contains 75 percent of the total nonsolar matter in the solar system. The
planet is so big that it constitutes a transitional object between a terrestrial-type planet and
a star. Its composition—mainly hydrogen and helium—is closer to the Sun’s composition
than to that of Earth.

Another important aspect of Jupiter is the effect that its enormous gravity has on
its satellites. Nowhere else in the solar system do planets interact so strongly with their
moons. In particular, Jovian gravity causes mammoth tides and extensive volcanism on
the satellite Io, the most tectonically active body in the solar system. Geological changes
occur so rapidly on Io that in the space of only five months, Galileo was able to observe
significant alterations in a large section of the moon’s surface (see the Io section in chap-
ter 9 for a fuller discussion of these observations).

The Galileo mission was the first to provide extended observations of Jupiter’s
dynamic magnetic fields. The Jovian magnetosphere is the largest of any planet’s, so
expansive that it could envelop the Sun and much of its corona. If our eyes could see
magnetic field lines, Jupiter’s magnetosphere would appear larger than our Moon, in spite
of its distance from us.

Finally, Jupiter is a window into our own past. Many scientists believe that the
composition of the planet is little altered from that of the original solar nebula. As such,
the Galileo spacecraft’s observations provided a look back in time to the early stages of

~

Office of the Vice President of Computing, Rice University, “Jupiter and Her Moons: One Planet’s Quest to Defy
Aristotle,” The Galileo Project, http://es.rice.edu/ES/humsoc/Galileo/Student_Work/Astronomy95/jupiter.html/
(accessed 25 July 2003).

©

Galileo Galilei, A Dialogue Concerning the Two Chief World Systems, 1632, available online at http://webexhibits.
org/calendars/year-text-Galileo.html (accessed 24 July 2003).
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Roger D. Launius and Steve Garber, “Galileo Galilei,” Biographies of Aerospace Officials and Policymakers, E-J,
National Aeronautics and Space Administration (NASA) Office of Policy and Plans, http://www.hqg.nasa.gov/office/
pao/History/biose-j.html (accessed 20 November 2001); “Nicolaus Copernicus,” JOC/EFR, University of St. Andrews,
Scotland, November 2002, http://www-history.mcs.st-andrews.ac.uk/history/Mathematicians/Copernicus.html;
A. Mark Smith, “Galileo,” World Book Online Americas Edition, http://www.worldbookonline.com/ar?/na/ar/co/
ar215300.htm (accessed 20 March 2003); Galileo Galilei, A Dialogue.
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our solar system. Being able to perform such an examination was important because it
helped untangle the “bewildering array of processes and phenomena which have affected
the evolution of the planets and which control their environments and futures.”

The two Voyager spacecraft, which launched in 1977, completed visits to all of the planets
known to ancient astronomers. The Galileo mission began a different phase in the study
of the outer planets: an era of more careful, systematic study, featuring close flybys and
in-depth analyses of planetary system characteristics.®

Galileo was not a Jupiter mission in the traditional sense of the term, which
typically refers to a project focusing on a single target. Galileo’s objectives were much
broader, encompassing a holistic analysis of the entire Jovian system of satellites, primary
planet, magnetic fields, and particle distributions.

Galileo’s Impact on Future Deep Space Missions

The Galileo project team’s approach to exploration, spacecraft technical design, and oper-
ational problems will all strongly affect the manner in which other projects are conducted
in the decades to come. Among the Galileo mission’s memorable achievements were
the repeated successes of its staff in solving serious technical problems, even though the
spacecraft was hundreds of millions of miles from home. Examples include the responses
of the team to the high-gain antenna deployment failure and to the jamming of the
spacecraft’s data tape recorder, both of which will be discussed in detail in later chapters.
In each instance, the team attacked potentially mission-ending problems and found inge-
nious ways to keep the spacecraft operational and productive. Results of these efforts,
such as enhancement of the Deep Space Network (DSN) and development of new data-
compression software, constituted technological improvements that will benefit future
missions as well.

The Many Firsts of Galileo

Galileo was the first deep space mission designed to launch on an expendable launch
vehicle from the Space Shuttle’s payload bay rather than from Earth. This was not a trivial
achievement. Designing enough thrust into the craft to reach Jupiter while carrying its
large, sophisticated payload took a great deal of creativity, especially after the Challenger
disaster precluded the use of liquid fuel due to safety considerations.

The Galileo mission was also the first to make a close flyby of an asteroid
(Gaspra), discover an asteroid moon (Ida’s satellite Dactyl), orbit a gas giant planet

5 T. V. Johnson, C. M. Yeates, and R. Young, “Space Science Reviews Volume on Galileo Mission Overview,” Space
Science Reviews 60.1-4 (1992): 5-6.

8 Eric G. Chipman, Donald L. De Vincenzi, Bevan M. French, David Gilman, Stephen P. Maran, and Paul C. Rambaut,
“The Worlds That Wait,” chapter 7-2 in A Meeting with the Universe: Science Discoveries from the Space Program
(Washington, DC: NASA Publication EP-177, 1981), http://www.hq.nasa.gov/office/pao/History/EP-177/ch7-2.htm|
(accessed 20 March 2000).



(Jupiter), send a probe down into the Jovian atmosphere, and make direct observations
of a comet (Shoemaker-Levy) smashing into a planet.”

Other Milestone Accomplishments

The Galileo spacecraft made two flybys of Earth before leaving the inner solar system,
using our planet’s gravity to alter its trajectory in critical ways. During these flybys, the
spacecraft made important observations of our Earth-Moon system. For instance, the space-
craft confirmed the existence of a huge impact basin on our Moon’s far side that had been
inferred, but never observed, from Apollo data. Galileo also provided evidence of more
extensive volcanism on the Moon than previously thought.®

To reach Jupiter, Galileo traveled 2.4 billion miles at an average speed of 44,000
miles per hour (mph). After leaving Earth, it required only 67 gallons of fuel to control
its flightpath and orientation. So accurate was Galileo’s trajectory that the craft missed its
target point near the Jovian moon Io by a mere 67 miles. This feat has been likened to
shooting an arrow from Los Angeles to New York and missing a bull’s-eye by 6 inches.’

On its way to Jupiter, Galileo discovered the most intense interplanetary dust
storm ever observed. It found a very strong radiation belt above Jupiter’s cloud tops
and Jovian wind speeds exceeding 720 kilometers per hour (450 miles per hour, or
mph). These speeds remained fairly constant to depths far below the clouds, unlike
the jetstreams on Earth. Probe measurements within the Jovian atmosphere revealed a
surprisingly small amount of water compared to what had been expected from Voyager
observations, as well as far less frequent lightning than predicted. The Probe observed
only one-tenth the lightning activity per unit area of that found on Earth, although the
strength of individual events exceeded those on Earth by an order of magnitude."

The spacecraft observed that Jovian helium abundance (24 percent) is very
nearly that of the Sun (25 percent)—one reason why Jupiter can be considered a tran-
sitional object between a planet and a star. From magnetic data collected by Galileo,
scientists suspect that Ganymede, the largest Jovian satellite, creates its own magnetic
field by means of an Earth-like dynamo mechanism within its core. This was the first
moon found to exhibit such magnetic field characteristics. But the most dramatic and
important discovery, according to many on the Galileo team, was the strong evidence
of a deep saltwater ocean beneath the icy crust of the moon Europa. Such an ocean
could conceivably harbor simple forms of life.!!

7 National Space Science Data Center, “Galileo Project Information,” http://nssdc.gsfc.nasa.gov/planetary/galileo.htmi,
p. 2 (accessed 11 March 2000).

8 “Galileo Project Information,” pp. 2-3.

° Everett Booth, “Galileo: The Jupiter Orbiter/Space Probe Mission Report,” December 1999, p. 19, JPL internal
document, Galileo—Meltzer Sources, folder 18522, NASA Historical Reference Collection, Washington, DC.

0 “Galileo Project Information,” p. 3; Donald J. Williams, “Jupiter—At Last!” Johns Hopkins APL Technical Digest 17:4
(1996): 347, 354; “The Probe Story: Secrets and Surprises from Jupiter,” Galileo Messenger (April 1996): 3.

" “Galileo Project Information,” p.3; Booth, p.9.
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The Multiteam Cooperation Required To Develop the Galileo Spacecraft

The success of the Galileo mission was partly due to the efficient management of an incredibly
complex and diverse network of specialist teams. Such a network was required to develop
the sophisticated spacecraft that could perform the many mission functions required.

The Galileo spacecraft was characterized by its highly integrated design. Its
diverse subsystems, developed by different project teams, needed to interface flawlessly
with each other over many years. Subsystem dependencies needed to be fully understood
and controlled because the environment experienced by a typical subsystem was strongly
affected by the behavior of other connected subsystems. For example, the limited electric
power that was available aboard Galileo had to be shared by temperature control and
many other spacecraft subsystems in a manner that minimized energy use. Large tempera-
ture swings inside the spacecraft could result from this situation, and this placed stringent
design requirements on the subsystems that had to withstand those swings.'?

The task that had been laid before Galileo project management'® was to design,
fabricate, test, modify as needed, and ultimately fly the highly integrated, complex
spacecraft. To accomplish this, communications among a large number of different orga-
nizations had to be smooth and effective. The lead NASA Field Center for the project was
the Jet Propulsion Laboratory (JPL) of the California Institute of Technology, working for
NASA’s Solar System Exploration Division. Galileo’s Orbiter, which conducted extensive
flybys of Jupiter and its moons, was developed by JPL, operating in close coordination
with a range of university, industry, and government laboratory groups.

Galileo’s Jupiter Probe, which entered the planet’s atmosphere, was designed
by NASA’s Ames Research Center and manufactured by Hughes Aircraft Company under
contract to Ames. The U.S. Department of Energy provided the plutonium-powered elec-
trical generators that ran the various spacecraft functions. NASA’s Lewis Research Center
(now known as Glenn Research Center) helped develop the propulsion system and inte-
gration of the payload with the Space Shuttle. The Shuttle itself was supplied by Johnson
Space Center, while Kennedy Space Center made available launch and landing facilities.

The Galileo Project also involved international cooperation with the Federal
Republic of Germany, which provided instrumentation for both the Orbiter and the
Probe, a propulsion system for the Orbiter, and telemetry and command support from
the German Space Operations Center.'

The agreements forged in this project established a context for future space missions
and the activities and complexities that surround them. Important management lessons were
learned from the international nature of the mission. For instance, when mission-critical
equipment is being designed, manufactured, and tested by other countries, NASA needs
to create parallel organizations in both the managing country and “subcontractor” coun-
tries to handle the day-to-day coordination issues that arise.

During the Galileo Project, parallel organizations in the United States and Germany
developed a contractual instrument called an “Interface Requirements Document” (IRD)
that contained all the technical specifications for both the propulsion system being built

2 R. J. Spehalski, “Galileo Spacecraft Integration: International Cooperation on a Planetary Mission in the Shuttle Era,”
Earth-Orient. Applic. Space Technol. 4.3 (1984): 139.

8 John R. Casani of JPL was the Project Manager during most of Galileo’s development.

4 Spehalski, “Galileo Spacecraft Integration,” pp. 139-140.



in Germany and its interface with the U.S.-built Orbiter. The IRD gave the United States
a vital measure of control over the work performed by Germany. Contractual arrange-
ments, however, necessitated the development of the IRD early in the project, while the
spacecraft design was still in a period of flux. A great deal of time, more than originally
planned, was expended by both countries in negotiating acceptable designs and verifica-
tion procedures for the propulsion system development. The unplanned time and effort,
which were deemed necessary due to the mission-critical nature of the propulsion system,
resulted in unforeseen costs and delays.

NASA might have avoided the above cost overruns and schedule delays if it
had not placed responsibility for mission-critical equipment in one country and project
management in another. Lessons learned from the Galileo experience were implemented
in planning the International Solar Polar Mission, in which NASA and the European Space
Agency each took on the responsibility of designing and fabricating functionally inde-
pendent spacecraft. A similar management model could be applied to an international
Orbiter/Probe effort by assigning one nation the job of developing the Orbiter and another
nation the job of delivering the Probe.”

John Casani, Galileo’s first Project Manager, believed that our country’s space exploration
program has had strong benefits. It has elicited worldwide respect and admiration for the
United States and has effectively demonstrated, in a nonthreatening way, our country’s
technological capabilities. Moreover, our space program has been a source of pride and
inspiration for millions of Americans, as well as a motivation for young people to pursue
careers in science and technology. Our ventures into space have demonstrated, loud and
clear, that the U.S. holds a position of unparalleled preeminence in the fields of space
science and space technology.'®

The Galileo mission was critical for preserving NASA’s planetary exploration
capability and for advancing the technology and survivability of robotic spacecraft. Galileo
was an international cooperative program that strongly demonstrated to the European
community the dependability of U.S. space exploration commitments. Such a demonstra-
tion was especially pertinent because it came in the wake of the International Solar Polar
Mission’s termination.'”

Galileo was a cornerstone of NASA’s planetary exploration program and achieved
the highest scientific objectives for the outer solar system. The project maintained high
visibility in a very positive manner for the United States at what can be considered a
modest cost. During Galileo’s development, the entire planetary exploration program
constituted only 5 percent of NASA’s budget, which was in turn only 1 percent of the
federal budget.'

 |bid., pp. 148-150.

6 John R. Casani to Thomas G. Pownall, President, Martin Marietta Corporation, “Why Galileo?” 8 December 1981,
John Casani Collection, Galileo Correspondence 11/81-12/81, folder 24, box 3 of 6, JPL 14, JPL Archives.

7 Casani, “Why Galileo?” p. 2.

8 John R. Casani to Fred Osborn, 4 December 1981, John Casani Collection, Galileo Correspondence 11/81-12/81,
folder 24, box 3 of 6, JPL 14, JPL Archives.
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In its 1981 budget authorization, the U.S. Senate’s Committee on Commerce,
Science and Transportation recognized the importance of the Galileo mission, as well
as that of the rest of the planetary exploration program. The Committee noted the
“spectacular accomplishments” of the exploration program, particularly with respect
to the investigation of Saturn, Jupiter, Venus, and Mars. The Senate Committee was
concerned, however, about the four-year gap that would occur between Voyager 2’s
1981 encounter with Saturn and its encounter with Uranus, as well as the dearth of
planetary imaging data that would result during this time. The Committee expressed
its strong support for our country’s world leadership position in planetary exploration
but was quite apprehensive about other nations’ aggressive programs in this area. In
particular, the Committee regretted the lack of planned U.S. representation in missions
to Halley’s Comet when it made its closest approach to the Sun in 1986. The Soviet
Union, France, and other European nations, as well as Japan, were all developing
missions to investigate the comet."

The U.S. House of Representatives Committee on Science and Technology
concurred with the Senate’s concerns, commenting that the House Committee would
“not preside silently over this abandonment of U.S. leadership in planetary exploration.”
The House Committee went on to point out the need to “nurture planetary science with
new data,” expressing the fear that “where there is no new information to work with, a
vital science becomes arid academic speculation.”®

The Committee also commented that it considered NASA’s civilian programs
a “national resource” that has contributed substantially to the U.S. economy and our
scientific preeminence. Results from these programs have, in the Committee’s view,
added to our understanding of the universe and to key questions regarding life,
matter, and energy.?!

Throughout human history, we have repeatedly wondered about the nature of our
universe and have sought to understand it better. Ancient Greek, Roman, Chinese, Arabic,
Egyptian, Mayan, and many other cultures expended considerable resources trying to
fathom what lay beyond their immediate lines of sight. These early scientific quests
resulted in bodies of knowledge that continue to inspire today’s space scientists.*

Plato sensed the significance of these types of inquiries. In Republic VII, Socrates
asked, “Shall we make astronomy the next study?”* Glaucon replied that certainly they
should, listing the practical benefits that a knowledge of seasons and lunar and solar
cycles have for everyone, from military commanders to sailors and farmers. But Socrates

9 Senate Authorization Report No. 97-100 (p. 37), Committee on Commerce, Science and Transportation, John Casani
Collection, Galileo Correspondence 11/81-12/81, folder 24, box 3 of 6, JPL 14, JPL Archives.

20 House of Representative Report No. 97-32 (pp. 11-8 and -9, 12-10, 16-20), Committee on Science and Technology, John
Casani Collection, Galileo Correspondence 11/81-12/81, folder 24, box 3 of 6, JPL 14, JPL Archives.

21 Senate Authorization.
22 Roger Launius, ed., The U.S. Space Program and American Society (Carlisle, MA: Discovery Enterprises, Ltd., 1998), p. 4.

2 Martin J. Collins and Sylvia D. Fries, eds., A Spacefaring Nation: Perspectives on American Space History and Policy
(Washington, DC: Smithsonian Institution Press, 1991), p. 29, quoting from Plato, The Republic: Book VII, circa 370 to
375 BCE.



chided Glaucon for his eminently sensible view, hinting that astronomy may be impor-
tant to study even if it is not immediately profitable. Former NASA Administrator James C.
Fletcher spoke much more directly to this point when he linked the study of space to the
highest of human endeavors—the “salvation of the world.”*

The benefits of space exploration, as well as scientific research in general, have
never been easy to quantify in terms of dollars and cents, although we have identified
various ways in which such activities enrich us. Reaching out into space and developing
the technology to make this possible have added to our understanding of Earth, our solar
system, and the universe that surrounds us. Increasing our knowledge of these things is
satisfying in its own right—we feel wiser and better knowing more about our universe.
But our quest is also highly practical. The technology we develop can help improve our
lives. Furthermore, we must make sure that control of space by other nations is not used
to endanger our national security. Our explorations help prepare us to use our access to
space to defend ourselves if necessary.

We enhance our country’s prestige among the peoples of the world by success-
ful endeavors beyond our atmosphere, while at the same time adding to our scientific,
technological, industrial, and military strength. Last but not least, we satisfy the compel-
ling urge of our species to explore and discover, to set foot where no one else has. Our
unstoppable curiosity distinguishes us from other species on our planet. Since Earth’s
surface has largely been explored, we must now turn our gaze upward and outward.”

24 Collins and Fries, Spacefaring Nation, p. 29.

2 Launius, The U.S. Space Program, p. 18.
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STRUGGLED FOR MANY YEARS TO DEVELOP A MISSION

that would intensively study Jupiter and its satellites. Two

decades of analyses, debates, and political maneuvering
elapsed before Congress finally gave its stamp of approval to such a mission in 1977. The
tortuous path to a congressional “yes” reflected not only the technical difficulties and uncer-
tainties of outer planet missions, but also the dramatic social upheaval of the 1960s and
1970s. Space exploration expenditures had to be balanced against the country’s new commit-
ment to social reforms, as well as to the tremendous cost of the Vietnam War. Also debated
were the types of space exploration most appropriate to the country’s goals and needs. Table
2.1 gives an overview of the many steps involved in creating the Galileo project.

Four Types of Missions

Although serious planning for the Galileo project did not begin until the 1970s, seeds were
planted as early as 1959, when JPL scientist Ray Newburn, Jr., developed several types of
mission concepts for exploring the outer solar system. Deep space flights would pass only
through interplanetary space, making measurements of the regions encountered. Flyby
missions would briefly encounter planets on their way to other parts of the solar system.
The data collected would be limited by the encounter time, but flyby missions had the
advantage that several planets could be studied during one trip. Flyby missions might be
compared to “windshield tours” of a city’s major landmarks. Orbiter missions would place
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spacecraft in long-term trajectories around planets, providing opportunities for intensive
study and data collection. Planetary entry and lander missions would involve penetra-
tion of the planetary atmosphere, allowing observations that spacecraft flying above the
atmosphere could not obtain.

In a 1960 planning report, JPL staff envisioned a planetary exploration program
that incorporated some of Newburn’s concepts and that, by 1970, would have “demon-
strated and exploited” spacecraft capable of planetary orbiter and lander missions.?

Scientific Analyses Proposed

Ray Newburn’s section in Albert Hibbs’s 1959 report on the feasibility of solar system explo-
ration envisioned particular types of experiments that could be performed by spacecraft
visiting other planets. For Jupiter flyby and orbiter missions, he identified photographic,
radar, and spectral investigations that would yield data on the planet’s atmosphere, mete-
orology, and thermal structure. He imagined ways to study Jupiter’s gravitational and
magnetic fields and outlined what was known about the planet’s radio emissions. He also
mentioned pressure, density, temperature, and opacity analyses that could be performed
during missions that penetrated the Jovian atmosphere. Newburn sensed the importance
of outer planet exploration and understood the impact that new knowledge about Jupiter
and its satellites would have on theories of the solar system’s origin and evolution.?

Table 2.1. Milestones leading to Galileo mission approval.

1959-1961 JPL identifies the importance of outer planet exploration and envisions experiments
for Jupiter flybys and orbiters.

1960 The Army Ballistic Mission Agency (ABMA) investigates propulsion system
requirements for a Jupiter mission.

Early 1960s Nuclear-electric propulsion concepts are analyzed by JPL’s Advanced Propulsion
Engineering Section. Problems are identified, and NASA focuses on chemical propulsion.

1964 Lockheed studies payload design concepts and launch vehicle requirements for
asteroid belt and Jupiter missions.

Mid-1960s Work on outer planet programs moves from conceptual studies to initial mission
planning. JPL, Goddard Space Flight Center, and Marshall Space Flight Center all
agree that the first outer planet missions should be Jupiter flybys.

Summer 1965 The National Academy of Sciences panel lays out plan for outer solar system
exploration. A progression of Earth-based studies, flybys, orbiters, atmospheric
probes, and landers is suggested.

Late Summer The possibility of a single spacecraft’s Grand Tour of Jupiter, Saturn, Uranus, and
1965 Neptune (made possible by a rare configuration of the planets) is identified.

T R. L. Newburn, “Scientific Considerations,” in Exploration of the Moon, the Planets, and Interplanetary Space, ed. Albert
R. Hibbs, JPL Report No. 30-1 (Pasadena, CA: JPL, 30 April 1959); Craig B. Waff, “A History of Project Galileo. Part 1: The
Evolution of NASA’s Early Outer-Planet Exploration Strategy, 1959-1972,” Quest 5.1 (1996): 4.

2 JPL, Ten-Year Plan, JPL Planning Report No. 35-1 (Pasadena, CA: JPL, 1 September 1960), p. 11.
3 Newburn, “Scientific Considerations,” pp. 60, 76, 89; Waff, “A History of Project Galileo,” p. 5.
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Table 2.1. Milestones leading to Galileo mission approval. (continued)

1966-1970s Popular and government support for post-Apollo space exploration wanes. Budgets
decline. Nevertheless, outer planet mission conceptual studies continue.

February 1968 NASA initiates serious planning for two Pioneer missions to Jupiter and beyond.

December 1968 | NASA authorizes its Lunar and Planetary Missions Board to suggest space
exploration strategies. The board does not form a clear strategy on outer planet
exploration but recommends more study.

1969 NASA forms an Outer Planets Working Group of scientists and planners from
its laboratories. The group develops an outer planet trip schedule for 1970s and
early 1980s that includes flybys, orbiters, and probes. The recommended flybys
collectively constitute a Grand Tour.

June 1969 NASA convenes a “summer-study panel” of experts from the U.S. space science
committee. The panel recommends five missions, all of which include atmospheric
entry probes. Like the Working Group, the panel recommends outer planet flybys
that collectively constitute a Grand Tour.

Summer 1969 NASA begins formulating a budget request to Congress for starting up a Grand
Tour program.

Summer 1969 The Nixon administration issues budget guidelines that discourage NASA from
seeking Grand Tour funding for FY 1971. The budget request is delayed for a year.

1969 The ASC-IITRI (lllinois) study recommends the use of two types of spacecraft
(spin-stabilized and three-axis-stabilized) to meet different outer planet exploration
objectives.

July-August The National Academy of Sciences convenes an Academy Review Board to

1970 recommend how NASA’s reduced budget should be apportioned among its seven

scientific disciplines. No clear consensus is achieved on outer planet exploration.

1970 The Office of Management and Budget (OMB) tries to delay startup of Grand Tour
program from FY 1972 to FY 1973 but fails.

January 1971 NASA announces that it will choose an outer planet program direction by November.
JPL and Ames Research Center are authorized to evaluate costs and benefits of
different mission concepts.

Spring 1971 Outer Planet Missions funding is reduced by the Senate. OMB requests that NASA
conduct simpler, less costly endeavors. The House and Senate agree.

July 1971 To build unified support in the U.S. scientific community for outer planet objectives,
NASA appoints members of the community to a Science Advisory Group (SAG). JPL
and Ames report their findings to SAG. But SAG cannot reach consensus on the
best mix of Grand Tour flybys versus orbiter/probe missions.

August 1971 The National Academy of Sciences Space Science Board also reviews the JPL and
Ames findings but, like SAG, fails to establish a unified position on outer planet
mission strategies.

Summer 1971 NASA Administrator James Fletcher asks Congress for Grand Tour funding for FY
1973, but his position is weakened by the scientific community’s divided opinions.
The Grand Tour startup is funded, but with a greatly reduced budget.



12

Table 2.1. Milestones leading to Galileo mission approval. (continued)

December 1971 | President Nixon strongly supports the startup of the Space Shuttle program but
does not want also to fund a Grand Tour program that relies on developing the
expensive new Thermoelectric Outer Planet Spacecraft (TOPS).

January 1972 NASA proposes two less ambitious Jupiter-Saturn flybys using already-developed
Mariner spacecraft.

Spring 1972 Congress approves the Mariner missions (eventually called Voyagers 1 and 2).
March 1972 Pioneer 10 launches, bound for a Jupiter flyby.
1972 NASA’s SAG, concerned about the lack of adequate heatshield technology and

radiation exposure protection, recommends that Jupiter orbiter/probe missions not
launch until the early 1980s.

1973 NASA studies the possibility of launching planetary missions from the Space Shuttle.
The Jovian “satellite tour” concept is born.

April 1973 Pioneer 11 launches, bound for a Jupiter flyby.

December 1973 | Pioneer 10 discovers that Jupiter’s radiation is less severe than was feared. This
finding, coupled with advances in heatshields, makes a Jovian orbiter/probe mission
more feasible.

May 1974 NASA considers teaming with the European Space Research Organization (ESRO) to
launch a Jupiter orbiter/probe in 1980.

Summer 1974 The National Academy of Sciences’ Committee on Planetary and Lunar Exploration
(COMPLEX) recommends Jupiter orbiter missions in 1980 and 1985, then changes
its position, urging more study and, due to the budget situation, a decision between
flyby and orbiter missions.

February 1975 NASA conducts further studies and recommends that a Pioneer Jupiter orbiter/probe
mission be conducted, as well as outer planet flybys. The National Academy of Sci-
ences also backs a Pioneer Jupiter orbiter/probe mission. NASA authorizes Ames to
initiate “Phase B” development efforts for such a mission.

Fall 1975 Management of the Jupiter orbiter/probe development is transferred to JPL from
Ames, which will only develop the atmospheric probe. The mission is officially
named the “Jupiter Orbiter Probe,” or JOP.

Fall 1975 The Air Force chooses a solid-fueled rocket design to launch JOP from the Space
Shuttle. A Centaur liquid-fueled rocket was rejected because of fire danger during
transport in the Space Shuttle’s cargo bay.

Late 1975 NASA develops a marketing plan for convincing Congress to fund an FY 1978 start
for JOP.

January 1977 A proposed project budget of $270 million is approved by NASA’s top management
and OMB and is submitted to Congress.

May 1977 The House Housing and Urban Development (HUD)-Independent Agencies Appro-
priations Subcommittee votes to eliminate all funding for JOP from the budget. The
subcommittee is opposed to funding both JOP and the Hubble Space Telescope.
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Table 2.1. Milestones leading to Galileo mission approval. (continued)

May-June 1977 = The U.S. space science community organizes a massive lobbying effort for
JOP. The community is successful in obtaining the Senate HUD-Independent
Agencies Appropriations Subcommittee’s approval for JOP (as well as the
Hubble Space Telescope).

Summer 1977 A vote on the House floor supports JOP two to one. The JOP project officially
begins on 1 October 1977.

Engineering Challenges

Newburn foresaw the types of scientific data that would be vital to collect on outer
planet missions, as well as the technologies that would be needed to make the necessary
observations. During this same time, other visionaries were establishing the engineering
requirements necessary to transport a spacecraft. Warren H. Straly and Robert G. Voss
of the Army Ballistic Missile Agency (ABMA) examined questions of trajectory; flight
environment; and spacecraft design, guidance, control, and data transmission. They also
examined the energy required versus payload for an initial mission to Jupiter and its
satellites. They anticipated possible hazards in the flight environment that could end the
mission, such as the following:

* Collisions with large chunks of rock in the asteroid belt between Mars and
Jupiter. Such collisions were thought to be probable, although this later
proved not to be the case.

* Effects from Jupiter’s radiation belts, which were feared to be intense enough
to damage spacecraft systems. Years later, a Pioneer mission showed these
belts to be less hazardous than suspected.

¢ The difficulty of keeping electronic and other equipment operational through
years of transfer time from Earth to Jupiter, during which the equipment
would be subjected to dramatic extremes of temperature.

¢ The great distances involved in a Jupiter mission, which would make accu-
rate navigation and dependable spacecraft-to-Earth communication and data
transmission very difficult.*

Propulsion Systems

Straly and Voss identified many of the hurdles that would have to be overcome in order
for a scientific payload to reach Jupiter in operative condition. It was not at all clear in
these early planning stages, however, what propulsion system would best transport the
payload to its destination. While Straly and Voss imagined that it would be a large chemical
4 Warren M. Straly and Robert G. Voss, Basic Requirements for the Exploration of Jupiter and Its Moons, preprint no.

60-57 (American Astronautical Society, Sixth Annual Meeting, 18-21 January 1960, obtained from JPL Archives);
Waff, “A History of Project Galileo,” p. 6.
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rocket, their colleague at ABMA, Ernst Stuhlinger, advocated nuclear-electric drives for a
range of space programs, including sending a craft to the outskirts of the solar system.
He suggested that nuclear-electric propulsion was a good technology to deliver robotic
probes into Jupiter and Saturn orbits, for it could reduce the travel from about three
years (for a chemically driven craft) to a little over one year. The propulsion system he
envisioned would be capable of delivering continual thrust from Earth to Jupiter. Once
Jupiter orbit was attained, the nuclear-electric system would also supply abundant power
for maintaining spacecraft operating temperatures, communications, antenna orientation,
attitude control, and data transmission functions.’

In-depth analyses of nuclear-electric and other propulsion designs were performed
at JPL in the early 1960s by the newly formed Advanced Propulsion Engineering Section,
headed by John J. Paulson. At first, nuclear-electric systems looked like an excellent choice.
A detailed conceptual design of a Jupiter mission envisioned that a 45,000-pound space-
craft would be boosted to Earth orbit by conventional rocket stages and then propelled by
a 1-megawatt nuclear-electric system. One-third of the spacecraft’s weight (15,000 pounds
of propellant, possibly cesium) would be consumed by the time the spacecraft reached
Jupiter. The trip to Jupiter would include 70 days of powered flight to escape Earth orbit,
an additional 145 days of powered flight to adjust the trajectory, 400 days of coasting, and
60 days of reverse thrust to slow down during the final approach.

Spacecraft propulsion appeared to constitute an ideal use of nuclear power. In
1963, the JPL group expressed its strong conviction that it was necessary to develop such
propulsion systems for exploring the solar system. The group considered this technology
as the logical next step to chemical rockets, which, in its view, would have to be exceed-
ingly large to deliver only modest payloads.

Although nuclear-electric systems initially held tremendous promise, many prac-
tical difficulties were identified in more thorough analyses. Belief in the inevitability of
nuclear-electric propulsion decreased severely when these difficulties, and the inherent
costs of working through them, were examined. Nuclear reactors required large amounts
of heavy shielding materials, and this was problematic for a spacecraft with an extremely
high cost for transporting each pound of its weight out of Earth orbit. The necessity of
physically separating the reactor from spacecraft electronics and payload also presented
difficulties, as did the requirement for a large radiator area to control reactor tempera-
tures. It was thought in the early 1960s that such a radiator, which might have to be fairly
flimsy due to spacecraft weight restrictions, would be quite vulnerable to micrometeorite
threats. Furthermore, the long duration of outer planet missions required that nuclear-
electric system lifetimes approach or even exceed 20,000 hours. In the early 1960s, most
engineers considered that to be a major difficulty.®

As a result of the perceived difficulties with nuclear-powered space vehicles,
NASA focused its efforts on chemical means of propulsion. The Agency continued to
“redirect” ballistic missile weapon systems into launch vehicles for the space program.”

o

Straly and Voss, Basic Requirements for the Exploration of Jupiter and Its Moons, pp. 31-35; Waff, “A History of
Project Galileo,” p. 7.
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The missions of the 1960s were driven by such launch vehicles as Atlas-Agena and
Atlas-Centaur combinations, Saturns, and Titans. These used such chemical fuels as liquid
hydrogen and oxygen (Centaur D-1A), modified kerosene and liquid oxygen (Atlas SLV
series), fuming nitric acid and dimethylhydrazine (Agena B), or powdered aluminum and
ammonium perchlorate (solid-fueled rocket motors).®

The Lockheed Study

In July 1964, NASA contracted with Lockheed Missiles & Space Company for a study
that would help the Agency move forward on missions exploring the asteroid belt and
Jupiter. The Lockheed team reported various findings regarding appropriate propulsion
systems. The team noted that using Atlas-Agena or Atlas-Centaur vehicles for launching
outer solar system missions had certain advantages in that they were smaller and more
economical than, for instance, a Saturn-series vehicle. But it would take two to three
years to reach Jupiter, depending on the particular launch time selected, and the team felt
that this would tax the reliability of spacecraft systems. This difficulty could be avoided
by switching to more powerful launch vehicles such as the Saturn 1B or Titan IIIC. Such
a change would decrease trip time to as low as 450 days and could also increase the
maximum payload size.

It was the Lockheed team’s opinion that before detailed outer planet missions
could be conducted, the asteroid belt between Mars and Jupiter had to be properly char-
acterized. Asteroids were of considerable scientific interest in themselves, but in addition,
the team thought that the asteroid belt might pose a threat to spacecraft passing through.
Existing sensing equipment was not adequate for studying this region of the solar system,
and the team thus stressed the need to develop meteoroid detection equipment.

The Lockheed team had much to say about the most appropriate type of power
source for keeping spacecraft systems operational during a Jupiter mission. Solar panels
were ruled out for generating power, due in part to the decreasing insolation (incident
solar radiation) as the craft journeyed away from the Sun. Large areas of photovoltaic
panels would also present a considerable weight penalty and might be damaged by the
high particle fluxes that were anticipated. Because of the distributed mass, it would be
more complex to control spacecraft orientation, and the panel array might at times block
some of the sensing equipment. Many engineers recommended using radioisotope ther-
mal generators (RTGs) instead, with the hope that the steep costs of such systems would
decrease and availability of their isotope fuel would increase by the time construction of
the spacecraft commenced. One side benefit of the RTG systems was that the heat they
generated could be used to help maintain spacecraft operating temperatures.

Adequate spacecraft-to-Earth communications could be maintained, accord-
ing to Lockheed, using a 7-foot-diameter antenna dish operating at 10 watts of power.
Two possible payload scenarios were envisioned. One involved video observations and
required fairly complex data handling. The other employed an x-ray detector, radio
receiver, sounding system, and visual spectrometer. The data from this latter system would
have been simpler to handle, but a heavier instrument payload would have resulted.’

& “Appendix E: Launch Vehicles for Mars Missions.”

° Waff, “A History of Project Galileo,” pp. 8-10.
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The various conceptual studies of the late 1950s and first half of the 1960s
identified a range of possible design scenarios and tradeoffs for the spacecraft, such as
minimizing propulsion system costs at the risk of compromising spacecraft reliability, or
minimizing payload weight while having to deal with difficult data-handling requirements.
In the following years, selections would have to be made from the spectrum of what was
possible, narrowing down system options to the best choice, given the budgetary and
technical constraints that were being imposed on the space program. Such choices were
to be made more difficult because the fiscal policies and social environment under which
NASA operated were about to undergo a period of rapid change.

The 1960s were golden years for NASA. Its momentous Apollo lunar program and
the Mariner investigations of Venus and Mars conveyed the image of an agency that
could accomplish great things and send spacecraft anywhere in the solar system.
Never was morale higher. NASA Administrators radiated confidence and a can-
do attitude toward the future. Apollo had the strong support of Presidents John
F. Kennedy and Lyndon B. Johnson. President Johnson, in fact, saw the quest to
capture outer space from the evil hands of the Soviets as a 20th-century equivalent to
the Roman Empire’s road system or the British Empire’s mighty 19th-century navy.'

It was during the heady time of the mid-1960s that work on outer planet
programs moved from conceptual studies to initial mission planning activities. The
staff at JPL, Goddard Space Flight Center, and Marshall Space Flight Center agreed
that the first outer planet efforts should be flyby missions of Jupiter. The spacecraft
would conduct particle and field research and also evaluate dangers that other missions
would encounter, such as those posed by asteroids and Jupiter's intense radiation.

NASA staff recognized the necessity of flyby Jovian reconnaissance missions, but
they were not in consensus regarding subsequent programs. This question was addressed in
some detail when the Space Science Board of the National Academy of Sciences convened a
study panel to analyze key areas of space research. The Space Science Board was established
in 1958 and served as the scientific community’s chief agency for advising NASA on space
programs. The study panel that the Board organized met in Woods Hole, Massachusetts,
during the summer of 1965. A working group of 33 scientists examined planetary and lunar
exploration issues, and three of the panelists, G. B. Field of the University of California at
Berkeley, Raymond Hide of the Massachusetts Institute of Technology, and J. C. Jamieson
of the University of Chicago, served on a Panel on Jupiter and Other Major Planets."

The working group identified planetary exploration as “the most reward-
ing scientific objective for the 1970-1985 period,” and, among other accomplishments,
the group laid out a plan for exploring the outer solar system. The group suggested

0 Joan Hoff, “The Presidency, Congress, and the Deceleration of the U.S. Space Program in the 1970s,” in Spaceflight
and the Myth of Presidential Leadership, ed. Roger D. Launius and Howard E. McCurdy (Urbana and Chicago:
University of lllinois Press, 1997), p. 93.

" Space Science Board, Space Research: Directions for the Future, Part One (Washington, DC: National Academy of
Sciences, December 1965), pp. iii, 142; Andrew J. Butrica, “Voyager: The Grand Tour of Big Science,” chap. 11 in
From Engineering Science to Big Science: The NACA and NASA Collier Trophy Research Project Winners, ed. Pamela
E. Mack (Washington DC: NASA SP-4219, 1998), p. 258, online at http://history.nasa.gov/SP-4219/Chapter11.html;
Waff, “A History of Project Galileo,” p. 11.
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that each outer planet first be analyzed in depth with studies performed by telescopes
on Earth, as well as with observations taken from Earth-based balloons, rockets, and
satellites. Once these baseline data were obtained, each outer planet should then be
explored sequentially by flybys, orbiters, atmospheric probes, and eventually landers."

Flybys, the panel noted, would provide valuable data upon which subsequent
missions could build. In particular, flybys could assess magnetic fields, charged parti-
cle densities, particulate matter quantities, and infrared emissions. Subsequent planetary
orbiters would then carry out many more measurements, including high-resolution
photography; infrared surveys as functions of local time and latitude; laser reflection
determination of cloud heights; ionospheric sounding; and detailed mapping of fields,
particles, and radio sources over space and time.

Specialized satellites ejected from the planetary orbiter were envisioned. Low-
altitude satellites would seek to make precise measurements of a planet’s surface features;
satellites with eccentric orbits would encounter a planet’s moons; and close, inclined satel-
lites would study areas of high interest such as Jupiter’s Great Red Spot. Data collected by
the specialized satellites could be relayed to Earth by the planetary orbiter.

The panel also underlined the importance of an entry probe (or, in the panel’s
terminology, a “drop sonde”), ejected from the planetary orbiter, that would plunge into
Jupiter’s atmosphere, radioing back temperature, pressure, and other data as it descended.
Such a probe could obtain decisive information about pressure-density relationships deep
in the atmosphere that would be available in no other way. In addition, the point at which
the probe was destroyed could possibly identify the location of a fluid-solid interface.
Acoustic sounding might also be able to identify interfaces.'

The panel recognized that an outer planet lander would be the most ambitious
type of mission, requiring formidable reserves of fuel to land successfully once it reached
its target planet. Also noted was the difficulty that would be encountered in transmitting
data to Earth from vehicles of any kind among the outer planets. The panel observed that
transmitting data to Earth from Jupiter, Saturn, or Uranus would be 12, 40, or 160 times
more difficult, respectively, than transmitting from Mars. To attain a sufficiently high rate
of information transfer, space vehicle power supplies would need to be improved and
Earth-based receiving antennas would need greater sensitivity.'

The efforts of the National Academy of Sciences panel were pivotal in laying out
the U.S. space program’s course of further development. This was the first major analysis
by the U.S. scientific community of how outer planet exploration might be conducted.
From the panel sprang a basic vision for outer planet mission structures that provided
a foundation for Galileo and other programs.

The Grand Tour Concept

Shortly after the National Academy of Sciences panel met, there was a discovery that
greatly enhanced both public and government interest in an outer planet mission. In

12 Space Research, p. 50; Waff, “A History of Project Galileo,” p. 11; Butrica, “Voyager: The Grand Tour of Big Science,”
p. 253.

3 Space Research, pp. 47-51; Waff, “A History of Project Galileo,” p. 11.
4 Space Research, pp. 51-52, 59-60.
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late summer of 1965, a Caltech graduate student demonstrated that Jupiter, Saturn,
Uranus, and Neptune would soon be positioned just right for a single spacecraft to
visit all of them in a relatively short amount of time. The student, Gary Flandro, was
working at JPL at the time and used the work of another graduate student, Michael
Minovitch, in his demonstration.

Minovitch, a University of California (UCLA) student also working at JPL, had
been examining a spacecraft orbital strategy called “gravity-assist,” in which a planet’s
gravitational field is used to modify a craft’s trajectory. Gravity-assists could, Minovitch
believed, increase a spacecraft’s velocity and alter its trajectory without violating the phys-
ics principle of conservation of energy. The planet giving the gravity-assist would lose
precisely the amount of energy that it gave to the spacecraft. If the gravity-assist concept
could be successfully applied to an interplanetary flight, the amount of fuel and flight time
that a spacecraft would require to reach its destination might be significantly reduced. A
spacecraft could take advantage of the gravitational influence of a planet, Minovitch wrote
in a 1963 JPL report, if it passed the planet “on a precisely calculated trajectory that will
place it on an intercept trajectory with another planet.””

Gary Flandro called a potential mission to four outer planets of the solar system
the “Grand Tour.” Michael Minovitch, in his 1963 JPL report, had recognized the value of
finding a trajectory that would guide one spacecraft to flybys of several planets by using
multiple gravity-assists. Minovitch also noted in a 1965 JPL report that such windows of
opportunity do not occur that often, but mentioned that a 1976 or 1977 mission could
employ planetary gravity-assists to reach all of the outer planets.'® Flandro demonstrated
that a gravity-assisted Grand Tour of Jupiter, Saturn, Uranus, and Neptune would opti-
mally launch at the beginning of November 1979 and would take less than eight years
to complete if the spacecraft was given a launch energy of 140 kilometers per second
squared. By means of comparison, a direct, non-gravity-assisted flight with the same
launch energy would take nearly as much time to reach only Jupiter and Neptune.’

Public attention was drawn to the Grand Tour idea after it was described in a
1966 Astronomy and Aeronautics atticle, written by JPL's Homer Joe Stewart, that was
then referenced in a range of national newspaper articles. Rousing such public interest
was rare indeed for a robotic mission idea. The name given to the mission definitely
helped—it harkened back to 1920s ocean liners setting sail for a “grand tour” of the
wonders of Europe. Capitalizing on this interest, JPL included in its advertisements for
new employees this promise: “We're going to give Jupiter, Saturn, Uranus and Neptune
the run-around. Join us on Project Grand Tour.”"®

The Grand Tour concept also elicited excitement at NASA Headquarters. Donald
Hearth, the program manager for advanced programs and technology in the Planetary
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Programs Office, viewed the Grand Tour as a mission with “incredible sex appeal,” as
well as a wonderful way to carry out an ambitious multiplanet reconnaissance project.
A Grand Tour was alluring not only because of what it could accomplish, but also because
of how rare this opportunity truly was. Such a planetary configuration as was about to
occur only happened approximately once every 175 years. In marketing the Grand Tour
concept, Hearth noted that the last time the planets had been so configured was during
Thomas Jefferson’s presidency. Federal budget personnel always asked NASA why a
mission had to be done at this time rather than later. The rarity of the Grand Tour oppor-
tunity provided a compelling answer to this question.

In 1968, Hearth funded JPL and the Illinois Institute of Technology Research
Institute (ITTRD to carry out studies of the Grand Tour mission concept. While recog-
nizing its potential as an initial reconnaissance mission, Hearth did not lose sight of its
limitations. Other mission concepts might be more appropriate for providing the type of
in-depth planetary data needed in order to more fully understand the natures of the outer
planets. With this in mind, Hearth also allocated funds for advanced studies of orbiter and
atmospheric-entry probe missions to Jupiter."

Developing New Missions During a Time of Decreasing Budgets

Planning for post-Apollo missions took place in a context of declining support, both fiscal
and political, for NASA’s programs. The country’s euphoric excitement over space explora-
tion began to lessen after 1965, along with NASA’s budget. In the words of Bruce Murray,
who became the Director of JPL in 1976, there was “less willingness to gamble on the future
as did John Kennedy when he created the Apollo program in 1961.” The U.S. became “a
divided country in terms of presidency versus Congress, since that period of time.”*

Although President Johnson continued to recognize the space program’s impor-
tance, political pressures forced reductions in its budget. The escalating Vietnam War
and Johnson’s “Great Society” social reform programs were both experiencing spiraling
costs.?! While Johnson never reneged on supporting the Apollo Program’s goal of landing
a man on the Moon by the end of the decade, he resisted making firm commitments to
post-Apollo missions.*

Johnson’s position was no doubt made easier by eroding public and congressio-
nal support for the space program. By the summer of 1965, a third of the nation favored
cuts in the space budget, while only 16 percent wanted to increase it. A White House
survey of congressional leaders at the end of 1966 revealed pronounced sentiment for
“skimping on post-Apollo outlays.” Confidence in NASA was further damaged by the
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tragic Apollo command module fire in January 1967, which killed three astronauts and
portrayed the Agency as careless in its attempts to achieve a Moon landing too quickly.?

A federal budget crisis brought on in the summer of 1967 by the Vietnam War
motivated Johnson to ask Congress for a 10-percent increase in income taxes. In order
to persuade Congress, Johnson offered to make cuts in his programs, starting in October
1967. As a result, NASA’s budget was targeted for a half-billion-dollar reduction. This was
followed in September 1968 by a White House—proposed quarter-billion-dollar cut. After
congressional appropriations committees recommended only a $3.99-billion NASA budget
for 1969 (down from a high of $5.25 billion in 1965), James Webb resigned as the head
of the Agency. Webb was a Washington insider who had been very successful since the
early 1960s in garnering political and economic support for NASA’s programs. He was
considered a “master at bureaucratic politics” with “a seamless web of political liaisons.”*!
Nevertheless, Webb was not able to change the reality of declining budgets and a lack of
government enthusiasm for NASA’s post-Apollo space exploration plans.”

Although government budget cuts made it difficult to start ambitious new exploration
programs, such programs were being studied in depth during the latter years of the decade.
IITRI and JPL were analyzing Jupiter orbiter mission concepts. IITRI’s J. E. Gilligan also consid-
ered various designs for Jupiter atmospheric entry probes. Such probes, he believed, could
provide data on the Jovian atmosphere’s composition and structure that could not be obtained
from Earth-based measurements, flybys, or orbiters. But there were severe technical obstacles
to overcome. The most challenging would be to protect the probe from the high temperatures
it would experience due to its high entry velocity. Gilligan estimated the entry velocity to be
between 30 and 37 miles (48 to 60 kilometers) per second. Gas surrounding the probe would
soon heat to temperatures 10 times greater than those that were currently being experienced
by spacecraft reentering Earth’s atmosphere. The danger was that a substantial part of the
probe would burn up before much information could be obtained.

During 1968-1969, an important study was conducted by the Astro Sciences
Center (ASC) of IITRI on the types of spacecraft that would best accomplish various
mission objectives. An ASC team led by John Niehoff indicated that scientific returns could
be maximized if two differently designed spacecraft were employed. A spin-stabilized
craft such as Ames Research Center’s Pioneer, which revolved at about 60 revolutions per
minute (rpm), had certain advantages for making particles-and-fields measurements. If
placed in a highly elliptical orbit around Jupiter with an apoapsis, or most distant point, of
100 Jupiter radii, it would have the chance to measure various field regions surrounding
the planet, including its magnetosphere and bow shock. A “three-axis-stabilized” craft such
as JPL’s Mariner, which used a series of jets and gyroscopes for precise attitude control,
offered an excellent platform for planetary and satellite photography and remote sensing
measurements.” The ASC study had a significant effect on outer planet mission planning,
which often included the two types of spacecraft in various program scenarios.

Although a range of outer planet mission conceptual studies took place through-
out the 1960s, NASA did not move from such efforts to serious mission planning until late
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in the decade. The Agency’s reduced budget was largely focused on achieving piloted
lunar landings and other Apollo objectives. The staff resources and funding committed to
Project Apollo made a focused effort to develop outer planet missions very difficult.?®

The Pioneer Missions

In January 1968, an important step toward outer planet exploration was taken when NASA
initiated planning for two missions using Pioneer-series spacecraft that would eventu-
ally reach Jupiter and points beyond. The spacecraft were to function in some ways as
scouts for future, more intensive outer planet exploration missions (such as Galileo).
One objective of the Pioneer missions was to study the asteroid belt between Mars and
Jupiter. This region was considered a potential hazard for spacecraft traveling to the outer
solar system. Also of interest was “the gradient of the Sun’s influence on interplanetary
space,”® as well as the changes in cosmic radiation intensity as the craft moved out of the
solar system and into galactic space.®

Ames Research Center was given responsibility for preproject planning (prior to
congressional approval) and sought a spacecraft design derived from Pioneers 6 through
9 (also known as Pioneers A through D). This subseries of the spacecraft was intended
to obtain continuous measurements of interplanetary phenomena from widely separated
points in space.? These four spacecraft had been launched during the period from 1965
through 1968, with missions to investigate the solar wind; cosmic rays; and interplanetary
electron density, dust, and magnetic fields. The spacecraft were all spin-stabilized, with
the spin axis perpendicular to the ecliptic plane.

The Pioneer series originated in 1958, when the first three spacecraft were launched
to attempt lunar orbits or flybys. None reached their targets due to failures of the launch
vehicles, although Pioneer 4, which took off the following year, did make a successful lunar
flyby. It was the first U.S. spacecraft to escape Earth’s gravitational field.*

For a mission to Jupiter, the basic design of Pioneers 6 through 9 needed signifi-
cant modifications, one of which was in the mode of on-board power. The photovoltaic
panels that generated power for inner solar system trips could not perform nearly as well
at Jupiter because of the low solar energy density at that distance from the Sun. RTGs,
which employed nuclear power to supply electricity, were considered as possible alterna-
tives. They had a distinct weight advantage over the large solar panel array that would be
needed for a Jupiter mission.

The Pioneer missions to Jupiter were officially approved in 1969, and Ames
was given management responsibilities for the project. The initial spacecraft designs still
called for solar power, due to an apparent reluctance to commit to RTGs. This position
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was reversed after RTG designs were studied in more detail. Pioneer 10 was scheduled to
launch in February or March of 1972; Pioneer 11, 13 months later.

An Ambitious Plan for the Future

In December of 1968, NASA became more serious about post-Apollo planning when its
Associate Administrator for Space Science and Applications, John Naugle, was tasked
with examining which outer solar system missions were the most appropriate to focus
on. Naugle asked a NASA-appointed advisory group, the Lunar and Planetary Missions
Board, to suggest strategies and scientific objectives for outer planet exploration.

The Board was chaired by James Van Allen, of the University of Iowa, and
included Thomas Gold of Cornell and Von R. Eshleman of Stanford. These men had
already spent considerable effort in conceptualizing a Pioneer mission to Jupiter and
returned a report within two months. In its early 1969 report, the Board said much that
was complimentary about a Grand Tour mission, mentioning that it would constitute “a
technological and scientific tour de force of heroic dimensions.” The amount of outer
planet data that could come out of such a flyby mission for a relatively modest cost
particularly impressed the Board.

The principal alternative to the Grand Tour that the Board studied was a series
of intensive orbiter missions, one to each of the four major outer planets (Jupiter,
Saturn, Uranus, and Neptune). A Jupiter orbiter would probably be the first objective.
The Board recommended that such orbiter missions be included as a major NASA goal
for the 1970s.

Although the Board identified many positive aspects of both a Grand Tour
and a series of orbiter missions, it did not clearly recommend one over the other.
Instead, it suggested that NASA conduct a more exhaustive examination of outer planet
mission options.

Responding to the Board’s suggestion, NASA formed an Outer Planets Working
Group that began meeting almost immediately, drawing scientists and advanced mission
planners from JPL, Ames Research Center, Goddard Space Flight Center, and Marshall
Space Flight Center. In addition, NASA planned an intensive study that would take place
in June 1969.

Although the Outer Planets Working Group recognized that a Jupiter orbiter
project would have “greater scientific potential” than a series of multiplanet flybys such
as the Grand Tour, it favored the latter because of the chance to accomplish many objec-
tives at a relatively low cost. But instead of one four-planet Grand Tour, the Working
Group envisioned two truncated flyby missions—one to Jupiter, Saturn, and Pluto, and
the other to Jupiter, Uranus, and Neptune—which collectively would constitute a more
ambitious Grand Tour than was envisioned by Gary Flandro and would allow more to
be accomplished because all five outer planets would be visited.*
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By May 1969, the Working Group had folded its ideas into an ambitious outer
planet trip schedule with launch dates throughout the 1970s and early 1980s. All three
mission types—flybys, orbiters, and probes—were included in the schedule:

e 1972-73: Two Jupiter flybys. These missions were already approved by this
time and would become Pioneers 10 and 11.

e 1974: Jupiter flyby/solar system escape. The mission trajectory would allow
study of the unexplored region between the solar system and the surround-
ing interstellar neighborhood.

e 1976 Jupiter orbiter.

e 1977: Jupiter-Saturn-Pluto flybys.

e 1978: Multiple Jupiter atmospheric entry probes.
e 1978: Saturn orbiter and probes.

e 1979: Jupiter-Uranus-Neptune flybys.

NASA’s summer-study panel convened in June 1969, shortly after the Working
Group issued its recommendations. The summer-study panel consisted of 23 members
who were asked to make recommendations for outer planet exploration from 1972
through 1980. Five missions with possible launch dates were selected by the summer-
study panel and prioritized in order of scientific importance:

* 1974 or 1975: Jupiter deep-entry probe. A trajectory out of the solar system’s
ecliptic plane would be used.

e 1976: Jupiter orbiter combined with deep-entry probe.

e 1977: Jupiter-Saturn-Pluto mission combined with an atmospheric-entry
probe for one of the planets.

e 1979: Jupiter-Uranus-Neptune mission that also would include a Neptune
atmospheric probe.

e Early 1980s: Jupiter-Uranus mission with a Uranus probe.

As shown above, there was considerable overlap between the summer-study
panel’s recommendations and those of the Working Group. The summer-study panel,
however, included atmospheric-entry probes in all of its suggested missions. The panel
believed that data obtained from probes actually entering a planetary atmosphere would
help greatly in interpreting subsequent atmospheric data from flybys and orbiters.*
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In a later meeting, the Working Group expressed doubt that entry probes
could be designed and built in time for the mission schedule that the summer-study
panel envisioned. That schedule required a probe to be ready for launch by 1974. The
Working Group recommended instead that orbiter missions be sent off first and that
NASA wait until 1978 to launch missions involving probes.

The area in which the Working Group and summer-study panel most closely
agreed was on schedules for Grand Tour missions. Both recommended a 1977 Jupiter-
Saturn-Pluto flyby and a 1979 Jupiter-Uranus-Neptune flyby (although the summer-study
panel also wanted to add probes to both of these missions). Perhaps because of the
two groups’ agreement on Grand Tour schedules, and certainly because of the narrow
window for launching such missions (1976 through 1980), NASA decided to focus on
Grand Tour missions throughout the 1970s. During the summer of 1969, the Agency
began formulating Fiscal Year 1971 funding requests for starting up a Grand Tour
program. Initial funding was sought for a 1974 flyby test flight to Jupiter, followed by the
1977 and 1979 multiplanet missions that would collectively form a Grand Tour.

NASA planned to submit the funding request to the federal Bureau of the Budget
in September 1969. But before it could, the administration of newly inaugurated President
Richard Nixon issued budget guidelines that compelled NASA to reexamine its priorities.

The year 1969 was not an easy time to nurture new space projects. The costs of the Vietnam
War were spiraling upward, as were those of the Great Society social reform programs
that Nixon had inherited from Johnson. American society was becoming disillusioned
with and mistrustful of everything that the federal government did. Government priori-
ties and funding allocations were frequently perceived as inappropriate, if not criminal.
This lack of confidence in all things federal extended to the space program. In addition,
Richard Nixon, who became president in January 1969, instituted very conservative fiscal
policies that took their toll on NASA and its grand plans for the future. Today’s outer
planet exploration program grew from the tensions of these times.

NASA, touting its impressive success record, battled continuously against ever-
growing budget constraints, an unsympathetic administration, and a mistrustful populace.
There were many in the country who perceived NASA as arrogant and elitist. This negative
image was furthered by astronauts promoting personal business endeavors and marketing
space trinkets. Project Apollo launches were becoming chic media events, complete with
high-visibility celebrities and the country’s “beautiful people” in attendance. The lunar
landings in 1969 elicited tremendous excitement, but they were also viewed as part
of NASA’s “three ring circus” and may have added to the public’s disillusionment with
Project Apollo. In short, the U.S. government and NASA in particular were perceived as
doing a poor job of responding to the American people’s needs and desires.”

President Nixon’s emphasis on frugality led to a decelerated rate of space explo-
ration in the 1970s and a philosophy of maximum scientific return for minimum cost.
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Though Nixon portrayed astronauts as American heroes and used them to further his
political aims, he never displayed “the personal enthusiasm for or expansive commitment
to the space program that [Lyndon] Johnson and John F. Kennedy had shown.” Nixon did
not need the space program to prove himself able to deal with the Soviets, and this may
have contributed to his attitude. Or perhaps he had so many staggering economic issues
to deal with that he was forced to retrench and cut costs wherever he could.®®

Several other factors contributed to the space program’s downsizing in the
1970s. First, none of Nixon’s close advisors promoted the space program. Neither of
NASA’s Administrators during that time, Thomas O. Paine and James C. Fletcher, had
the ear of the President or of his inner circle of advisors. Second, NASA’s highly visible
budget overruns hurt its reputation. This situation was exacerbated because NASA upper
management did not develop as close a working relationship with the Bureau of the
Budget and, later, the Office of Management and Budget as it might have. Such a relation-
ship was necessary in order for NASA to receive the highest priority consideration for its
space exploration and other projects.

Third, since NASA’s healthy budget of the early 1960s had been created partly
because of Cold War pressures and perceptions, that same budget suffered when U.S.-
Soviet relations improved. Beating the Soviets to outer space seemed less important
than it had under Johnson and Kennedy. Finally, by 1969, the political tide had turned
against increased NASA funding. Liberals and conservatives in both parties were loathe
to add more dollars to the space program when severe domestic problems such as
poverty, crime, urban renewal, racism, and the deteriorating environment were staring
them in the face.”

Living with Reduced Means

The budget guidelines that President Nixon issued in the summer of 1969 were of great
concern to NASA. The Agency had been planning to ask for $33 million in startup fund-
ing for its Grand Tour missions and $3 million for advanced studies of outer planet orbiter and
probe missions. However, it became clear that Nixon was planning to cut $75 million, or almost
20 percent, from NASA’s planetary programs budget. With the ongoing Viking Mars program
costs escalating, NASA did not think that it would receive sufficient funds for initiating a Grand
Tour program. The Agency delayed its request for startup funding for another year, which meant
that the Grand Tour test flight would not take place until 1975 at the earliest.*

Seeing the severe budget cuts that NASA would soon be forced to endure,
National Academy of Sciences president Philip Handler suggested that a Space Science
Board review panel be convened to develop priorities for spending. The review panel
would evaluate how to balance resources among the seven different scientific disciplines
that NASA supported: planetary exploration, lunar exploration, astronomy, gravitational
physics, solar-terrestrial physics, Earth environmental sciences, and life sciences.

NASA Administrator Thomas Paine agreed to the convening of a Space Science
Board review panel. Before the panel met, however, Paine submitted his resignation to
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President Nixon. His recent NASA budget request of about $3.3 billion was “down more
than $500 million from the previous fiscal year,” and Congress appeared to be “in a mood
to cut space funding even more.” But according to one history of the Apollo program,
Paine probably quit not just because of the erosion of NASA’s budget, but also because
he saw no prospect of the situation’s improving.*!

The Space Science Board review panel met at Woods Hole, Massachusetts, from
26 July to 15 August 1970. Nearly 90 scientists participated, divided among the seven
scientific disciplines and an executive committee that was to integrate the various propos-
als and recommendations.* The scientists agreed on some issues, for instance, that a large
program such as the Grand Tour should not displace smaller but nonetheless important
missions such as the exploration of Venus. But in certain key areas, consensus was not
achieved, and this would eventually have consequences for the space program.

In particular, the participants did not reach agreement on what the highest prior-
ity for outer planet exploration should be. One of the scientific discipline groups, the
Planetary Exploration Working Group, held that the Grand Tour opportunity was so
important and rare that it should not be missed. The executive committee was more inter-
ested in the scientific data that could be generated from orbiter and probe missions to
Jupiter. It thought that such intensive investigations would generate more useful informa-
tion of the type needed to launch other successful outer planet missions. Furthermore, the
executive committee viewed Grand Tour projects as quite risky. During such long flights,
the various spacecraft systems might not continue to operate reliably. Also, the need for
gravity-assists would constrain the mission trajectory so much, the committee believed,
that studies of the outer planets’ many satellites would be hindered.*

OMB, which the Nixon administration had recently formed to replace the Bureau
of the Budget, tried to postpone the startup of Grand Tour development from fiscal year
(FY) 1972 to FY 1973, which would have further delayed launch dates. NASA fought
successfully to keep the startup in FY 1972 but began considering the executive commit-
tee’s negative views on the mission. NASA was worried that once Congress learned of the
executive committee’s position, Congress would wonder why a space exploration program
was moving forward when heavy hitters in the U.S. scientific community opposed it.

After discussions with the Space Science Board, NASA decided to keep several
outer planet options open for the time being. At its budget briefing in January 1971, the
Agency announced that by November, it would choose to develop a Jupiter-Saturn-Pluto
mission, a Jupiter orbiter program, or a combination of both. The Agency also decided
to investigate the costs and benefits of using two different spacecraft in a Jupiter orbiter
program—a spin-stabilized Pioneer and a sophisticated three-axis-stabilized vehicle that
NASA wanted to build, the Thermoelectric Outer Planet Spacecraft (TOPS).#

During the spring of 1971, JPL and Ames studied Jupiter orbiter concepts based
on TOPS and Pioneer spacecraft. The study results were to have been presented to NASA
and National Academy of Sciences panels during the summer. But before the panels
even met, OMB requested NASA to study “simpler, less costly alternatives to the TOPS
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spacecraft for the Outer Planet Missions.” (The name “Outer Planet Missions” had been
given by NASA to a program that encompassed both Grand Tour flybys and Jupiter orbit-
ers.) In June 1971, a Senate budget committee voted to slash NASA’s Outer Planets Missions
funding from $30 million to $10 million. Although this amount was raised to $20 million
by a combined House and Senate conference committee, the conferees maintained the
need for NASA to develop cheaper, less sophisticated spacecraft and recommended that
NASA reexamine whether developing the expensive TOPS was appropriate.

NASA strongly wanted to build an outer planet program that would have the
unified support of the scientific community, for it recognized the importance of this in
securing congressional funding. Toward this end, NASA organized a Science Advisory
Group (SAG) in July 1971 and appointed members of the U.S. space science community.
JPL and Ames presented their findings on various mission concepts to SAG in July 1971.
JPL cautioned that substituting orbiter missions for Grand Tour flybys would add consid-
erably to the cost, especially if TOPS was the spacecraft used. By means of comparison,
four TOPS multiplanet flyby missions would cost approximately $750 million, while two
such missions and two TOPS Jupiter orbiter trips would raise that to $925 million. The
orbiter missions were more expensive because, among other reasons, they required a new
propulsion system to be developed for inserting the space vehicles into Jovian orbit.

JPL presented a fallback plan that was cheaper. The above mission concepts
assumed that sophisticated TOPS spacecraft would be designed and constructed for the
endeavors. If this was not possible due to budget constraints, then already-available
Mariner-class spacecraft could be employed instead, at a savings of several hundred
million dollars. Ames had a similar backup plan but suggested using the even less expen-
sive Pioneer-class craft for orbiting Jupiter.

Unfortunately, NASA’s SAG did not reach consensus on which outer planet
plan should be pursued. Four Grand Tour flyby missions would have “broad exploratory
appeal,” it said, but two Grand Tours combined with two Jupiter orbiters would better
serve those who thought that “more intensive investigation of Jupiter and its satellites will
yield greater physical insight.”

The National Academy of Sciences Space Science Board reviewed the JPL/Ames
findings in August 1971, but like NASA’s SAG, the Board could not establish a unified
position on the flyby versus orbiter debate. Shortly thereafter, NASA Administrator James
Fletcher argued with Congress for inclusion of the Grand Tour in NASA’s FY 1973 budget,
claiming that it would have “great popular interest as mankind’s farthest reach out into
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space,”” but his position was weakened by the lack of clear support from the scientific
community. Fletcher only managed to get a reduced-budget Grand Tour project approved,
with its funding level slashed from the planned $100 million to $29 million.

Prospects for outer planet missions continued to worsen. The Space Shuttle
Program was then under consideration for funding and had the strong support of President
Nixon. In December 1971, NASA learned that he was ready to approve it. Unfortunately,
the President was of the mind that both the Shuttle and a Grand Tour program relying on

the development of an expensive TOPS spacecraft could not simultaneously be funded.
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The chances of getting the Grand Tour program funded with the development of a TOPS
spacecraft looked dismal indeed.

As a result, in late December 1971 and early January 1972, NASA manage-
ment decided to propose that less sophisticated Mariner-class spacecraft perform two
less ambitious Jupiter-Saturn flyby missions. These reduced missions were approved by
Congress in 1972.

At a NASA budget briefing and news conference, Fletcher pointed to the “less
than enthusiastic response from certain elements of the scientific community” as pivotal
in foiling a more extensive outer planet effort. His deputy, George Low, added that “the
simple truth was that there wasn’t unity among scientists regarding the value of the Grand
Tour, and this made it an easy target for cancellation.”®

A few months later, Bruce Murray, a scientist who later became JPL’s Director,
expressed the disappointment of those who'd believed in the value of a Grand Tour. Its
cancellation, he felt, would have a serious impact on the U.S. space program. In a testi-
mony to Congress, he stated:

The Grand Tour cancellation was a self-inflicted setback of unprec-
edented magnitude. Those are strong words, but that's how I feel. Our
prospects for future achievements suddenly were narrowed. We did it
to ourselves. What had been established as a major commitment with
widespread popular support and unique scientific promise was allowed
to tremble and collapse. As a consequence, I feel the credibility of our
commitment to outer planet exploration is brought into question.®

It is interesting that one factor that made the Grand Tour opportunity so market-
able, its rarity (occurring only once every 175 years), also worked against the mission’s
implementation. The inflexible constraints on mission schedules and on the research and
development that had to take place to meet those schedules ultimately presented a formi-
dable barrier to carrying out the Grand Tour.>

NASA did not get its sophisticated TOPS spacecraft built, and it looked doubtful in 1972 that
a Grand Tour would be accomplished. Nevertheless, outer planet efforts did go on during the
1970s using tried and true Pioneer- and Mariner-series spacecraft, and the information from
these was vital for designing a Jupiter orbiter mission that would eventually become Galileo.

The Pioneer Missions

Pioneer 10, the first outer solar system mission, launched in March 1972 and passed

within 120,000 miles (200,000 kilometers) of Jupiter on 3 December 1973. It conducted 15
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experiments studying magnetic fields, solar wind characteristics, cosmic rays, the helio-
sphere, hydrogen abundance, dust particles, the Jovian atmosphere, aurorae and radio
waves, and the planet’s satellites, especially To. Pioneer 11 launched in April 1973 and
passed within 21,000 miles (34,000 kilometers) of Jupiter’s cloud tops in December 1974.
It went on to Saturn, reaching the planet in 1979.%!

Pioneers 10 and 11 were important scouts for future, more intensive investiga-
tions. In particular, they charted Jupiter’s radiation belts. This was critical for determining
design requirements that future spacecraft would need in order to survive in the planet’s
radiation environment for visits that might last years. One of Pioneer 10’s most useful finds
was that Jovian radiation levels were not as severe as previously feared.

The Mariner Voyager Missions

The two Mariner Jupiter-Saturn flyby missions, which would eventually become Voyagers 1
and 2, launched in 1977, and both flew by Jupiter in 1979. JPL engineers designed Voyager 1’s
path so that the spacecraft would also pass near the Saturnian satellite Titan, which at the time
was the only moon known to have an atmosphere. Voyager 2’s trajectory was designed so
the spacecraft could potentially undertake the original “Grand Tour,” that is, a Jupiter-Saturn-
Uranus-Neptune mission, should the spacecraft continue to function that long and should
additional mission funding become available. Congress eventually became more receptive to
this idea and provided funds for extending the mission to both Uranus and Neptune.>?

Voyagers 1 and 2, the last of the Mariner series spacecraft, discovered three new
Jovian satellites, as well as a set of rings around the planet. Voyager 1 went on to Saturn,
arriving the following year; Voyager 2 flew by Saturn a year after that and then turned
toward Uranus and Neptune, reaching those gas giants in 1986 and 1989, respectively.
Gravity-assists were used to modify the spacecraft’s trajectories. When Voyager 2 reached
Neptune, it had covered all four of the original Grand Tour planets envisioned by Gary
Flandro 24 years earlier.”

Following the approval in the spring of 1972 of what would become Voyagers 1 and 2,
the NASA-appointed SAG for Outer Solar System Missions examined additional outer planet
mission concepts. In particular, scientific returns and design requirements of Jupiter atmo-
spheric entry probes were analyzed. It was concluded that the heatshield technology likely to
be available in the next several years would not protect a probe during a descent deep into
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the Jovian atmosphere. In fact, the facilities to test an entry probe adequately under the heat-
ing conditions expected to be encountered at Jupiter would not be available until 1980.

The SAG was also concerned about radiation exposure and its effect on the space-
craft’s operating systems and experiments. It recommended that not until the Pioneer 10 and
11 missions determined the severity of Jupiter’s radiation environment should a Jupiter orbiter
or probe mission be undertaken. With the above cautions in mind, the SAG recom-
mended that other missions be undertaken in the 1970s, such as Jupiter flybys that then
proceeded on to Saturn or out of the ecliptic plane. A 1979 atmospheric probe to Saturn
was also recommended, because the conditions that the spacecraft would encounter
there were presumed to be less severe than at Jupiter and within the bounds of what
heatshield technology would be able to handle. The SAG also envisioned two Mariner
Jupiter orbiter missions launching during 1981 and 19825

NASA authorized Ames, JPL, and their contractors to study the recommended mission
concepts in more detail. In particular, JPL was directed to develop the concept of a Mariner
Jupiter orbiter mission. Following up on a major new direction for a launching strategy, NASA
directed JPL to make the first study of launching a planetary mission from the Space Shuttle.

An important idea that emerged from the study was of a “satellite tour,” in which
the trajectory of each satellite flyby would be designed so as to receive a gravity-assist
that aimed the spacecraft toward its next satellite encounter. This would minimize fuel
requirements and could extend the lifetime of the mission.”

The December 1973 results from Pioneer 10’s Jupiter flyby indicated a less severe
radiation environment than feared. Coupled with the progress being made in heatshield
studies, it was thought that the atmospheric probes being designed for Saturn and Uranus
might also be sufficiently durable for Jupiter. NASA considered adding an entry probe
capability to a future Jupiter orbiter mission. The Agency was continuing to deal with
tight budgets and, early in 1974, explored joint mission concepts with the European Space
Research Organization (ESRO). Out of this study came the announcement in May 1974
that a 1980 NASA-ESRO Jupiter orbiter/probe mission using a Pioneer H spacecraft was
now being actively considered (along with one of the Mariner Jupiter orbiter missions,
which had been delayed to 1985).

Pioneer- and Mariner-series craft were both highly capable space vehicles that
had been used for many years. One of the major differences between the two was in
the method of attitude stabilization—a critical function if precise planetary measurements
were to be taken. The Pioneer’s stabilization was achieved through spinning the craft at
(typically) 60 rpm. This provided dependable stabilization without requiring a propul-
sion system to maintain attitude. It also kept the spacecraft’s weight and cost down. The
Pioneer’s spin gave its instruments a 360-degree view of its surroundings and a good
platform from which to make field-and-particle measurements.

The Mariner, on the other hand, had a sophisticated system of gyros and jets that
maintained stabilization in all three axes, a feature that could help maximize photographic
resolution and the returns from remote sensing experiments. Three gyroscopes plus two
sets of six nitrogen jets mounted on the ends of its solar panels controlled Mariner’s atti-
tude, which was measured relative to the Sun and the star Canopus. A special sensor was
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mounted on the spacecraft to track the position of Canopus, while two primary and four
secondary sensors recorded the Sun’s position. Attitude information was also provided
by an inertial reference unit and an accelerometer. The attitude stability that the Mariner
craft offered was valuable, but its price was more weight and a higher economic cost than
the Pioneer spacecraft. There were also more systems on the Mariner that could fail and
end a mission.>

In some of its studies, Ames Research Center had recommended Pioneer craft
for outer solar system work. JPL, on the other hand, was a strong advocate of three-axis-
stabilized craft, and this position would ultimately affect space vehicle design for the
Galileo mission.”

In summer 1974, the National Academy of Sciences Space Science Board’s new
Committee on Planetary and Lunar Exploration (COMPLEX) recommended a Mariner
Jupiter-Uranus project, the 1980 Pioneer Jupiter orbiter and probe mission, and the 1985
Jupiter orbiter endeavor. Two months later, however, COMPLEX changed its position,
stating that the current budget environment did not allow two large projects such as the
Mariner Jupiter-Uranus and Pioneer Jupiter orbiter/probe missions to start simultaneously.
A reassessment of outer planet exploration priorities was urged.

As a result, NASA organized working groups to study the various mission concepts
and present recommendations to a Strategy for Outer Space Exploration (SOPE) advisory
panel. By February 1975, after studying the working group reports, SOPE recommended a
Mariner Jupiter-Uranus mission that would possibly include a Uranus atmospheric probe.
SOPE also advised that a Pioneer Jupiter orbiter/probe mission precede the probeless
Mariner Jupiter orbiter because atmospheric probes would initiate a whole program of
outer solar system atmosphere exploration.

During the same month, National Academy of Sciences’ COMPLEX also backed
the Pioneer Jupiter orbiter/probe project, although it was divided over the Mariner
Jupiter-Uranus mission. Acting quickly on the clear support for a Jovian orbiter and probe
mission, NASA authorized Ames to initiate a “Phase B” development effort for the Pioneer
project. By this time, ESRO had decided to drop out of the project. While the mission had
the strong support of West Germany, other European countries were not so enthusiastic
about participating.®®

The major project that NASA was planning at this time was the Space Shuttle,
which would have a human crew and would be partially reusable. It would have many
uses and would eliminate NASA’s need for most of its expendable launch vehicles such
as the Titan/Centaur. Shuttle development costs were running higher than expected,
and NASA activities were under budgetary pressures by the fiscally conscious Nixon
and Ford administrations.

These were compelling factors for NASA to cease production of the expensive Titan/
Centaur launch vehicles for missions beyond the already-approved Viking and Mariner
Jupiter-Saturn (Voyager) projects in 1976 and 1977. But a Jupiter-Uranus mission using
the Mariner spacecraft would need the Titan/Centaur. A Mariner spacecraft’s mass was
far more than the 321 pounds (146 kilograms) of the Pioneer. The Mariner space vehicles

5 “Mariner 6,” National Space Science Data Center Master Catalog, Spacecraft ID: 69-014A, 13 April 2000, http://nssdc.
gsfc.nasa.gov/cgi-bin/database/www-nmc?69-014A; “Mariner 9,” National Space Science Data Center Master Catalog,
Spacecraft ID: 71-051A, 19 April 2000, http://nssdc.gsfc.nasa.gov/cgi-bin/database/www-nmc?71-051A.

57 Torrance V. Johnson interview, tape-recorded telephone conversation, 31 July 2001; Waff, “Jupiter Orbiter Probe,” p.7.
58 Waff, “Jupiter Orbiter Probe,” pp. 4-6.
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used for the Voyager missions, for instance, each weighed 1,590 pounds (722 kilograms).
The fact that a Mariner mission required a launch vehicle such as Titan/Centaur, as well
as the lack of unified support from National Academy of Sciences’ COMPLEX for a 1979
Mariner Jupiter-Uranus mission, may have contributed to the mission’s exclusion from the
FY 1977 budget request that NASA submitted in September 1975.%°

JPL Takes Over the Management of the Jupiter Orbiter Probe Effort

NASA management considered various factors in deciding which of NASA’s Centers would
manage the Jupiter Orbiter Probe (JOP) project. According to John Casani, Galileo’s first
Project Manager, all of the Centers had certain roles that represented their core mission

)

responsibilities. “Some centers were designated as ‘research,” said Casani, “and some as
‘operational.” JPL’s role was operational—to conduct planetary missions—while the role
of Ames Research Center, which also wanted the JOP project, was just what its name
implied, a facility focused more on technology development than on planetary explora-
tion. The distinction between the two Centers was not black and white, however. Ames
had managed Pioneers 10 and 11 (which both flew by Jupiter), as well as the Pioneer
Venus mission (involving the Pioneer 12 and 13 spacecraft). “But I don’t think [Ames was]
viewed as having the in-house capability to support a major planetary program activity,”
said Casani, referring to Galileo. “Or the charter for it.”*®

Restricted budgets were also factors that helped determine which Centers
managed which NASA projects. NASA needed to consolidate its operations and cut costs.
An Agencywide “roles and missions” study found that NASA could afford to maintain only
one Center devoted to planetary mission development. The Center it recommended was
JPL, which had originally fulfilled the assignment during NASA’s early years in the latter
1950s. JPL was currently managing the Viking and Mariner Jupiter-Saturn (Voyager) proj-
ects, but these were scheduled to launch by 1977. Due to the elimination of the Mariner
Jupiter-Uranus project, JPL would soon find its very talented staff without a major in-house
development project on which to focus. Ames was not in this situation. It was conducting
various large aerodynamics projects in fields such as astrobiology, flight simulation, and
vertical takeoff and landing aircraft.®!

In the fall of 1975, NASA chose JPL to manage the JOP mission. Ames was not cut
out of the mission, however. JPL and Ames negotiated and committed to paper an agreement
in which Ames was assigned the task of developing the atmospheric-entry probe for JOP. This
assignment took advantage of one of Ames’s strengths—atmospheric studies.? In his “State
of the Lab” address on 1 April 1977, JPL Director Dr. Bruce Murray stressed that one of the
major institutional accomplishments of the past year was to develop this working partnership
with Ames that had not existed one year earlier. The JPL-Ames affiliation included synergistic
efforts not only on JOP, but also on the Infrared Astronomy Satellite (IRAS) project, which was

5 |bid., pp. 6-7.

0 John Casani interview, tape-recorded telephone conversation, 29 May 2001; First to Jupiter, Saturn, and Beyond
(Pioneer project home page), 18 August 2001, http://spaceprojects.arc.nasa.gov/Space_Projects/pioneer/PNhome.
html.

61 Glen Bugos, Ames Research Center historian, telephone conversation, 1 June 2000; Waff, “Jupiter Orbiter Probe,” p. 7.

52 The Pioneer Missions, 20 April 2001, http://spaceprojects.arc.nasa.gov/Space_Projects/pioneer/PNhist.html; Waff,
“Jupiter Orbiter Probe,” p. 7.
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slated to start in FY 1978. As a result of the JPL-Ames joint ventures, Murray thought that “both

institutions are stronger, and NASA is much better off as a consequence.”®

Development of the Inertial Upper Stage

One of the necessary steps in launching JOP, as well as other spacecraft, from the Shuttle
was the development of an adequate propulsion technology to send the vehicles on
their way after the Shuttle lifted them to Earth orbit. In fall 1975, the Air Force chose to
modify the solid-fueled Boeing Burner II rocket for this purpose. The two-stage propul-
sion system was originally given the name Interim Upper Stage (IUS), because it was
to serve only until NASA found the funds to develop a Space Tug. Initiation of the Tug
project slipped further and further into the future, however, and the propulsion system’s
name was changed to Inertial Upper Stage (with the same 1US acronym).**

A Centaur rocket had also been under consideration, but it was rejected because
of the increased fire danger that a liquid-hydrogen-fueled rocket carried in the Shuttle’s
payload bay presented. This was a difficult decision; the Centaur was the more powerful
rocket and would make planetary missions with larger payloads possible.

The solid-fueled IUS rocket was reluctantly approved when it was shown to be
barely powerful enough to launch JOP, which was the most demanding planetary mission
on NASA’s books at that time, during the December 1981-January 1982 launch window.
This was the best window in terms of launch energy requirements for several years. If
the JOP spacecraft was not ready by that time, it would not be able to launch in its then-
current configuration until 1987. Also, if mission requirements demanded a heavier space
vehicle, or if TUS development was delayed or its performance did not meet expectations,
it would be difficult or impossible to launch JOP during the 1981-82 time slot.”

Growing a JOP Project

NASA’s “Jupiter Orbiter with Probe Marketing Plan,” written by Dan Herman around the
end of 1975, outlined the steps that would be taken to support the start of a JOP project
in FY 1978. These steps included the following:

e Forming a science working group (JOPSWG) to define mission objectives and
outline probe and orbiter payload requirements. JOPSWG was chaired by
James Van Allen and began meeting in the first half of 1976.

e [ssuing a Request for Proposal (RFP) for Phase-B Probe development. After
the RFP was issued in May 1976, two contractors were selected to prepare
proposals: Hughes and McDonnell Douglas. Hughes, partnered with General
Electric, ultimately won the Probe contract in June 1978.

83 Bruce Murray, First Annual “State of the Lab” Talk, 1 April 1977, Bruce C. Murray Collection, 1975-1982, folder 31, box
2, JPL 216, JPL Archives.

84 Waff, “Jupiter Orbiter Probe,” p. 8; The Boeing Company, “IUS Introduction,” Inertial Upper Stage, 2003, http://www.
boeing.com/defense-space/space/ius/ius_Introduction.htm.

85 Waff, “Jupiter Orbiter Probe,” p. 8.
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e Initiating Phase-B Orbiter development. During the first half of 1976, JPL
investigated the use of a three-axis-stabilized space vehicle for the JOP
mission, and TRW conducted studies of spin-stabilized craft. JPL eventually
chose a “dual-spin” design that combined features of both types of space
vehicles. Hughes had employed the dual-spin concept in communication
satellites, but it had never before been used for planetary missions. The
dual-spin configuration accommodated the needs of both particles-and-fields
scientists, who preferred spinning spacecraft for their experiments, and plan-
etologists, who wanted a stable base from which to perform photography
and remote sensing studies.®

It is important to note that performing the above tasks did not ensure an
official JOP mission start in FY 1978. For that, congressional approval was needed. A
marketing strategy that was put together to accomplish this involved getting approval
first from NASA’s top management, then OMB, and finally Congress. Regarding the
first step, Dan Herman said that obtaining NASA’s strong commitment to a JOP
mission was necessary because convincing OMB of the importance of JOP would
involve communicating the “keen interest in the program by science advocates for the
mission, the Space Science Board, and the aerospace industrial community.” Similarly,
the pitch to Congress would have to stress the “vital interest in the mission by the
scientific community.”®” In other words, it was critical to build a unified backing for
JOP by the scientific community and aerospace industry, which had not been done a
few years earlier for the Grand Tour mission.

One other condition that had to be met for an FY 1978 start, Herman emphasized,
was to recognize the importance of not competing with the Hubble Space Telescope proj-
ect for either FY 1978 budget dollars or total project funding. Herman recognized that
Hubble would be the NASA Space Science Office’s highest priority new start for FY 1978,
with a current total budget estimate of about $500 million. Hubble also had considerable
support in Congress. According to Dick Malow, staff director of the House HUD-
Independent Agencies Appropriations Subcommittee at the time, “Hubble had been in
the development phase for some time . . . . There had been a considerable amount of
auxiliary work that had been done on it . . . and there was a lot of attraction to Hubble
too.” To put Congress in an “either-or” position regarding the two programs might end
up being fatal for JOP. To avoid this situation, Herman estimated that the maximum JOP
mission cost should not exceed $200 million.®

The Office of Space Science was not successful in keeping estimated JOP costs
down to the recommended amount. A project budget of $270 million was developed. It
did receive approval from NASA top management and also passed the OMB hurdle. After
these events, it was included, along with the Space Telescope, in President Ford’s federal
budget submittal to Congress in January 1977.

Congress’s first actions on JOP were favorable. The project was approved by both
the House and Senate authorizing committees. But then House HUD-Independent Agencies

s Ibid., p. 9.

¢ Ibid., pp. 9-10.

58 Waff, “Jupiter Orbiter Probe,” p. 10; Dick Malow, former staff director of the House HUD-Independent Agencies
Appropriations Subcommittee, interview, tape-recorded telephone conversation, 19 September 2001.
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Appropriations Subcommittee chairman Eddie Boland (D-Massachusetts) entered the
picture. It was still January 1977 when Boland repeatedly asked NASA Administrator James
Fletcher to prioritize between JOP and the Hubble Space Telescope. Fletcher refused to
do this, wanting both programs to receive funding.

It was quite unusual for NASA to request two new program starts in the same
year, although the main factors that determined JOP’s fate in the subcommittee were
fiscal constraints. Dick Malow remembered that the “general feeling on the subcommittee
was that we should proceed with one [program], given the budget situation, and reserve
judgment on the other. So Hubble went ahead, and then there was a major debate over
JOP.” Malow further explained that “beginning in the mid '70s, particularly in FY78, we
were entering into a long string of government-wide budgetary problems that only grew
worse . . . . These problems were also affecting NASA, because NASA was in the throes
of trying to bring to fruition the Space Shuttle, and that was running into overruns . . . .
NASA was not getting the same percentage of the budget as it was in the late ’60s or early
"70s. So there was a squeeze everywhere.””

Malow and other subcommittee members expected the initial budget estimates
for Hubble and Galileo to go up, which was typical behavior for NASA programs. “Carrying
two missions, especially if they were going to grow exponentially, which of course they
both did . . . given the budget climate there may be some problems. In any case, it was
Hubble that we chose to fund.”” The subcommittee may also have assumed that NASA
would fight the strongest for the Hubble Space Telescope, which had been eliminated
from the previous year’s budget. JOP likely appeared to the committee to be the easier
target, with only a relatively weak and possibly divided planetary science community
to defend it. The result was that Boland’s House subcommittee voted on 4 May 1977 to
eliminate all funding for JOP.”

Boland had radically underestimated the resolve of the planetary science
community. It organized a massive lobbying effort that, only five weeks later, succeeded in
obtaining the Senate HUD-Independent Agencies Appropriations Subcommittee’s approval
for both the Space Telescope and JOP. This was done over the objection of Chairman
William Proxmire.”” About the planetary community’s effort, Dick Malow said, “Rarely
have I ever seen such a successful lobbying campaign . . . . It was masterfully done.””

The House and Senate were now in disagreement over the JOP issue. A confer-
ence committee from the two congressional houses tried to resolve the matter on 12
July 1977 but could not. At this point, the matter was returned to the House. As Malow
explained, “There’s a very technical procedure you can go through to bring an item back

. where the conference does not come to an agreement. And then you vote it up or
down in the House, and that's what happened.”* Much to Boland’s displeasure, the
House of Representatives approved JOP by a large margin. In the words of JPL Director

% Malow interview, 19 September 2001.

 |bid.
" Waff, “Jupiter Orbiter Probe,” p. 10.
2 |bid., p. 11.

3 Malow interview, 19 September 2001.
™ Ibid.
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Bruce Murray, “We won that one handily, 280 to 131. It was an extraordinary victory and
quite unexpected.” The last preproject barrier had been crossed, and JOP officially kicked
off on the first day of the new fiscal year, 1 October 1977.7

Critical to JOP approval was a planetary science community united in its backing
of the project. JOP had been very astutely designed to offer value to all of the planetary
science community’s subdisciplines: planetary meteorology, satellite geology, particles-
and-fields studies, and so on. But offering so much required a commitment to build one
of the most complex and sophisticated spacecraft ever conceived.”
Dr. Bruce Murray expressed both the strong support for JOP and the challenge

that now lay before NASA when he said, in an address to JPL management:

So our job now is to organize and get off to a good start with this
mission. It is credible and warrants the kind of endorsement we have
had—not only from NASA, but from the entire country—as manifested
in the Congressional vote.

... believe that JOP demonstrates that there really is a clear constitu-
ency for planetary exploration in this country. It is not a constituency
that will frequently support very large, Viking-class missions . . . .
We were fortunate to discover this in time to affect the outcome of
JOP . . . . However, our happiness over the good news is tempered by
the fact that we do have to deliver on difficult commitments.””’

s Bruce Murray, Semi-Annual Report to the Laboratory, 17 October 1977, Bruce C. Murray Collection, 1975-1982, folder
32, box 2, JPL 216, JPL Archives.

76 Johnson interview, 31 July 2001; Waff, “Jupiter Orbiter Probe,” p. 11.
7 Murray, Semi-Annual Report to the Laboratory, 17 October 1977.



Galileo will be the primary source of information for the chapter on Jupiter
and its moons in the atlas of the solar system read by our grandchildren.’

—dJohn R. Casani

Chapter 3

THE STRUGGLE To
LauNncH GALILEO: TECHNICAL
DIFFICULTIES AND POLITICAL
OPPOSITION

THE JUPITER ORBITER PROBE (JOP) PROJECT

received congressional approval to begin operations

on 1 October 1977, NASA planned to build, test, and
launch the spacecraft in just over four years. JOP was to be transported up to Earth orbit
in the Space Shuttle, then propelled onto a direct Earth-Jupiter trajectory by means of a
solid-fueled Inertial Upper Stage (IUS) launch system.? Using the direct trajectory, the
spacecraft was supposed to reach Jupiter by November 1984

NASA designed the JOP mission to conduct a comprehensive exploration of Jupiter, along

with its atmosphere, physical environment, and satellites, employing an orbiting space-

craft and an atmospheric entry probe. The mission was to build upon Pioneer 10 and 11
and Ve er 1 and 2 results, but to focus more on long-duration, in situ investigations.
NASA decided that the mission’s primary objectives were to determine the following:

“The National Value of Galileo,” in John R. Casani to K. Kaesmeier and Dr. K. O. Pfeiffer, “GLL 8th Quarterly Report
Agenda: February 26, 1981,” John Casani Collection, Galileo Correspondence 2/81, folder 30, JPL 14, JPL Archives.

2 W. J. O'Neil, “Project Galileo” (paper no. AIAA 90-3854, presented at the American Institute of Aeronautics and
Astronautics (AIAA) Space Programs and Technologies Conference, Huntsville, AL, September 1990), p. 10.

8 NASA Program Approval Document, Research and Development, Code Number 84-840-829, 19 November 1977,
Galileo Documentation, folder 5138, NASA Historical Reference Collection, Washington, DC.
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e The chemical composition and physical state of Jupiter’s atmosphere.
e The chemical composition and physical state of Jupiter’s Galilean satellites.

e The topology and behavior of the Jovian system’s magnetic field and ener-
getic particle fluxes.*

Early in his tenure as Galileo’s first project manager, John R. Cassani solicited a
more inspirational title for the endeavor than “Jupiter Orbiter Probe.” Many people associ-
ated with the mission submitted suggestions, and the name “Galileo” received more votes
than any other title. Casani commented that naming the mission after the 17th-century
Italian astronomer was especially appropriate, for Galileo “was the first person to view
the planet Jupiter through a telescope, and in so doing discovered the four largest moons
of Jupiter, now known as the Galilean satellites.” One of Casani’s staff, Dave Smith, also
pointed out that in the Star Trek series, Galileo was the name of the Enterprise’s shuttle
craft that Spock piloted for planetary excursions.’

On 1 July 1976, before the mission had received congressional approval, NASA
issued an “Announcement of Opportunity for Outer-Planets Orbiter/Probe (Jupiter),” in
which proposals were solicited from 1) principal investigators and co-investigators for
experiments to be performed by either the Orbiter or Probe, 2) individual investigators
seeking membership on a NASA-formed team that would use subsystems such as the
radio or imaging subsystems, and 3) individuals wanting to participate in the mission as
interdisciplinary scientists or theorists.

Proposals were reviewed by an ad hoc advisory subcommittee of the Space Science
Steering Committee, which was appointed by NASA’s Associate Administrator for Space
Science. The proposals considered to have the greatest scientific merit were further
reviewed by the JPL project office (for Orbiter experiments) and Ames Research Center (for
Probe experiments) using engineering, integration, management, cost, and safety criteria.
Additional reviews were carried out by NASA Headquarters, the Agency’s Office of Space
Science Program Office, and the Space Science Steering Commiittee. Based on these reviews,
NASA’s Associate Administrator for Space Science appointed the investigators and selected
the mission experiments. The Associate Administrator picked six science investigations for
the Probe atmospheric entry vehicle (see table 3.1), with 29 scientists participating, includ-
ing five from Germany and one from France. The Associate Administrator also selected
11 science investigations for the Orbiter (see table 3.2). These would employ 82 scientists
that included nine from Germany, five from the Netherlands, and one each from France,
Sweden, and Canada. In addition, the Associate Administrator identified 14 interdisciplinary
scientists to conduct analyses that drew data from two or more investigations.®

4 NASA Program Approval Document.

5 J. R. Casani to distribution, “A Name for Project Galileo,” 6 February 1978, JPL Interoffice Memo GLL-JRC-78-53,
folder 5139, NASA Historical Reference Collection, Washington, DC.

6 John R. Casani, “Testimony for: Space Science and Applications Subcommittee, Committee on Science and
Technology, United States House of Representatives,” 1 March 1978, JPL Archives; “Announcement of Opportunity
for Outer-Planets Orbiter/Probe (Jupiter),” 1 July 1976, A. O. No. OSS-3, folder 18522, NASA Historical Reference
Collection, Washington, DC.
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Table 3.1. Planned Probe investigations of Jupiter’s atmosphere.

STUDY OBJECTIVES INSTRUMENT PRINCIPAL INVESTIGATOR AND ORGANIZATION
Determine abundance ratio of helium Helium interferometer Ulf von Zahn, University of

to hydrogen. Bonn

Obtain temperature, pressure, and Atmospheric structure Alvin Sieff, NASA Ames
density profiles; atmospheric mean instrument Research Center

molecular weight; wind velocities and
wind shear; and turbulence intensity

and scale.

Determine chemical composition Mass spectrometer Hasso Niemann, NASA

and physical state; measure vertical Goddard Space Flight Center
variations.

Measure vertical distribution of solar Net flux radiometer Robert Boese, NASA Ames
energy and planetary emissions, Research Center

locate cloud layers, and use infrared
to study cloud and aerosol opacities.

Determine vertical extent, structure, Nephelometer Boris Ragent, NASA Ames
and particle sizes of clouds. Research Center
Verify existence of lightning and mea- Lightning instrument Louis Lanzerotti, Bell Labs

sure basic physical characteristics;
measure scale of cloud turbulence;
study electrification; identify evidence
of precipitation, sources of heat, and
acoustic shock waves; and measure
radio-frequency (RF) noise levels and
magnetic fields.

Table 3.2. Planned Orbiter investigations of Jupiter and its satellites.

STUDY OBJECTIVES INSTRUMENT PRINCIPAL INVESTIGATOR(S) AND INSTITUTION(S)
Obtain high-resolution images Imaging system Michael Belton, Kitt Peak National

of Jupiter, satellites, and targets (remote sensing Observatories, Arizona

of opportunity. instrument)

Satellites: Map and identify Near infrared Robert Carlson, NASA JPL

chemical species; relate chemical mapping

to geological regions. Jupiter: spectrometer

Map atmosphere, record temporal (remote sensing

changes in cloud morphology and instrument)

vertical structure.
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Table 3.2. Planned Orbiter investigations of Jupiter and its satellites. (continued)

STUDY OBJECTIVES

Satellites: Study surfaces.
Jupiter: Study cloud and haze
properties, radiation budget, and
atmospheric dynamics.

Satellites: Study high neutral
atmospheres, determine loss
rates, and determine geometry of
extended atmospheres. Jupiter:
Study high neutral atmosphere,
mixing ratios of ammonia and
ultraviolet (UV)-active trace con-
stituents, and auroral emissions.

Characterize magnetic fields

of Jupiter and satellites, map
magnetosphere and analyze its
dynamics, investigate magneto-
sphere-ionosphere coupling, and
measure magnetic fluctuations.

Identify sources of Jovian
plasmas and investigate their
interactions with satellites and
their role as sources for energetic
charged particles, characterize
equatorial current sheet, and
evaluate impact of rotational
forces and field-aligned currents
on Jovian magnetosphere.

Collect data on electron density
and temperature, measure
electron saturation current
collected by spacecraft, and
study conduction current of
electromagnetic and electrostatic
waves.

Study distribution and stability
of trapped radiation and its
interaction with satellites, solar
wind, and particles.

Study electromagnetic

wave phenomena generated

by magnetosphere, atmosphere,
and satellites.

INSTRUMENT

Photopolarimeter
radiometer (remote
sensing instrument)

Ultraviolet
spectrometer
(remote sensing
instrument)

Magnetometer
(fields-and-particles
instrument)

Plasma subsystem
(fields-and-particles
instrument)

Electron emitter
instrument (fields-
and-particles
instrument)

Energetic particles
detector (fields-
and-particles
instrument)

Plasma wave sub-
system (fields-and-
particles instrument)

PRINCIPAL INVESTIGATOR(S) AND INSTITUTION(S)

Andrew Lacis, NASA Goddard
Institute for Space Studies

Charles Hord, University of Colorado

Margaret Kivelson, UCLA

Louis Frank, University of lowa

Rejean Grard, European Space
Research and Technology Centre
(ESTEC)

Donald Williams, National Oceanic
and Atmospheric Administration
(NOAA)

Donald Gurnett, University of lowa
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Table 3.2. Planned Orbiter investigations of Jupiter and its satellites. (continued)

STUDY OBJECTIVES INSTRUMENT PRINCIPAL INVESTIGATOR(S) AND INSTITUTION(S)
Determine physical and dynamic Dust detector Eberhard Grun, Max-Planck-Institute
properties of small dust particles, (fields-and-particles fur Kernphysik, Heidelberg, Germany
including their mass, flight instrument)

direction, and charge.

Using Galileo’s radio telecom- Spacecraft radio John Anderson, NASA JPL
munications system, investigate system (fields-and-

gravitational fields and internal particles instrument)

structures of Jupiter and satellites,

as well as structures of their

atmospheres. Also, search for

Very Low Frequency (VLF)

gravitational radiation.

Galileo engineers identified the need for changes to the spacecraft design almost imme-
diately after the mission began. The first project review in October 1977, as well as
subsequent reviews, revealed that the combined Orbiter-Probe spacecraft required modi-
fications that would make it significantly heavier than originally planned. For instance,
project engineers decided that it was necessary to build a vented rather than pressurized
Probe atmospheric entry vehicle in order to enhance reliability and reduce costs, even
though this would add 100 kilograms to the craft’s planned 1,500 kilograms. NASA staff
also identified the need for structural improvements that would add 165 kilograms. These
weight changes would have ramifications for both the Space Shuttle and the Inertial
Upper Stage (IUS). It was the Shuttle’s job to lift the Galileo spacecraft and IUS to low-
Earth orbit; after that, the TUS would propel Galileo onto a Jupiter trajectory. Galileo’s
projected weight gain would require the IUS to take on additional fuel—but the Shuttle’s
maximum payload weight had severe limits as well. As a result, the IUS would not be able
to carry sufficient fuel to launch the now-heavier Galileo space vehicle on a direct ballistic
trajectory to Jupiter. A more fuel-conservative trajectory to Jupiter had to be found. JPL
quickly identified a trajectory that would get Galileo to Jupiter through the use of a Mars
gravity-assist, but it would add five months to the journey.”

The added weight issues were among the first of many problems that had to be
addressed before the Galileo spacecraft was ready to fly. Table 3.3 provides a chronology
of the steps taken to develop a launch-ready space vehicle.

Since the Galileo spacecraft depended on the Space Shuttle to carry it up to low-
Earth orbit, delays in Shuttle development were threatening to postpone Galileo’s launch.
In August 1979, Thomas O’Toole, a reporter for the Washington Post, published an article

7 U.S. General Accounting Office (GAO), “Fact Sheet for the Chairman, Subcommittee on Science, Technology, and
Space, Committee on Commerce, Science and Transportation, U.S. Senate,” in Space Exploration: Cost, Schedule,
and Performance of NASA’s Galileo Mission to Jupiter, GAO/NSIAD-88-138FS (GAO, May 1988), p. 23; Craig Waff,
“Jovian Odyssey: A History of Project Galileo,” unpublished outline, 9 December 1987 revision, folder 18522, NASA
Historical Reference Collection, Washington, DC.
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expressing serious concern over whether a Shuttle engine that could lift the combined
weight of Galileo and the IUS into Earth orbit would be ready in time. O’Toole noted that
the Shuttle engine-testing program was way behind schedule, and development had not
even begun on the special advanced Shuttle engine needed for Galileo and its IUS. The
advanced engine was termed the “109-percent” engine because during takeoff, it would
burn at a higher temperature than normal, delivering 109 percent of its rated thrust. To
protect the engine against the higher temperatures, a more elaborate cooling system
needed to be developed.®

The Galileo mission was shooting for a 1982 launch window in which Earth,
Mars, and Jupiter were in a favorable orientation that allowed the spacecraft to fly by
Mars and use the planet for a gravity-assist to Jupiter. If the 109-percent Shuttle engine
was not ready, launch might have to be delayed until 1983 or even later. This possibility
introduced a serious problem: if the launch date was delayed and Galileo couldn’t get a
Mars gravity-assist or had to use additional fuel to reach Mars, then there would be insuf-
ficient fuel for the spacecraft to carry out all of its planned activities. Mission objectives
would have to be abridged. One abbreviated mission scenario called for Galileo to reduce
the number of its orbits of Jupiter and its moons from 11 to only 5. Another approach,
which would allow a full Jupiter mission, was to substitute a more powerful engine for the
solid-fueled IUS and possibly not use the Shuttle at all. For instance, NASA might employ
an expendable, liquid-fueled Titan lower stage launch vehicle and a liquid-fueled Centaur
upper stage. Such a plan, however, would add at least $125 million to the mission cost
because it would require a rebuilt launchpad at Kennedy Space Center.’

A simpler option that did not require rebuilding a launchpad was to use the
liquid-fueled Centaur as the upper stage but continue to use the Shuttle as the launch
vehicle. Centaur had proven itself to be a reliable “mainstay upper-stage engine for most
of NASA’s large spacecraft and all of its planetary missions,”!’ although it had always been
launched as part of a ground-based, expendable propulsion system that included initial
stages such as the Titan. Centaur used liquid-hydrogen fuel, which, pound for pound,
delivered significantly more thrust than the I1US’s solid fuel. Centaur’s weight had been
kept down by using thin-walled stainless-steel fuel tanks with a “balloon” design, which
relied on internal pressurization rather than heavy reinforcing elements to give them their
strength.” The fueled Centaur upper stage was light enough for it and Galileo to be borne
aloft by the Shuttle without need of its 109-percent engine. Use of the Centaur upper stage
would increase the chances that the Shuttle could be used for a 1982 launch.!?

NASA Associate Administrator Jesse Moore believed that the Centaur would
become a “very integral, longtime part of the Space Shuttle program.” A Shuttle/Centaur
would combine the newest human space exploration program with “the world’s most
powerful upper stage rocket.” Shuttle/Centaur appeared to be an effective way to send
payloads into interplanetary trajectories.'

& Thomas O’Toole, “More Hurdles Rise in Galileo Project To Probe Jupiter,” Washington Post (15 August 1979): A3.

¢ Ibid.
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" G. R. Richards and Joel W. Powell, “The Centaur Vehicle,” Journal of the British Interplanetary Society 42 (1989): 99.
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There were downsides to the use of Centaur as the upper stage. It would have
to be modified for transport in the Shuttle, and this modification would add to the cost of
the mission. In addition, NASA engineers had concerns about the safety of such a venture.
Centaur’s liquid-hydrogen fuel presented an explosion danger to the Shuttle and the astro-
nauts flying it.'"* The difficulty of safely handling such a low-density liquid, which boils
at -253°C (-423°F) and can leak through minute cracks, made Galileo mission designers
wary of mounting Centaur in the Shuttle cargo bay." Safety features could be added, such
as a system to vent hydrogen fuel into space in case of emergency. But NASA engineers
estimated that reliable safety systems would cost $100 million or more. In addition, such
systems would take considerable time to develop and test. NASA’s Director of Planetary
Programs, Angelo Guastaferro, projected that five years might be necessary to implement

a venting system. '

Table 3.3. Chronology of Galileo development: 1978 to 1986.

DATE ‘ EVENT

1978 JOP project is renamed Galileo.
January 1978 Project Science Group meetings commence. Group chooses Galileo

science investigations.

1978 Need for heavier spacecraft is identified. NASA develops Mars gravity-assist
trajectory to conserve fuel.

August 1979 Concerns are raised over 109-percent Shuttle engine readiness by Galileo
launch date. Substitution of liquid-fueled Centaur upper stage for solid-
fueled IUS is considered.

November 1979 NASA Administrator Robert A. Frosch opposes Centaur option for solving
Galileo’s weight problem. Congressman Boland pressures NASA to initiate
Centaur development.

January 1980 NASA announces plans for separate Orbiter and Probe missions to solve
weight problem and sets 1984 launch dates.

1980 Boeing cost overrun for developing IUS exceeds $100 million. NASA is
forced to reconsider Centaur.

Late 1980 NASA cancels IUS development and initiates “wide-body” Centaur planning.
Orbiter and Probe are recombined into one mission. Launch is postponed
until April 1985.

4 O’'Toole, “More Hurdles.”

5 Richards and Powell, “The Centaur Vehicle,” p. 99; U.S. Department of Energy, “Hydrogen Fuel,” Energy Efficiency and
Renewable Energy Network Web page, http://www.eren.doe.gov/consumerinfo/refbriefs/a109.html, February 2000.

8 Thomas O’Toole, “NASA Weighs Deferring 1982 Mission to Jupiter,” Washington Post (4 September 1979): A5.
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Table 3.3. Chronology of Galileo development: 1978 to 1986. (continued)

DATE

November 1980

February 1981

February 1981

November 1981

December 1981

December 1981

January 1982

March-July 1982

July 1982

March 1983

April-July 1983

September 1983

September 1984

‘ EVENT

President-elect Reagan’s OMB director, David Stockman, indicates that
NASA may be targeted for severe budget cuts.

JPL learns of OMB “hit list” which includes Galileo cancellation. Casani
drafts and circulates “Galileo Urgent to America” statement and begins
campaign to keep Galileo alive.

President Pro Tempore of Senate Strom Thurmond backs Galileo for its
important military benefits.

OMB proposes budget cuts which, if approved by Congress, could force
NASA to eliminate most planetary exploration activities and shut down JPL.

George Keyworth, head of White House Office of Science and Technology
Policy, recommends halt to all new planetary missions for at least a decade.
Space science community conducts campaign against the cuts.

Department of Defense (DOD) and Aerospace Industries Association oppose
proposed OMB cuts to NASA, fearing effect on U.S. space and aviation
leadership and on American industry. President Reagan commits to support
Space Shuttle development, which aids NASA's planetary exploration plans.
OMB agrees to reinstate Galileo in FY 1983, but without Centaur.

NASA makes plans to use Boeing’s solid-fueled IUS, plus an additional
“Injection Module” for increased propulsion. Launch is still planned for 1985,
but reduced propulsion compared to that of the Centaur option will delay
Jupiter arrival from 1987 to 1990. The AV-EGA spacecraft trajectory, which
will use an Earth gravity-assist, will be implemented.

Congress favors a return to Centaur upper stage propulsion system.

Bill is passed in July blocking funds for any other type of upper stage
development. Launch is eventually delayed until 1986, with Jupiter arrival
in 1988.

Probe is subjected to drop test simulating Jupiter atmospheric entry.
Probe’s parachute deploys, but later than planned.

Electrical and mechanical integration of Galileo’s components and scientific
instruments begins at JPL’s Spacecraft Assembly Facility.

Probe’s redesigned parachute system passes quarter-scale, half-scale, and
full-scale tests.

Integration of Probe and Orbiter begins at JPL.

Full-scale structural model of Centaur tested at San Diego’s General
Dynamics Convair plant. System-level vibration and acoustic testing of
Galileo spacecraft are completed.
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Table 3.3. Chronology of Galileo development: 1978 to 1986. (continued)
DATE ‘ EVENT

December 1984 John Casani proposes a close flyby option of the Amphitrite asteroid. NASA
Administrator James Beggs endorses this option. Visiting Amphitrite could
provide data on nature of the primordial nebula from which the Sun formed,
but it would delay Galileo’s Jupiter arrival from August to December 1988.
Decision on exercising the flyby option would be made postlaunch.

April 1985 Space Shuttle Atlantis, scheduled to carry Galileo into orbit, is “rolled out”
of Rockwell International’s Palmdale, California, facility. Rollout ceremony
denotes completion of the craft and readiness for flight.

August 1985 Centaur G-prime upper stage rolled out of General Dynamics Convair facility
in San Diego.
October 1985 Environmental and electronic compatibility testing are completed. Problems

arise with computer memory devices and with spin bearing assembly (SBA)
connecting spun and despun section of Galileo.

November 1985 Galileo development and testing phase is completed; launch and flight
operations phase begins.

December 1985 Galileo spacecraft is transported to Kennedy Space Center in Florida.

January 1986 First “tanking up” of the spacecraft with its hypergolic propellant takes
place.

28 January 1986 Launch and loss of the Space Shuttle Challenger.

NASA Administrator Robert A. Frosch did not favor the Centaur option for solv-
ing Galileo’s weight problem. In November 1979, he stated that integration of Centaur with
the Shuttle would be unwise at that time. Instead, NASA was considering a mission strategy
that would allow the IUS to be kept as the upper stage propulsion system. The mission
could be split into two trips to Jupiter—one for the Orbiter and another for the Probe,
thereby solving the weight problem but adding significant cost for the additional spacecraft
that would have to be built.

Representative Edward P. Boland (D-Massachusetts), whose opposition to Galileo
in 1977 had nearly prevented approval of the mission, was strongly against Frosch’s option.
Boland chaired the House HUD-Independent Agencies Appropriations Subcommittee of the
House Appropriations Commiittee, and it was Boland’s subcommittee that handled NASA’s
budget. Rather than allowing NASA to decide its own strategy, the Congressman influenced
the House Appropriations Committee to order NASA to integrate the Centaur upper stage
into the Galileo mission, should the spacecraft’s weight problems cause a slip in the launch
schedule, and to fly a combined Orbiter-Probe mission rather than two separate missions."”

Boland made it clear that the House Appropriations Committee, in pushing
Centaur development, was not advocating IUS termination altogether. The TUS could still

7 “House Panel Orders Shuttle-Centaur Integration If Galileo Slips,” Aerospace Daily (30 November 1979): 142.
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be used, for instance, for putting military payloads into Earth orbit. But Boland considered
the TUS underpowered for planetary exploration and favored instead the Centaur, with
its impressive past performance. Besides “being a known quantity,” he said, “Centaur
has 50% more payload capability for planetary missions than the IUS.” Boland was very
concerned about making the best choice of upper stage from a cost-benefit point of view,
and he opposed retaining the IUS for a delayed Galileo launch because it would be “chas-
ing good money after bad.” Bringing IUS performance up to specification would involve
costly improvements and necessitate “expensive and risky Shuttle weight reduction
efforts.” Because Centaur had greater payload capacity, Boland saw its use as insurance
against the typical increases in spacecraft payload weight that often occurred as mission
development proceeded. In short, he saw a Centaur-driven Galileo spacecraft as much
more likely to become a “long-term national resource.”'

Boland’s position on the appropriate upper stage for Galileo was influenced by
information collected by Dick Malow, the staff director for the Congressman’s subcommit-
tee. Malow made it his business to spend “a lot of time going around and talking to people”
in the space science community about issues before Congress, and he regularly discussed
his findings with Boland. Regarding the Galileo upper stage matter, Malow said, “It came to
my attention that if we used the Shuttle/Centaur combination . . . you could launch to any
of the outer planets, from launch date to arrival in two years, and that had a huge attraction

. it gave you a lot of backup capability if you missed the launch opportunity. There’s
always a launch opportunity practically sitting there for you . . . that seemed to me to be
a very logical way to go.” Malow also mentioned that Boland was beginning to see the
powerful Shuttle/Centaur combination as a potential asset for defense applications, and this
influenced his backing of Centaur for use in the Galileo mission."

When NASA received the committee’s instructions to switch to Centaur in the
event of another launch delay, the Agency questioned whether the orders had any legal
standing. NASA could defy the orders by submitting an FY 1981 budget request that
followed the original plan to use the IUS. Doing so could open up the issue for consid-
eration by both houses of Congress. At a Senate hearing on Galileo several days later,
Administrator Frosch said only that the Agency was considering its response to the Boland
subcommittee’s “order.”® The order raised questions about NASA’s autonomy in planning
the details of its own missions and about whether Congress could or should micromanage
the technical aspects of the space agency’s projects.

At the end of 1979, NASA announced that delays in the Shuttle’s development
would indeed necessitate a delay in the Galileo launch. In JPL Director Murray’s words,
“The people who are in charge of the Shuttle have declared that they cannot confidently
support the January ’82 launch date of Galileo. Thus, we must reconfigure the mission
for a later launch date, in one way or another, and achieve the primary objectives. The

»21

process of working out how that will be done is still underway.

8 Ibid., p. 142.

9 Dick Malow, former staff director of the House HUD-Independent Agencies Appropriations Subcommittee, interview,
tape-recorded telephone conversation, 19 September 2001.

20 “House Panel,” p. 143.

21 O'Neil, “Project Galileo,” p. 10; Bruce Murray, “Mid-Year Review,” 5 October 1979, Bruce C. Murray Collection, 1975—
1982, folder 43, box 2, JPL 216, JPL Archives.
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NASA released details of its new mission plan in January 1980. The plan did not
follow Congressman Boland’s guidelines to use the Centaur upper stage alternative in
order to work around the delayed development of the 109-percent Shuttle engine. NASA’s
plan also did not call for a Titan-Centaur launch vehicle that would not require the use of
the Shuttle. Instead, the Agency decided to split the Galileo mission into two parts—one
for the Jupiter Orbiter and one for the Atmospheric Probe—and set the target launch dates
for early 1984.%

The planetary configuration during the originally planned 1982 mission would
have permitted a very advantageous Mars gravity-assist. This would have reduced fuel
requirements and allowed a single spacecraft, carrying both Probe and Orbiter and propelled
by a solid-fueled IUS, to attain all of the project’s objectives. Although a Mars gravity-
assist was also possible on a mission launching in 1984, it would not have saved the
spacecraft as much fuel, and this is why NASA planned to send the Probe and Orbiter
into space as separate payloads on different Shuttle flights. NASA perceived this approach
as safer than carrying the hydrogen-fueled Centaur aloft in the Shuttle’s cargo bay. A split
mission would, however, introduce serious budgetary and technical implications. In a
Probe-Orbiter combined mission, the Probe would ride “piggyback” on the Orbiter. But
a split mission would require that a separate rocket and carrier structure be built for the
Probe, at a cost of over $50 million.?

NASA mission planners scheduled the Orbiter launch for February 1984 and the
Probe launch for March 1984. A 1983 launch was possible, but it would have been an
expensive alternative, requiring a sole-source contract for part of the job. Delaying the
launch until 1984 was perceived by NASA as more cost-efficient because it allowed time
for a competitive bidding process for construction of the Probe rocket and carrier.

Galileo’s Atmospheric Probe was light enough for the Shuttle plus the solid-
fueled IUS to launch it on a direct ballistic trajectory to Jupiter. Getting the much heavier
Orbiter space vehicle to Jupiter, however, was more difficult. Although the Orbiter part
of the split mission would use a Mars gravity-assist, the solid-fueled IUS still wouldn’t
have enough power to get the spacecraft to Jupiter. As a result, Galileo would need an
auxiliary upper stage in addition to the IUS to provide sufficient thrust.?!

New problems arose with the mission. Boeing Company, the contractor
charged with developing IUS versions for both the Air Force and NASA, experienced
severe cost overruns and projected that completing the IUS would cost over $100 mil-
lion more than previous estimates. Administrator Frosch considered this unacceptable.
Boeing proposed scaling down the IUS in order to reduce the overrun, but Frosch
worried about the consequences of such an action. He decided that the possibility of
“readying the IUS to send an orbiter and probe to Jupiter for its scheduled launch were
remote.”® The best course, Frosh concluded, was to support the propulsion system that
NASA hadrejectedthe yearbeforeandthat Senator Boland had favored, the Centaurengine.?

22 O’Neil, “Project Galileo,” p. 10.

28 Bruce Murray, “Third Annual ‘State of the Lab’ Report,” 26 March 1980, Bruce C. Murray Collection, 1975-1982, folder
44, box 2, JPL 216, JPL Archives; O’Toole, “NASA Weighs Deferring 1982 Mission.”

2 O'Toole, “NASA Weighs Deferring 1982 Mission”; GAO, p. 23.
25 Dawson and Bowles, Taming Liquid Hydrogen, p. 240.
26 O'Toole, “Problems,” p. A12.
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“No other alternative upper stage,” he stated, “is available on a reasonable schedule or
with comparable costs.”?’

In spite of its dangerous liquid-hydrogen fuel, Centaur had an impressive track
record of reliability, with 53 operational flights and only two failures during 19 years of
service.”® NASA planners had rejected Centaur the previous year because they had thought
that adapting it for safe use in the Shuttle would be too expensive. Also, such a project
would divert many engineers whose main mission had been to complete the Shuttle. But
the TUS cost overruns altered this picture. Frosch reexamined the Centaur and concluded
that it could be implemented more simply and cheaper than he had thought; plus, it might
actually be the best alternative,® for it would offer “both to commercial customers and to
national security interests a highly capable launch vehicle with growth potential.”*

Many space scientists were concerned about the continued delays in Galileo’s
launch and did not welcome yet another postponement resulting from a new design
change. They worried that the White House, OMB, and Congress would refrain from sup-
porting any Shuttle-launched solar system exploration after Galileo, such as missions to
Venus, Saturn, and Halley’s Comet.*' Nevertheless, in late 1980, NASA decided to cancel
development of the IUS and instead build a “wide-body” Centaur upper stage, modified to
be carried aloft inside the Shuttle rather than on top of an expendable launch vehicle. The
launch was postponed from 1984 until April 1985 in order to give NASA time to develop
the wide-body Centaur, as well as an Orbiter-Centaur interface.*

By changing from the solid-fueled, limited-thrust IUS to a liquid-fueled,
higher energy Centaur, JPL was able to recombine Orbiter and Probe into a single
payload that could be launched in a direct, rather than Mars gravity-assisted, trajectory
to Jupiter that would enable the mission to be carried out in less time. The Centaur
had other technical advantages as well. It would deliver a gentler thrust than the IUS.
Solid-fueled rockets such as the IUS typically had a “harsh initial thrust,” which could
possibly damage delicate payloads. Liquid-fueled rockets such as Centaur developed
thrust more slowly. In addition, liquid-fueled rockets were more controllable, in that
they could be turned on and off as needed. Not so with a solid-fueled rocket: once
ignited, it would burn until its fuel was used up.*

During the early 1980s, Galileo project management struggled not only with technical
problems associated with the spacecraft, but also with the Reagan administration’s less
than enthusiastic support for planetary exploration. Though Reagan voiced interest in
revitalizing the space program, it never became a key national policy as had been the case

27 Dawson and Bowles, Taming Liquid Hydrogen, p. 240.
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32 GAO, pp. 23-24; O’Neil, “Project Galileo,” p. 10.
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in the 1960s. The new administration proposed dramatically reduced government spending
as a means of combating the country’s growing economic problems that had begun in the
1970s, and this policy greatly affected the scope of NASA’s activities.** In November 1980,
even before Ronald Reagan was inaugurated, his designated OMB Director, Dave Stockman,
indicated that NASA might be targeted for severe budget cuts. In February 1981, JPL learned
of a Stockman “hit list” for NASA that included possible cancellation of Galileo. OMB was
seeking drastic funding reductions from the levels set in the Carter administration’s FY
1982 budget, which OMB called “incompatible with a program of across-the-board (federal
government) restraint.” OMB proposed an immediate $96-million cut for NASA during the
remainder of FY 1981 and a massive $629-million reduction in the FY 1982 budget.”

Galileo Project Manager John Casani and his team responded immediately upon
learning about the OMB “hit list,” drafting a “Galileo Urgent to America” statement con-
taining seven strong reasons why the project had to continue:

e The science that Galileo will perform will be exceptional and has the
strong support of the National Academy of Sciences and the general scien-
tific community.

e Congress has given Galileo its strong support in each of its reviews for the
past three years.

e Public interest and support are unusually strong.

e Galileo is the only U.S. planetary exploration project currently under
development.

e The project is multinational, involving commitments to the West German
government.

e The $230 million already committed to Galileo would be lost if the project
were canceled.

e The U.S. industrial community has committed significant resources to its
Galileo contracts. Cancellation of those contracts would cost the govern-
ment $35 million.

The next day, a more formal JPL statement expanded on these points, underlin-
ing the outstanding success of the U.S. planetary exploration program since the “beginning
of the space age” and the national pride it has engendered, as well as the innovative
technologies it has fostered. JPL argued that cancellation of Galileo would effectively

34 Lyn Ragsdale, “Politics Not Science: The U.S. Space Program in the Reagan and Bush Years,” in Spaceflight and the
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of lllinois Press, 1997), pp. 135-136.
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terminate the U.S. planetary exploration program at a time when the Soviet Union, Europe,
and Japan were all “vigorously pursuing” their planetary programs.®

JPL also issued statements demonstrating that Galileo was so far along in devel-
opment that terminating it would cause damage far overshadowing the money saved.
Al Wolfe, Galileo’s Deputy Project Manager, stressed that the mission was on schedule,
within budget, and in the final stages of engineering after three years of mission and oper-
ations planning and spacecraft system design. Major problems had been resolved, Wolfe
reported, including the development of reliable radiation-hardened microprocessors and
peripherals. Ninety percent of the long-lead-time electronic components had been deliv-
ered to JPL. Issues with sensitivity of the imaging system and data transfer between the
spinning and nonspinning sections of the Orbiter had been worked through, leaving no
current Orbiter problems threatening the launch schedule. Probe development was also
on schedule, Wolfe reported. The Probe had passed its preliminary design review, as well
as an important parachute test. These statements were all incorporated into a document
presenting arguments against the termination of Galileo.”

JPL took another tack as well in its campaign to save Galileo, and it may have
been the critical one. JPL staff focused on the one government department that had
received large budget increases rather than cuts—the Department of Defense (DOD)—
and portrayed Galileo as vital to military goals. It was the opinion of JPL Director Bruce
Murray that the “silver bullet” that saved Galileo was a letter sent to David Stockman on
6 February 1981 by Strom Thurmond (R-South Carolina), the new President Pro Tempore
of the Senate and a member of the Senate Armed Services Committee. In this letter,
which was actually drafted at JPL, Thurmond argued that the military applications that
could result from Galileo made it unwise to cancel the program. For instance, the Air
Force needed satellites with a “survivable autonomous capability” to remain operational
during time of war. This was especially so because ground control stations were not
“hardened” to survive nuclear attacks. Defense satellites had not achieved the autono-
mous capability of which Thurmond wrote, but he hoped that it would be derived from
the technology “that will be developed and demonstrated as part of the Galileo project.”
In fact, he noted, JPL had already undertaken the task of developing and applying such
autonomous technology for the Air Force Space Division, in parallel with JPL’s develop-
ment of the Galileo spacecraft.®

The Air Force had turned to JPL for such help because of the Laboratory’s
expertise in developing highly autonomous spacecraft, according to David Evans, a
manager in JPL’s work for the Air Force. JPL’s spacecraft needed to be autonomous
because of the communication distances and round-trip communication times involved
during planetary exploration. The craft needed to take care of themselves when they
were not in close touch with ground stations. JPL was designing several autonomous
features into the Galileo spacecraft that were of potential interest to the Air Force. The
craft would be able to determine its attitude from any orientation, using only on-board
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systems. Typical spacecraft were only able to do this within a narrow range of angles;
otherwise, they had to rely on ground-based data processing. Other subsystems and
instruments aboard Galileo, such as its dust and plasma analysis instruments, also oper-
ated far more independently than in typical spacecraft. In addition, JPL was designing
Galileo to withstand the intense radiation surrounding Jupiter, and such radiation hard-
ening was also of high interest to the defense establishment.

Strom Thurmond made additional statements during February 1981 that indicated
his strong support of NASA’s space program, as well as of missions such as Galileo. He
recognized that the U.S. space program was at a “critical turning point” and that our country
was retreating from space during a time when “Russian and Soviet bloc cosmonauts come
and go like weekend tourists . . . [and] the Russians, West Europeans and Japanese will
visit Halley’s Comet while we sit home and watch.” As a result of this situation, he believed
that the United States needed to “keep its flight manifest full with the military and scientific
payloads that will help to make America first in the world again and keep America first.”*

The Attacks Continue

The Galileo program stayed alive, but the Reagan administration’s onslaught against
NASA’s planetary and other space science programs went on. Projected cost growth
in FY 1983 for the Space Shuttle was $300 million to $500 million, and this deeply
troubled the administration. NASA managers and scientists grew very concerned that
the price tag for adapting Centaur to Shuttle-launched solar system missions, which
could run as high as $500 million, might convince the White House to oppose its use
for planetary exploration. Hans M. Mark, NASA’s new Deputy Administrator in 1981,
considered Centaur “very precarious politically,” especially since Galileo was the only
planetary mission for which it was definitely scheduled to be used.

Mark tried to convince other Shuttle customers to orient their designs toward
using Centaur, in order to “spread support base” for the adaptation of the upper stage.
At stake was the Galileo mission itself. Delay or abandonment of Centaur would in turn
delay and possibly kill Galileo. To prepare for this eventuality, NASA began develop-
ing fallback mission options that did not rely on Centaur. But such scenarios could not
ensure the continuance of NASA’s planetary program. Hans Mark saw a bleak future for
Galileo and other solar system exploration missions under the Reagan administration,
whose main priorities were revitalizing the country’s economy and making sure that
the U.S. remained the foremost military power in the world. The Reagan administra-
tion would not clearly commit to completing the Shuttle, which was vital for launching
planetary missions, and this deeply worried Mark.#?
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Over the latter months of 1981, NASA forged a new planetary exploration policy
in an attempt to salvage a “viable but more limited” ability to study the solar system within
an ever grimmer budget environment. Under the policy envisioned by the key U.S. sci-
entists and mission planners on NASA’s Solar System Exploration Committee, exploration
objectives would remain the same but would be spread over a larger number of more
limited and less expensive missions. The exploration objectives would take possibly
decades longer to be accomplished, and the total runout costs would go up because
more spacecraft would have to be built. But peak-year funding would be reduced to
within budget limitations.*

While envisioning more constrained future missions, all of the Committee mem-
bers remained very concerned about preserving Galileo objectives in the face of Reagan
budget cuts.* After OMB announced its proposed cuts to NASA’s budget of $1 billion in
both FY 1983 and FY 1984, however, it was not at all clear whether the Committee’s vision
for planetary exploration could be attained. In October 1981, NASA Administrator James
M. Beggs scheduled a meeting with Counselor to the President Edwin Meese to argue
that the cuts proposed by OMB would kill broad areas of U.S. aerospace capability. NASA
would have to consider closing JPL and terminating not only Galileo and Centaur, but also
all other U.S. planetary spaceflight.®

In spite of Beggs’s meeting with Meese, OMB delivered proposed budget stric-
tures to NASA on 24 November 1981 that would, if approved by Congress, force the
Agency to virtually cease its planetary exploration activities as of FY 1983. Cancellation
of Galileo would result. The Venus Orbiter Imaging Radar (VOIR) project (which became
Magellan),” had been penciled into NASA’s budget projections as a new start for 1984,
but it would also have to be canceled. The only mission that would not be affected by the
budget cuts was Voyager 2, already on its way to Uranus and Neptune. NASA had little
time to appeal the OMB decision because its FY 1983 budget had to be ready for submittal
to Congress in January 1982. OMB also leveled its sights on NASA’s aeronautics program,
recommending that its FY 1983 budget be cut by 50 percent.¥

In December 1981, George Keyworth, head of the White House Office of Science
and Technology Policy, echoed OMB’s position by recommending a halt to “all new plan-
etary space missions for at least the next decade.” He believed that the White House would
support this position. Keyworth had worked closely with OMB in formulating a pared-down
NASA budget and favored a shift away from planetary exploration and toward Shuttle-
launched experiments such as a space telescope. Although he thought that a great deal had
been learned during NASA’s 12 years of solar system exploration, he also thought that new
missions would be nothing more than “higher resolution experiments.”#®

Keyworth’s statement enraged many members of the space science community.
The chairman of National Academy of Sciences’ Subcommittee on Lunar and Planetary
4 Craig) Covault, “NASA Moves To Salvage Planetary Program,” Aviation Week & Space Technology (2 November
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Exploration, Eugene Levy of the University of Arizona, said that such a position “does
not stand up to rational scrutiny” and insisted that “there are fundamentally important
objects, the comets and asteroids, that we haven’t even approached yet. They hold primi-
tive, undisturbed material. Not only would [their exploration] enhance our understanding
of the origin of the solar system, but of stars in general.” Levy’s point was that sending
spacecraft to explore the solar system was very complementary to developing the space
telescope experiments that Keyworth envisioned. It was “intellectually naive” to try to
separate one kind of research from the other.®

Galileo Project Manager John Casani expressed the “keen feeling of disappoint-
ment” that he would have “should Keyworth’s views indeed be adopted by the White House.”
Casani went on to say, “It is difficult to accept that this country would abdicate by Presidential
policy, leadership in a field of exploration where our accomplishments have been a source of
pride and inspiration to people all over the world.” Casani responded to Keyworth’s attack
on planetary exploration by organizing a campaign of Galileo supporters, urging them to reg-
ister their views on solar system exploration directly with the President or with Keyworth**

James Van Allen also joined the fray. He was an influential University of Iowa
physicist famous for his discovery of Earth’s “Van Allen radiation belts,” and he was also
a Galileo interdisciplinary investigator. Van Allen initiated a letter-writing campaign to
Keyworth to save Galileo. In a speech to the National Academy of Sciences’ Space
Science Board, he called Galileo’s research the most exciting physics that the U.S. was con-
ducting in the solar system and said that its loss would be devastating.”

Galileo’s loss would hamper advances in space science, as well as the capability
of U.S. scientists to remain the world leaders in solar system exploration. An editorial in
Aviation Week & Space Technology expressed the effect that the loss of Galileo would have,
in particular, on JPL:

Without Galileo, there is little for the 1,200 program scientists of the Jet
Propulsion Laboratory to work on. The disappearance of Galileo would
disperse U.S. planetary capability. There is no way to put Jet Propulsion
Laboratory on hold for two to three years while Reagan’s budget
director, David Stockman, leads the country out of the economic wil-
derness with candor and off-the-record interviews.>

The future looked grim indeed at the end of 1981 for Galileo and other U.S.
solar system missions. But in December, NASA received some much-needed support
from DOD, American industry, and, surprisingly, the White House. In a new Space
Shuttle policy directive, President Reagan voiced a commitment to NASA for Shuttle
development support, an action that helped all of NASA’s planetary exploration plans.
The Department of Defense strengthened its backing for the conversion of the Centaur
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into a Shuttle-transported upper stage propulsion system. Such a conversion would fur-
ther DOD goals, as well as efforts to maintain a U.S. solar system mission capability. In
addition, top officials of DOD and the Aerospace Industries Association attacked OMB’s
proposed slashes to NASA’s budget, fearing that, if implemented, they could be a major
factor in removing the U.S. from its position of space and aviation leadership. Secretary
of Defense Caspar Weinberger and Air Force Research and Development Chief Richard
DeLauer made their protests directly to David Stockman, Director of OMB. The Aerospace
Industries Association met with President Reagan himself, claiming that such a “bare
bones” NASA budget would put the industry’s important long-haul programs at risk.>

NASA also conducted meetings with critical Reagan administration staff. The
Agency’s top managers sat down with White House chief of staff James A. Baker and
OMB Director David Stockman in order to underline how crucial to the space agency a
planetary exploration program was. NASA staff not only talked about the important sci-
entific data that would be lost if planetary exploration were eliminated, but also stressed
the impact that the loss of 1,200 JPL jobs and considerable international prestige would
have on the country.

Galileo Is Reinstated, but at a Cost

The NASA, aerospace industry, and DOD lobbying efforts against OMB’s proposed fund-
ing cuts had an effect. Days before the end of 1981, OMB agreed to reinstate Galileo into
the FY 1983 budget but recommended that Centaur development be killed. OMB was
firm on this position, in spite of the support that Centaur had from DOD.*” According to
John Casani, “This change was driven solely by budget pressures and has resulted in a
net reduction of about $150M in FY82 and 83 combined . . . .” He noted, however, that
although the cost of developing and launching Galileo was reduced, total costs that would
be charged to the mission over its entire lifetime would actually increase. Due to the
elimination of Centaur, NASA had to foot the bill for design changes to the spacecraft and
its propulsion system, as well as for two or more years of additional operating expenses,
because the spacecraft would not be able to reach Jupiter and complete its mission as
quickly. The additional operating expenses, however, would not have to be paid until
years after the launch.*

NASA set to work immediately on restructuring Galileo for a mission without
Centaur, making plans to use Boeing’s solid-fueled IUS, augmented with a solid-fueled
Injection Module (also called a “kick stage”) for increased propulsion. Even with the
Injection Module, the spacecraft would not receive as much thrust as with Centaur, and
this required JPL to plot out a different, gravity-assisted trajectory to get Galileo to Jupiter.
The launch date would remain in 1985, but Galileo would not reach Jupiter until 1989 or
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1990—an increase of 24 to 30 months in trip time over what a Centaur-driven spacecraft
could have achieved.”

Although cutting Centaur would save considerable funds through FY 1984, both
NASA and the Air Force realized that upper stages more powerful than Boeing’s IUS
would eventually need to be built. By 1987 or 1988, heavy military payloads currently
under development would need to be boosted up to geosynchronous orbit. High lift capa-
bility might also be required to send components of a proposed military space platform
into orbit.”® Opinions differed, even within agencies, as to the best way to prepare for the
heavy lift requirements. Although loss of Centaur would reduce near-term capability of
the Shuttle and upper stage, some NASA advanced planners thought this the best course
to take. Retention of Centaur would, in their opinion, push the development of a more
modern, possibly reusable upper stage further into the future. Others in NASA lobbied the
Department of Defense to intensify its advocacy of Centaur, hoping that development of
the liquid-fueled upper stage could eventually be salvaged.”

The Air Force was split on what to do. There was strong sentiment among its
uniformed brass, with which the White House at this time concurred, to avoid putting
development funds into the 20-year-old Centaur. Their belief was that this might “lead
down a dead-end street on both cost and hardware utilization.” A new high-energy upper
stage should instead be built from scratch, implemented into Shuttle applications in the
late 1980s, and used through the 1990s. Top-level civilians in the Air Force, however, were
considering a different plan—an early transition to Centaur as the Shuttle upper stage,
cutting off development of the IUS once Centaur was available. The civilian Air Force
view was driven by estimates that IUS operating costs would be higher than expected—as
much as $70 million more per mission if the IUS was manufactured in small quantities.
The Air Force and NASA began meeting in January 1982 to further discuss this issue and
lay out possible courses of action. They reportedly focused their discussions on how to
insert Centaur funding into the FY 1983 budget.”’ Eventually, however, the Air Force and
NASA decided against a joint development of Centaur due to funding constraints and
a limited user base for the Centaur until the late 1980s. They did form a review team,
though, to thoroughly “reexamine the entire Shuttle upper-stage issue.”!

JPL scheduled Galileo’s launch for August 1985, four months later than for the
Centaur-driven craft, and adopted a “AV-EGA” (Earth gravity-assist) trajectory (see figure
3.1). Under this plan, the Shuttle would attain Earth orbit, after which Galileo would be
injected into a two-year elliptical orbit around the Sun. In mid-1986, near the spacecraft’s
aphelion, or furthest point in the orbit from the Sun, the Orbiter’s propulsion system
would fire and impart a change in velocity, or “AV,” of over 500 meters per second. This
change would alter the orbit such that Galileo would cross inside Earth’s orbit on the
spacecraft’s way to perihelion, the point of closest approach to the Sun. When Galileo
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reencountered Earth in June 1987, the spacecraft would receive just the right EGA to
accelerate it on the proper trajectory toward Jupiter.®?

The June 1987 EGA would put Galileo on a trajectory to Jupiter that was nearly
identical to one that would have been followed if a Centaur-driven craft had launched
in June 1987. In other words, it would take an IUS-driven Galileo spacecraft almost two
years (from launch in August 1985 to EGA in June 1987) to attain the trajectory that a
Centaur-driven craft could have attained immediately because of its greater thrust.®
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Figure 3.1. The AV-EGA trajectory employed an Earth gravity-assist to place Galileo on a Jupiter trajectory.
(This figure was redrawn from a diagram found in JPL archives: Folder 23, box 2 of 6, JPL 14)

The IUS-driven Galileo would reach the Jovian system in January 1990. Because
a significant fraction of the craft’s fuel would have been used for the near-aphelion AV
maneuver, Galileo would arrive at Jupiter with less propulsive capacity than it would have
with Centaur as an upper stage. As a result, only six Jovian satellite encounters might be
attainable, compared to the 11 encounters that had been envisioned previously.*

In March 1982, Aerospace Daily reported that Congress was considering implementing yet
another change in Galileo’s propulsion system. Many in Congress wanted to restart the
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development of Centaur for use in the Shuttle, even though Centaur had, just months
before, been rejected by OMB as an inappropriate propulsion system for Galileo.” These
continual flip-flops in the Galileo mission plan upset NASA; each time the propulsion system
was changed, the space agency’s engineers had to backtrack and redesign a large part of the
project. Several entities outside NASA, including Congress, the White House, and OMB, were
trying to micromanage NASA’s missions, down to the choice of propulsion systems used.
NASA managers and engineers, who had the most intimate knowledge of mission needs,
were often kept out of the decision-making. In a letter to NASA Administrator James Beggs,
JPL Director Bruce Murray expressed his laboratory’s frustration with the repeated changes
in direction and with the threat these changes posed to the mission’s continuance:

... The project has had to redo spacecraft designs and imple-
mentation plans, redirect contractors, redeploy people and generally
reeducate and remotivate many people and organizations toward new
plans and goals on three major occasions. Most seriously the project has
been made vulnerable to and, in several instances, actually threatened
by cancellation as a result of the program changes.

The present plan [to launch in 1985 on a AV-EGA trajectory,
using a solid-fueled IUS plus an Injection Module], although non-optimum,
is believed to be realistic, doable, and credible. It is very important for the
success and viability of the project to permit it to settle down on and to
proceed to carry out a realistic and stable implementation plan.®

Murray went on to enumerate the threats that the propulsion system changes
posed to the mission. At the top of his list was that Congress might react to the continual
delays and budget modifications by canceling the mission (even though Congress itself
had been responsible for some of the changes). He also worried about the morale of
the project’s staff, who perceived some of the OMB- or Congress-imposed modifica-
tions as totally unrealistic. He voiced concern about keeping his project team together
and retaining subcontractor capabilities during the long delays. Losing members of his
team or subcontractor capabilities would impair the “specific knowledge and competence
required” for a successful launch and smooth in-flight operations. Finally, Murray feared
that Centaur development would be so expensive that it would drain FY 1982 and FY
1983 funds needed for Galileo spacecraft development.”’

Others in the space science community shared Murray’s concerns regarding more
propulsion system changes. Robert Allnut, NASA’s Deputy General Counsel for Policy
Review, said in an interview with Aerospace Daily that a switch to Centaur would delay
Galileo’s launch for at least a year.® Air Force Major General Jasper A. Welch, Jr., cautioned at
an American Institute of Aeronautics and Astronautics (AIAA) meeting that significant, costly
modifications would be required to reconfigure the Galileo mission from IUS to Centaur.”
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In spite of the concerns, Congress favored a return to Centaur. On 11 May
1982, on the recommendation of Senator Harrison Schmitt, chairman of the Senate Space
Subcommittee of the Commerce, Science and Transportation Committee, the U.S. Senate
added $150 million to NASA’s FY 1983 budget to fund Centaur development. Days later,
Representative Bill Lowery from San Diego, home of major aerospace contractor General
Dynamics Convair, urged Centaur development during a House floor discussion of the FY
1983 NASA budget. In July 1982, an Urgent Supplemental Appropriations Bill for FY 1982
(H.R. 6685) was proposed, which included a provision directing NASA to restart Centaur
development for Galileo as well as the International Solar Polar Mission. The language of
the bill indicated that no more funds were to be obligated for any other upper stages.

Both Secretary of the Air Force Orr and NASA Administrator Beggs urged
Congress to eliminate the Centaur provision. The Air Force warned that switching to
Centaur for the Galileo upper stage would involve significantly more expense than was
generally recognized. Nevertheless, the House and Senate passed the bill containing the
Centaur provision on 15 July 1982, and President Reagan signed it into law three days
later. The bill allocated $80 million for the design, development, and procurement of the
Centaur upper stage. Lewis Research Center in Ohio would manage NASA’s multi-Center
Shuttle Centaur program. The Agency sent letters to Boeing and the Air Force informing
them that they had to stop work on the IUS for Galileo and the Solar Mission.”

Why did Congress reinstate Centaur, especially considering all the objections?
John Casani believed that there were several reasons:

e Congress had high regard for NASA’s planetary exploration programs and
was concerned that future missions would be damaged if they were limited
to using underpowered launch vehicles.

e While the Air Force would require a higher energy upper stage by the late
1980s, Congress was reluctant to embark on a major new propulsion system
development program, with its attendant cost risks and uncertainties, when
the very reliable and proven Centaur was available. Centaur had a long his-
tory of performance, as well as development investment. It was a mature
technology that could be counted on. So funding was better spent adapting
Centaur to the Shuttle than developing a new launch vehicle from scratch.

e Congress wanted to give NASA responsibility for upper stage development.
This might not have happened if, instead of reinstating Centaur, Congress
had directed the Air Force to develop a new high-energy upper stage to be
ready in the late 1980s. Such a launch vehicle’s development would be heav-
ily controlled by Air Force requirements and needs.
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e Finally, Europe’s development of its own commercial space program wor-
ried Congress. It saw an “exodus of commercial customers to the European
Ariane vehicle.” The vehicle’s parent company, Arianespace, had already
captured nearly 30 percent of the market. Casani referred to estimates indi-
cating that Centaur’s recurring costs would be only half those of the IUS. But
Centaur had twice the launch capability. Congress, Casani believed, thought
that using Centaur was the best way to keep or recapture the largest com-
mercial market share.”

Casani believed that, all things considered, the change back to Centaur was a
good one. Centaur could get Galileo from Earth orbit to Jupiter faster than the IUS and
with more propellant left in its tanks, which meant, in Casani’s words, that there would
be a “higher assurance of obtaining our science and mission objectives.” The task now at
hand was to adapt to the changed mission plan, adhere to Orbiter’s and Probe’s develop-
ment and test schedules, and make Galileo a success.”

True to Robert Allnut’'s prediction, NASA delayed the new launch a year, to May 1986,
to allow ample time to complete Centaur development, design and build the necessary
Galileo-Centaur interfaces, and develop a new trajectory.” As the months went by without
more changes, it appeared that a mission plan to which all parties could subscribe had
finally been found. NASA and its contractors set to work designing the modified mission
and developing the spacecraft for its 1986 launch.

For the next several years, the challenges to project staff became more techni-
cal and management-oriented than political. Some of the tasks before the project team
included the following:

e Modify the Galileo spacecraft design to interface with Centaur.

e Reestablish documentation, management, and personnel interfaces with
NASA’s Lewis Research Center (now called Glenn Research Center), which
would direct the development of Centaur for use in the Shuttle.

e Develop a direct trajectory to Jupiter for the 1986 launch because the extra
power of Centaur would not require gravity-assists,

e Stop design modifications that had been required by the Earth gravity-assist
in the AV-EGA trajectory.

e Revalidate the strategy for inserting Galileo’s Orbiter into a Jupiter orbit.
" John Casani, “From the Project Manager,” Galileo Messenger (August 1982): 4.
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e Reassess the pre- and postlaunch development plan.

e Close out all activity on Injection Module development because it would not
be needed with Centaur.”

Other JPL tasks included modifying Galileo’s subsystems to decrease their sen-
sitivity to cosmic radiation, refining flight software, fabricating memory components, and
improving the craft’s spin bearing assembly, which would separate the rotating segment
of Galileo from the nonrotating part.” In addition, John Casani planned for a second
spacecraft, termed a “proof-test model,” to be built—something that could serve as “a
source of spares for the flight spacecraft.””

The original Galileo mission design had envisioned a “limited-spares” concept,
but that design had been done when an early-1982 launch had seemed possible. A JPL
environment had been envisioned in which the skills and facilities necessary to maintain
and repair flight hardware would be readily available to support Galileo and other new
projects. No other new starts had materialized, however, and Galileo’s launch date had
been delayed more than four years, with further delays possible if problems with Centaur
development were encountered. As a result, Casani was concerned that JPL’s ability to
support a limited-spares concept might be seriously eroded by the time of the launch.”

Casani planned to address the spares issue through a combination of upgrading
engineering models of Galileo and fabricating new parts in order to construct a proof-test
model spacecraft. His intent was to manufacture the new hardware during 1983 and 1984,
while the flight spacecraft was undergoing system-level integration and testing. Much of
the fabrication would be done at JPL in order to avoid paying various subcontractors to
maintain their abilities to manufacture Galileo parts, and also to optimize the use of the
mission’s engineering staff, who needed to be kept in place to provide support through
Galileo’s launch. Also, the fabrication work would help preserve the JPL staff’s expertise
in spacecraft maintenance and repair.

Casani envisioned acceptance testing of the flight spacecraft to be completed in
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late 1984, after which it would be put on an extended “burn-in
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Atmospheric Entry Probe Testing

NASA engineers designed Galileo’s 4-foot-wide Probe to separate from Orbiter 150 days
out from Jupiter and eventually plunge into the planet’s atmosphere. It would enter the
atmosphere on a shallow trajectory of approximately 9 degrees below horizontal and
gradually slow from a velocity of 107,000 mph (48 kilometers per second) to Mach 1. The
Probe’s thermal heatshield would enclose and protect the scientific instruments during
this time. Once Mach 1 was reached, a parachute system would separate from the forward
heatshield and control the rate of descent. Meanwhile, the scientific instruments would
collect data that the Probe’s transmitter would send to Orbiter, which would then relay
the information to Earth.®

One of the critical tests in preparing the Probe was to confirm proper parachute
operation. On 17 July 1982, NASA scientists placed the 460-pound Probe vehicle in a
gondola attached to a 5-million-cubic-foot-capacity, helium-filled balloon and launched it
from Roswell, New Mexico. A total of 830 pounds of ballast had been added to the Probe’s
forward thermal shield to get the test vehicle to the required Mach number and dynamic
pressure that it would experience in the Jovian atmosphere. After 4 hours of flight time
and at an altitude of 97,000 feet, the Probe was dropped from the balloon above New
Mexico’s White Sands Missile Range. The Probe’s pilot chute deployed, followed by the
removal of the aft heatshield and the deployment of the large main parachute. The Probe’s
Project Manager, Joel Sperans of Ames Research Center in Mountain View, California,
reported that from on-board camera data, the entire descent sequence appeared to have
been carried out successfully. Speeds of descent and dynamic pressures were virtually
identical to those expected to be encountered in Jupiter’s atmosphere.®!

Although Sperans reported that a major milestone in Probe development had
been attained, the test did not go flawlessly. Some of the Probe’s ballast failed to separate.
More importantly, the main parachute opened several seconds late. Its function was to
slow the Probe and help separate its descent module, which contained the scientific pack-
age, from the deceleration module that performed a heat-shielding function. Instead, the
main parachute did not fully open until the descent module had already separated.

Although project staff did not think these were serious problems, the parachute
delay was painstakingly analyzed during the following months. Pictures of the test sug-
gested that the wake created as the Probe sped rapidly through the air may have delayed
the chute’s opening. To fix this, project staff considered extending the length of line that
attached the parachute canopy to the Probe. This would place the parachute farther from
the Probe, where wake effects were less intense. The staff decided to delay the release
of deceleration module components until Probe velocity decreased further, which would
also reduce wake effects. Hughes Aircraft Company, the contractor developing the Probe,
scheduled wind tunnel tests to examine the effects of these modifications.®*

During the following months, Hughes integrated most of the descent module’s
instruments and components into the Probe flight vehicle and conducted electrical and
other tests. Project staff also scheduled a series of environmental stress tests and more
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drop tests.® In April 1983, Lewis Research Center used its Transonic Dynamics Facility
to test a quarter-scale model of the Probe’s new parachute assembly in order to assess
the impact of the parachute’s position and distance from the Probe body on its behavior.
Lewis investigated parachute distances ranging from 5.5 to 11 body diameters behind the
Probe; results showed that chute behavior was normal at all distances except the origi-
nal design position of 5.5 diameters. Lewis performed additional tests to optimize chute
performance that included varying the chute’s porosity, the Probe’s ballast configuration,
and the Probe’s angle of attack when entering the Jovian atmosphere. At the completion
of these tests, Lewis performed half-scale parachute tests.®

In late July 1983, NASA carried out a drop test of the redesigned full-scale Probe.
The successful test verified that the parachute modifications avoided the slow-deployment
problems of the year before.®

Component, Spacecraft, and Intersystem Testing

Exhaustively testing each component of the Probe and Orbiter and then integrating it into
the spacecraft required almost as much time as Galileo’s primary mission did. Each com-
ponent, as well as the complete spacecraft, had to be carefully examined and subjected to
a rigorous series of functional and environmental tests to make sure everything met design
requirements. Staff also tested “intersystem functions,” such as those between ground-based
mission control and the spacecraft, or between the spacecraft and the Shuttle.®

Component Testing. Testing of the spacecraft’s many subsystems began at the various
contractor facilities that developed and fabricated them. Before their delivery to JPL, Galileo’s
components and scientific instruments had to be qualified and accepted for flight.

Integrating Flight-Qualified Components. After the components arrived at JPL, proj-
ect staff integrated them mechanically and electrically into a functioning spacecraft. These
integration operations began in March 1983 at JPL’s Spacecraft Assembly Facility (SAF) in
cleanrooms environmentally controlled to remain at 72°F and 50 percent humidity. Special
procedures eliminated the possibility of electrostatic charging of personnel and equipment
that could come in contact with and damage the spacecraft’s sensitive electronics.®”

Integration operations necessitated mating the Probe to the Orbiter. Hughes,
which had built the Probe, shipped it to JPL in September 1983, and these two parts of
the Galileo spacecraft were connected for the first time. Project staff needed to verify the
operation of the interfaces between each Probe and Orbiter component and the rest of
the spacecraft, as well as testing all the components using Orbiter power, telemetry, and
commands. The staff electrically coupled the Probe to the Orbiter, then set up a data
link between them to verify overall data flow from the Probe to the Orbiter’s radio relay
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hardware, command and data system, modulation/demodulation system, and radio trans-
mitter. The transmitter then sent test data to Earth-based tracking systems, to Orbiter and
Probe ground data systems, and to scientists for analysis.®®

Environmental and System Testing. Once all flight components had been integrated
and tested, the Probe was sent back to Hughes for environmental testing. Orbiter system
testing also began, including the following:

e Interference analysis to determine whether the operation of any component
had adverse effects on other components.

e Mission profile tests to simulate key mission phases such as launch, trajec-
tory correction maneuvers, cruise operations, Probe release, and insertion
into Jupiter orbit. During these simulations, operational capabilities were
analyzed and areas for improvement identified.”’

Probe-Orbiter System Testing. After Hughes completed Probe’s environmental
tests, it returned the Probe to JPL and project staff carried out operational tests of the
combined Probe-Orbiter system. These were followed by system environmental tests,
which included vibration, acoustic, pyrotechnic, electromagnetic, vacuum, and solar radi-
ation tests. Vibration analyses sought to verify that the spacecraft would operate properly
after being shaken and jostled during liftoff, ascent, and injection into its interplane-
tary trajectory. Project staff bolted the spacecraft to a 30,000-pound shaker table in JPL’s
Environmental Test Laboratory, then attached 29 accelerometers and strain gauges so that
vibration levels could be monitored and controlled. To simulate flight conditions, vibra-
tions ranged in frequency from 10 to 200 Hertz, producing accelerations of up to 1.5 g’s.
Staff added an additional 100 sensors for monitoring during the test. Fifty-nine of these
were part of an automatic shutdown system to protect the spacecraft in case vibrations
exceeded specified limits.

Acoustic testing simulated the high noise levels to which Galileo would be
subjected during liftoff in the Shuttle payload bay. Project staff placed Galileo in JPL’s
10,000-cubic-foot acoustic chamber, a concrete room containing two 4-foot-square “feed
horns” to generate the sound. Numerous microphones were placed around the space-
craft to monitor noise levels during the testing. Preparation for the testing took several
days, although the test itself lasted only 1 minute, with noise levels of 142 decibels. By
comparison, the noise level of a typical conversation is about 50 decibels, while heavy
traffic generates about 75 decibels. Each 6-decibel increase indicates a doubling of
sound pressure.”

After the actual launch, explosive devices were set off to deploy booms, release
Centaur, separate the Orbiter’s spun and despun sections, and jettison instrument
covers. Pyrotechnic testing assessed impacts on the spacecraft of concussions similar
to those that were generated by these small explosions. Electromagnetic compatibility

8 “Galileo Probe and Orbiter To Be Mated in September,” Aerospace Daily (24 August 1983); “SAF Activities,” p. 2.
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tests examined impacts of the radio-frequency environment that surrounded the craft
during and after launch.”

To assess the impact of vacuum on Galileo, project staff employed JPL’s large
space simulator. This 25-foot-tall chamber was evacuated rapidly to simulate the pres-
sure reduction Galileo would experience during the Shuttle’s ascent from the launchpad.
Pressure in the simulated space environment was brought down as low as 1 x 10° torr.*?
Although testing at this level of vacuum was able to build a degree of confidence in
Galileo’s ability to withstand actual vacuum during the mission, the test chamber could
not attain the vacuum of deep space, which can be as low as 1 x 10 torr.”

Project engineers conducted the tests in hot and cold modes to represent both
the inner solar system part of the mission, when Galileo would be closest to the Sun, and
the times when the craft would be out at Jupiter and hidden behind the planet, receiving
no warming solar radiation at all. Liquid nitrogen cooled the inner wall and floor of the
room to temperatures as low as -196°C (-321°F) to simulate the frigid parts of the mission,
and a focused array of 20- to 30-kilowatt arc lamps approximated the times when Galileo
would receive large doses of solar radiation.

The testing needed to validate Galileo’s ability to function under the extreme
conditions it would encounter. Spacecraft thermal controls had to manage heat from the
Sun as well as from the craft’s internal radioisotope thermal generators (RTGs), various
heater units, and complex electronic devices. Galileo was designed to maintain thermal
equilibrium by minimizing variable solar input as much as possible, distributing heat to
those areas of the craft needing to be maintained at higher temperatures, and controlling
the loss of heat to space. The craft employed louvers similar to Venetian blinds. It also
used multilayer thermal blankets, which gave some protection against micrometeorites
and electrostatic discharge, as well as helping to retain heat.”

Galileo’s electric heaters could be turned on and off, but its RTGs always gener-
ated thermal energy (because their plutonium fuel was constantly decaying and emitting
energy). Orbiter contained a total of about 70 heating devices, while Probe contained 34.
For safety’s sake, the environmental testing did not use the actual RTGs, with their radio-
active fuel, but instead employed electrically heated, simulated RTGs.

Most of Galileo’s subsystems were designed to operate between 5 and 50°C but
were tested at temperatures that ranged from -20 to 75°C (-4 to 167°F). Some components,
however, had narrower restrictions, and it was important to determine whether these could
be maintained during the environmental tests. The temperature of the craft’s propellant
fuel, for instance, had to be strictly maintained because overpressures could cause its stor-
age tank to rupture. In addition, fuel lines could never be allowed to freeze. The hydraulic
system that deployed the Orbiter’s booms was also very sensitive to temperature. In order
to maintain acceptable viscosities in the system’s hydraulic fluid, temperatures had to be
kept between 20 and 30°C (68 and 86°F).”

9 Ibid., pp. 2-3.
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After testing the Probe and Orbiter together, staff performed similar tests
on Orbiter alone to assess its expected performance after Probe was released near
Jupiter. During the final months of testing, spacecraft power was maintained 24 hours
per day in order to log the maximum number of operating hours on Galileo’s elec-
tronics assemblies.”

Adapting Centaur to the Shuttle

Design studies integrating Centaur with the Shuttle date back to the start of the
Shuttle program, although when Boeing’s solid-fueled IUS was the favored upper stage,
prospects for a Centaur-driven Galileo spacecraft seemed very remote. When General
Dynamics finally received the go-ahead in 1982 for full-scale Centaur adaptation to the
Shuttle, it had to fulfill both NASA’s requirements and those of the Air Force. The result
was two versions of the upper stage: the G type for the Air Force and the G-prime for
NASA. Both were shorter and wider than the version used as an upper stage for Atlas,
which was over 9 meters long and 3 meters in diameter (about 30 feet by 10 feet), but
they also differed markedly from each other. The Air Force needed space in the Shuttle
cargo bay for its larger satellites, so the Centaur G was made only 6 meters long but 4.3
meters in diameter (roughly 20 feet by 14 feet). Its liquid-oxygen tanks and two engines
were left unchanged, but its liquid-hydrogen tank was shortened and widened.”

In the design of NASA’s G-prime Centaur, the need for more thrust took priority
over extra space in the Shuttle cargo bay. The G-prime was less than a foot shorter than
the 9-meter Atlas upper stage and was as wide as the G version, or in other words, 40 per-
cent wider than the Atlas upper stage. The G-prime’s liquid-hydrogen and liquid-oxygen
tanks were longer than those of the G type, although its engines and electronic systems
remained the same. The performance characteristics of a Shuttle/G-prime Centaur combi-
nation were very impressive when compared to other launch system combinations. The
Atlas-Centaur combination could lift a payload of only 1,900 kilograms (4,200 pounds) to
geostationary orbit. The Shuttle plus the Air Force’s G-type Centaur could move a satellite
weighing 4,800 kilograms (10,600 pounds) to geostationary orbit, while the Shuttle plus
NASA’s G-prime Centaur could transfer a 6,350-kilogram (14,000-pound) satellite into
geostationary orbit.”

Inside the Shuttle’s payload bay, Centaur was attached to a support structure
and tilt-table. The support structure also brought electrical connections to Centaur that were
necessary for supplying power, transferring data, and controlling fueling and emergency fuel-
jettisoning operations. Deployment of Galileo and Centaur would involve opening the Shuttle’s
doors and rotating the tilt-table to swing the forward end of the spacecraft out of the payload
bay, then using a shaped charge®” to sever the spacecraft’s connection to the Shuttle. After
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this, 12 steel springs would push Galileo-Centaur away from the Shuttle. Ignition would be
delayed for approximately 45 minutes, until the Shuttle flew to a safe distance away.'®

The long list of tests to be performed on Galileo before launch day included a
very thorough examination of the Centaur rocket, which had never before been deployed
from the Space Shuttle. The hydrogen-fueled Centaur had been used for years as an upper
stage of robotic rockets, but during Galileo’s launch, it would be carried aloft inside the
cargo bay of a craft with a human crew. Because Centaur’s liquid-hydrogen and liquid-
oxygen fuel was potentially explosive, elaborate safety features had to be developed
before it was deemed safe for use in the Shuttle. These features included the capability
to dump Centaur’s fuel overboard quickly in the event of an emergency. NASA staff had
designed and installed a dump system that could jettison all of Centaur’s propellant in 250
seconds in the event of a launch abort or failure to deploy in orbit. The staff had also built
in the capability of waiting to fuel Centaur until the Shuttle was on its launchpad.'™

The Amphitrite Asteroid Option

In December 1984, John Casani proposed that an additional task be added to the Galileo
mission: to fly by the asteroid Amphitrite (the last part of its name rhymes with “flighty”).
Because the spacecraft would traverse the solar system’s asteroid belt on its way to Jupiter,
it would be in an excellent position to make close observations of the asteroids. Casani
and other Galileo staff thought that such a study would add significantly to our under-
standing of the solar system and its origins and that it fell within the stated mission of
NASA’s solar system exploration program. Primitive bodies such as asteroids and comets
appeared to be “the best preserved remnants of the early solar system and most represen-
tative of the overall composition of protoplanetary/protosolar nebula material.” This was
important, because evidence of early solar system processes is not easily extracted from
larger planetary bodies.'”

The narrow region between Mars and Jupiter known as the asteroid belt was also
the boundary between the rocky inner planets of the solar system and the more volatile, gas-
rich outer planets. Over 3,000 asteroids have been identified in this belt. Amphitrite, whose
name refers to a queen of the sea and one of Poseidon’s wives in Homer’s Odyssey, is a
rocky little body 200 kilometers (120 miles) in diameter. It was the 29th asteroid discovered
(and is often referred to as 29 Amphitrite). Albert Marth identified it on the night of 1 March
1854 from William Bishop Observatory in London. Later work determined that the asteroid
revolved in a nearly circular orbit around the Sun at an average distance of 230 million miles
and rotated on its axis once every 5.4 hours. Beyond these basic facts, little was known
about Amphitrite. It was chosen because it was in the right place at the right time.'?

The idea of a Galileo flyby of Amphitrite arose at JPL in 1983 after engineers
planning the spacecraft’s course through the asteroid belt finished a series of computer
simulations looking for possible navigational hazards. The asteroids in the general area of
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Galileo’s path turned out to be far enough away to not present a collision danger. Other
asteroids in this group besides Amphitrite, such as 1219 Britta or 1972 Yi Xing (the number
indicates the order of discovery), were only a few kilometers in diameter. For safety rea-
sons, Galileo’s planners did not want to send the spacecraft closer than 10,000 kilometers
(about 6,000 miles) from any asteroid, because no one knew what the surrounding envi-
ronment would be like. Space scientists considered it possible that an asteroid could be
enveloped by a cloud of fine dust particles from numerous collisions with other asteroids.
If Galileo were to fly through such a cloud, its optics could be severely damaged and the
spacecraft itself might be destroyed.

At the “safe encounter” distance, not much could be learned from Galileo’s cam-
eras’ observation of a small asteroid only several kilometers in diameter. Amphitrite, on
the other hand, was among the largest 1 percent of all asteroids and huge compared to
Britta or Yi Xing. A flyby from even 20,000 kilometers, twice the safe encounter distance,
could yield significant data.'*

Because of the attractive opportunity, John Casani requested that NASA manage-
ment approve a postlaunch flyby option as a secondary mission objective. Under this plan,
a trajectory modification could be implemented such that Galileo would pass at a distance
of 10,000 to 20,000 kilometers from Amphitrite and arrive at Jupiter about three months later
than planned, in early December 1988. But if the spacecraft was not “healthy” when flying
by Amphitrite—that is, if all systems did not fully check out—then no encounter operations
would be performed and no pictures or measurements of the asteroid would be taken.'®

A successful encounter with Amphitrite was viewed by NASA as quite significant
because no U.S. mission to the asteroids was planned until at least a decade later. In
addition, experts in the taxonomy of asteroids thought that Amphitrite would be espe-
cially valuable to study because it was an S-type asteroid. Such asteroids were believed
to be either remnants of a larger planetary body (perhaps part of its stony iron core), or
fragments of chondrites—bodies that coalesced directly from the primordial nebula out
of which the Sun and planets formed. During the two (Earth) days of Galileo’s closest
approach to Amphitrite, the asteroid would turn 10 times on its axis, allowing Galileo
to repeatedly map its entire surface and discern features as small as 600 feet across.
Photographs with such resolution of the Martian surface from Mariner 9 resulted in a radi-
cally changed understanding of the planet. In addition, with Galileo’s infrared, visual, and
ultraviolet sensing systems, a detailed geological survey of Amphitrite could be carried out.
Atmospheric instruments would also search for any signs of a tenuous atmosphere, and
Galileo’s dust detector would look for evidence of debris orbiting the asteroid. Changes
in Galileo’s velocity due to Amphitrite’s gravitational field would allow the body’s mass
and average density to be calculated for the first time.'%

On 6 December 1984, NASA Administrator James M. Beggs endorsed the
Amphitrite option and supported a change in Galileo’s trajectory and in its Jupiter arrival
date from 27 August 1988 to 10 December 1988, with the understanding that Amphitrite
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was to be a secondary objective and must in no way compromise the primary Jupiter
objectives. Because no prelaunch funds were authorized for the Amphitrite option, and
due to the political sensitivity of asking for funding to cover yet another Galileo mission
change, Beggs stressed that no Amphitrite mission planning was to be undertaken until
after launch. And no papers or articles were to be written on any aspect of the Amphitrite
option until after the actual encounter.'”

Down-to-the-Wire Problems

By October 1985, project staff had completed all electronic compatibility and character-
ization testing of the spacecraft, as well as environmental testing. But Galileo was still
missing its spin bearing assembly, the mechanical and electrical interface between the
spun and despun sections of the craft. The bearing assembly used a system of metal slip-
rings and brushes to transmit electrical signals from one section of the spacecraft to the
other. Project staff had discovered contamination on the slip-rings and sent them and the
brushes to be remanufactured.'®

Analysis of the bad parts and their manufacturing process revealed that a whole
chain of circumstances had led to the problem. These circumstances involved the coatings
on the parts, the effect on the coatings of heat from soldering operations, the chemical
used to clean the parts, and the impact of vacuum on the system. Heat from soldering had
made the coating material more porous, and when the parts were dipped into a chloro-
fluorocarbon (CFC) solution for cleaning, some of the CFC was absorbed into the pores
in the coating. During environmental testing, the low-vacuum conditions pulled the CFC
out of the pores, and it mixed with the fine, powdery debris generated as the brushes
and slip-rings slowly wore down. This debris normally did not cause problems, but when
mixed with the CFC, it clumped up, eventually accumulating under the surface of a brush
and opening up the contact between it and the slip-ring. The result was an intermittent
power transmission problem.'”

A second problem involved Galileo’s command and data system. Project staff
noticed that the performances of certain memory devices deteriorated in an electromagnetic
radiation environment. The origin of this problem, too, was traced back to the manufactur-
ing process. But after JPL acquired and installed several thousand remanufactured memory
devices, they were found to have yet another problem called “read-disturb.” Reading the
contents of a memory cell in a device could disturb the contents of adjacent cells. The
project team determined that the processing changes made to repair the memory cells’ sen-
sitivity to electromagnetic radiation also caused them to operate faster, and it was these parts
that were susceptible to the read-disturb problem. Project staff had to construct a special
screening test, and one-third of the memory devices had to be removed and changed. This

was a very labor-intensive operation because of the parts’ small size and close spacing.'
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In spite of the problems, Casani believed that Galileo had a good record for parts
quality. Components were carefully examined and burned in at elevated temperatures.
All spacecraft equipment and spare parts received at least 2,000 hours of operation prior
to launch. NASA designed Galileo to operate for at least five years, including two and a
half years of travel to Jupiter and sufficient time to carry out its experiments and observa-
tions in the Jovian system. This “design life” was dictated by the propellant capacity of the
spacecraft, as well as expected degradation due to the radiation environment in which
it would operate. Project officials believed that damage from radiation would gradually
deteriorate electronic components and eventually bring about the end of the mission.'"!

The First 3,000-Mile Leg of a Half-Billion-Mile Journey

“Everything seemed on the home stretch, when at 3:00 a.m. on December 19, 1985, Galileo
began the first 3,000-mile leg of its half-billion-mile journey,” announced the narrator of
WGBH's NOVA television program on Galileo, “The Rocky Road to Jupiter.” JPL staff had
been readying Galileo for a high-speed truck convoy from Pasadena, California, across
America to Kennedy Space Center, Florida. When the convoy rolled out of JPL in the
middle of the night, its drivers did not yet know the exact route they would be taking. They
only knew that they would drive all night and all day, stopping only for food and fuel.
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