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High Flight

By Pilot Officer John G. Magee, Jr., RCAF

Oh, I have slipped the surly bonds of earth
And danced the skies on laughter-silvered wings;
Sunward I've climbed, and joined the tumbling mirth
Of Sun-split clouds — and done a hundred things
You have not dreamed of — wheeled and soared and swung
High in the sunlit silence. Hov’ring there.
I've chased the shouting wind along, and flung
My eager craft through footless halls of air.
Up, up the long, delirious, burning blue
I've topped the windswept heights with easy grace
Where never lark, or even eagle flew.
And, while with silent, lifting mind I've trod
The high untrespassed sanctity of space
Put out my hand, and touched the face of God.

Pilot Officer John Gillespie Magee, Jr., an American serving with the Royal
Canadian Air Force, composed “High Flight.” He was born in Shanghai, China in
1922, the son of missionary parents, Reverend and Mrs. John Gillespie Magee;
his father was an American and his mother was originally a British citizen.

He came to the U.S. in 1939 and earned a scholarship to Yale, but in
September 1940 he enlisted in the RCAF and graduated as a pilot. He was sent to
England for combat duty in July 1941.

In August or September 1941, Pilot Officer Magee composed “High Flight”
and sent a copy to his parents. Several months later, on December 11, 1941 his
“Spitfire” airplane collided with another plane over England and Magee, only 19
years of age, crashed to his death. His remains are buried in the churchyard
cemetery at Scopwick, Lincolnshire.

This can be found on the website:
http:// www.wpafb.af.mil/museum/history/prewwii/jgm.htm



PREFACE

Nicolaus Copernicus and Galileo Galilei developed the scientific knowledge
that became the underpinning of spaceflight. Edward Everett Hale in “The Brick
Moon” and Jules Verne in “From the Earth to the Moon” dreamed and wrote
about it. But finally in the last half of the twentieth century, it was the
Americans and the Soviet Russians, locked in the throes of the Cold War, who
accomplished it. A good case can be made that when historians look back at the
twentieth century, the initial efforts of humankind to slip “the surly bonds of
Earth” will play a dominant role.

Today, we call the sixteenth century the “Age of Exploration” because by
combining the fore-and-aft sail rig of Arab dhows with the study hull of the Baltic
cog, the “caravel” was created that could safely sail all the oceans of the world.
Thus, in the final years of the fifteenth century, Bartolomeo Diaz, Christopher
Columbus, and Vasco da Gama opened astonishing new vistas using the caravels.
In less than a century after their epochal voyages, the geography of the Earth
was essentially understood and things were forever changed.

Today, because of the advent of rocket technology, we stand at the threshold
of sending humans to Mars as well as to other places in the Solar System. We are
within a decade of sending people back to our own Moon to establish permanent
stations to exploit lunar resources and to create staging bases for the large-scale
exploration of the Solar System. As was the case half a millennium ago, things
will change forever when this is done.

We have both been involved in this initial exploratory effort in an intimate
way. One of us (Richard H. Truly) has actually flown in space and both of us have
participated in and led the organizations established in the United States to
conduct space exploration. Both of us have also been touched by the brutal wars
of the twentieth century, and we therefore know how these have influenced the
lives of people all over the world as well.

The idea of this Encyclopedia of Space Science and Technology was
conceived late in 1997 when one of us (Hans Mark) had a conversation with
Dr. Edmund H. Immergut, who has had a long and distinguished career in
scientific publishing and in the production of encyclopedias. He believed that the
enterprise of space exploration was far enough along — 40 years after the first
orbital flight of Sputnik I — that a good technical encyclopedia on the subject
would be timely and appropriate. In developing the ideas for the encyclopedia,
the following principles were established.

- The encyclopedia would be written at a high technical level, i.e., for an
audience of technically literate people who were not experts in space science
or technology.

- The encyclopedia would contain articles that would describe the tech-
nology of space exploration as well as the scientific results and their
applications.

- The authors who would be selected to write articles would be people who are,
or have been, active participants in enterprise of space exploration.

vii
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- The encyclopedia would be international and would attempt to capture the
spirit that animated the enterprise for the past half century.

- The encyclopedia would have a broadly based editorial board whose members
would help to select authors and assist in passing judgment on the quality of
the work.

It is our hope that we have largely adhered to these principles. The
Encyclopedia of Space Science and Technology consists of nearly 80 articles
organized under eight separate categories. There is an appropriate index and a
table of contents that should make it easy for readers to find the topic of interest
for which they are searching.

Throughout this work, both of us have enjoyed working with old and new
colleagues. We would like to extend our appreciation to everyone who
participated in this effort, first and foremost, our authors for their contributions,
our Associate Editors, Drs. Milton A. Silveira and Michael I. Yarymovych, and all
the members of our Editorial Board for their participation and advice. Finally,
special thanks are due to our Managing Editor, Ms. Maureen A. Salkin, for her
tireless and highly diplomatic efforts to keep things rolling so that we can now all
see the final result.

Richard H. Truly
Golden, Colorado

Hans Mark
Austin, Texas
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AIR AND SHIP-BASED
SPACE LAUNCH VEHICLES

Introduction

In 1957, the Soviet Union placed the first man-made object in orbit around the
earth. Since then, numerous launch vehicles have been developed to improve the
performance, reliability, and cost of placing objects in orbit. By one estimate,
roughly 75 active space launch vehicles either have established flight records or
are planning an inaugural launch within the year. This does not include the
numerous launch vehicles from around the world that are no longer operational
such as the Jupiter, Redstone, Juno, Saturn, Scout, Thor, Vanguard, and Cones-
toga family of rockets from the United States or the N-1 from the former Soviet
Union, to name just a few. Despite the many differences among all of these
launch vehicles from both past and present, one common element can be found in
all but four of them: they are ground-launched. Of the four exceptions, two are
air-launched (NOTSNIK and Pegasus), one is ship-launched (Sea Launch), and
one is submarine-launched (Shtil). It is important to keep in mind that numerous
air-launched and ship-launched suborbital launch systems are in use by milit-
aries, commercial entities, and educational institutions. However, the four men-
tioned are the only mobile launch systems that can place objects into a
sustainable Earth orbit.

Mobile Space-Launched Vehicles

Project Pilot (NOTSNIK). NOTSNIK is the oldest and, until recently, the
least well known of the four mobile space-launched systems. Following the
launch of Sputnik by the Soviet Union, President Eisenhower’s administration
elicited proposals to launch a satellite into orbit. The Naval Ordinance Test
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Station (NOTS) located at China Lake in California proposed launching a rocket
from a jet fighter (1). The idea is the same as that of the current Pegasus vehicle:
reduce the amount of energy needed to place a payload into orbit by launching it
above the denser portion of the atmosphere. In this fashion, the engineers at
NOTS designed a vehicle from existing rocket motors that could place a 2-pound
satellite in a 1500-mile-high orbit. The engineers recognized the energy savings
from such a launch concept and also the utility of such a flexible platform.
Launching from a jet fighter could, theoretically, place a satellite into any orbit
from anywhere in the world at any time.

The U.S. Navy accepted the proposal from NOTS in 1958, by some accounts
as a safety net in the event that the ongoing Vanguard project was unsuccessful.
The program was officially called Project Pilot, but the engineers at NOTS pre-
ferred the name NOTSNIK in direct reference to the Soviet satellite that was
currently orbiting above them and the rest of the world. A Douglas Aircraft F4D-
1 Skyray was the carrier aircraft for the rocket and consequently was considered
the first stage. The second and third stages were modified antisubmarine
missiles. The final stage was taken from a Vanguard rocket. The entire launch
vehicle measured a mere 14 feet in length and had four fins at the aft end that
provided a span of 5 feet.

The NOTSNIK was launched six times from an altitude of about 41,000 ft.
Four of those launches ended in known failures. However, the results of two have
never been verified. Some in the program insist that they achieved their goal of
placing the small payload of diagnostic instruments in orbit. At least one ground
station in New Zealand picked up a signal in the right place at the right time.
However, confirmation that the signal was from the NOTSNIK payload was
never established. Even the possibility of a success was veiled in secrecy for more
than 40 years for, by all accounts, two critical reasons. The first was that in the
days following the early embarrassments of Vanguard, the Eisenhower admin-
istration did not want to claim success unless it was absolutely certain. The
second reason was that a mobile air-launched system that could reach orbit had
extremely appealing military applications. However, the tactical advantages of
such a system were far outweighed by the strategic consequences, as stated in
the Antiballistic Missile (ABM) Treaty between the United States and the former
Soviet Union that was concluded in 1972 (2):

Further, to decrease the pressures of technological change and its unsettling impact
on the strategic balance, both sides agree to prohibit development, testing, or de-
ployment of sea-based, air-based, or space-based ABM systems and their compo-
nents, along with mobile land-based ABM systems. Should future technology bring
forth new ABM systems ‘based on other physical principles’ than those employed in
current systems, it was agreed that limiting such systems would be discussed, in
accordance with the Treaty’s provisions for consultation and amendment.

Pegasus. Roughly 30 years later, while NOTSNIK remained an official gov-
ernment secret, the idea of launching payloads into space from an airborne plat-
form was revisited in the form of the Pegasus launch vehicle. The driving forces
behind NOTSNIK and Pegasus were essentially the same. An air-launched space
vehicle provides several advantages compared with ground-based counterparts.
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As an example, Pegasus is launched at an altitude of 39,000 ft, which is above a
significant portion of the atmosphere. As mentioned, with NOTSNIK, this elim-
inates the need for extra performance that would otherwise be needed to over-
come atmospheric forces. This also implies that the structural components of the
vehicle can be lighter, which improves the efficiency of the rocket as a whole. The
energy required from the launch vehicle is also reduced by the speed already
achieved by the carrier aircraft. An air-launched system also allows applying
more of the impulse of the first stage along the velocity vector. This is a more
efficient use of the vehicle’s energy than that of ground-launched vehicles that
must first apply the thrust almost perpendicular to the velocity vector already
imparted by Earth’s rotation. These factors combine to produce a requirement for
a velocity increment that is on the order of 10% less than a comparable ground-
launched rocket.

The Pegasus vehicle is a winged, three-stage, solid rocket booster (Fig. 1). It
is the first space-launched vehicle developed solely with commercial funding.
Three versions have been developed and flown over the years: Standard, Hybrid,
and XL. The XL is the only vehicle within the Pegasus family currently in pro-
duction. The XL is roughly 10,000 lbm heavier than the Standard or Hybrid
models and is roughly 6 ft longer. Because the XL extends farther aft beneath the
L-1011 carrier aircraft, the port and starboard fins become an obstacle to the
landing gear doors. To correct this problem, the port and starboard fins were

Payload
separation
system

@ Avionics

-
structure

Stage 2 motor

Stage 3 motor

Payload fairing

Interstage

Aft skirt
assembly

Stage 1 motor

Figure 1. Disassembled version of standard Pegasus launch vehicle.
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modified to include an anhedral of 23°. To maintain commonality between the
various members of the Pegasus family of vehicles, the same anhedral was in-
troduced into the Standard vehicle, which was then given the designation Pega-
sus Hybrid. Other than the anhedral of the fins, the Standard and Hybrid vehicles
are exactly the same. The Standard, the first Pegasus vehicle built, was flown on
six missions. The Hybrid vehicle has flown four times. The XL vehicle has flown
21 times. Of 31 Pegasus launches, only three missions failed to reach orbit.

The Pegasus XL was designed and developed to provide increased perform-
ance above and beyond that provided by the Standard and Hybrid vehicles. A
typical Pegasus XL vehicle weighs roughly 51,000 lbm at launch, is 55.4 ft long
and 50 inches in diameter, and the wingspan is 22 ft (3). At launch, the Pegasus
XL is carried aloft by the company’s carrier aircraft, a modified L-1011, which
originally saw commercial service with Air Canada. The vehicle is dropped from
an altitude of 39,000 ft at Mach 0.8. Five seconds after release from the L-1011,
the first stage ignites and the vehicle’s on-board flight computer continues the
sequence of events that eventually lead to orbital insertion. The brief coast period
between drop and stage one ignition is designed to provide a safe distance be-
tween the L-1011 and the launch vehicle.

The Pegasus Standard vehicle was originally dropped from a NASA-owned
and operated B-52. The Pegasus vehicle was attached to one of the pylons un-
derneath the starboard wing much in the same manner as the early supersonic
and hypersonic test vehicles such as the X-15. For a variety of reasons, Orbital
purchased and modified the L-1011 to facilitate all future launches.

Unlike the B-52 that supported initial Pegasus launches, the L-1011 carries
the Pegasus vehicle underneath the fuselage rather than underneath the wing.
Once Pegasus is ready to be mated to the carrier aircraft, it is towed from Or-
bital’s integration facility at VAFB to the plane on the Assembly and Integration
Trailer (AIT). Regardless of where the launch is to take place, the Pegasus is
always integrated and mated to the L-1011 at VAFB. From there, the launch
system can travel to any location in the world for launch. There is enough ground
clearance for the L-1011 to take off and land with Pegasus attached underneath.
However, the added height of the AIT underneath Pegasus requires raising the
L-1011 off the ground slightly by hydraulic jacks to mate Pegasus to the carrier
aircraft (Fig. 2). While mated to the L-1011, the vertical rudder actually pro-
trudes into the plane’s fuselage in a compartment specifically designed for this
purpose. When mating the Pegasus to the L-1011, the rudder is usually detached
from the Pegasus vehicle and placed inside the housing first. Then the Pegasus is
rolled underneath the L-1011 and attached to the rudder and then to the plane.
Removing the rudder first minimizes the height to which the L-1011 needs to be
raised for the mating process. The entire mating process from rollout to mating
takes about 6 hours. Pegasus is attached to the L-1011 using four hooks on the
center box of the wing and a fifth hook on the forward portion of the vehicle. The
inside of the airplane has been stripped of all unnecessary equipment and hard-
ware. Up front in what would normally be the first class cabin are eight seats for
personnel during ferry flights from VAFB to the launch site of interest and two
computer stations from which personnel can monitor the health of the vehicle
and the payload. The rest of the interior of the cabin has been completely gutted.
Access to the rear portion of the aircraft cabin is obtained through a galley door.
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Figure 2. Fully assembled Pegasus launch vehicle being mated to the L-1011 aircraft.
This figure is available in full color at http:/www.mrw.interscience.wiley.com/esst.

Unlike most other launch vehicles in the U.S. fleet, the Pegasus launch
vehicle is integrated horizontally on the AIT (Fig. 3). Horizontal integration
facilitates easy access to the vehicle and eliminates the need for high bays and
large cranes. Components are received as needed either from groups within Or-
bital Sciences or from outside vendors. To ensure that all of the major flight
hardware and software is thoroughly tested before flight, Pegasus, like many
other vehicles, is subjected to a series of “fly to orbit” simulations at various
stages of the integration process. Four flight tests are normally performed. The
first tests the three stages individually. The second test is conducted after
the three stages are electrically mated together. The third test is performed after
the three stages are electrically and mechanically mated and the stack is elec-
trically mated to the payload. The fourth and final flight test is performed once
the payload has been mechanically mated to the rest of the vehicle and the half of
the fairing that includes the pyro devices necessary for jettisoning the shroud is

Figure 3. Horizontal integration of Pegasus launch vehicle. This figure is available in
full color at http:/www.mrw.interscience.wiley.com/esst.
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electrically mated. These tests are intended to verify that various systems func-
tion and also respond as expected to known disturbances. If the inertial meas-
urement unit (IMU) onboard receives data to indicate that an unexpected
attitude change has occurred, will the fins or thrust vector control systems re-
spond accordingly? Are all the commands to the various subsystems appropriate,
and do those subsystems respond appropriately? Once the Pegasus vehicle has
been mated to the L-1011 carrier aircraft, one last test is performed, called the
Combined Systems Test (CST). This test verifies that the launch vehicle and the
carrier aircraft are communicating as expected. This is particularly important
since the vehicle’s health can be monitored both from telemetry that is broadcast
from the vehicle to the ground via antennas on Pegasus and also by the computer
stations inside the L-1011 via hardwired electrical connections. More import-
antly, some data and commands are sent to the Pegasus vehicle before launch.
The only method currently available for accomplishing this transfer of data is
through the electrical connections between the Pegasus vehicle and the carrier
aircraft.

To be fully mobile, the Pegasus launch system must also be fully self-con-
tained. Except for those services provided by the range (such as radar coverage),
the L-1011 can transport all of the equipment required to support a launch of
Pegasus, including, of course, Pegasus itself (Fiig. 4). Some launches take place off
the coast of California where the Western Range (based at VAFB) is the lead
range. In these instances, no ferry flight is required. The L-1011 simply takes off
from VAFB and flies to the designated drop point roughly 100 nmi out to sea. The
checklist that is processed in the control room on the day of launch requires
about 4 to 5 hours to complete. The L-1011 usually takes off an hour before the
scheduled launch time. If all systems are “go,” as determined by the mission team
members in the control room, the launch conductor on the ground commands the
pilot of the L.-1011 to drop the Pegasus from the carrier aircraft.

Shtil. In a classic example of turning swords into plowshares, the Russian
Navy developed a satellite delivery system for nonmilitary applications that
uses a submarine-launched. The SS-N-23 (NATO’s designation) is a three-stage

Figure 4. L-1011 aircraft taking off with Pegasus. This figure is available in full color at
http://www.mrw.interscience.wiley.com/esst.
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liquid-fueled vehicle that can deliver small satellites to low Earth orbit. Very
little is known about this launch vehicle service including performance to various
altitudes and inclinations. What is known is that two satellites belonging to the
Technical University of Berlin were successfully launched in 1998 from a Rus-
sian submarine for the stunningly low price of $150,000 (4). Some sources in-
dicate that the typical commercial price for a Shtil launch is actually in the
neighborhood of $500,000. There are two possible reasons for the low cost of a
Shtil launch. The first is that more than 200 missiles have already been produced
by the Russian military. There is also speculation that offering commercial
launch services provides a way to maintain proficiency in launching missiles
without using precious military funding. One disadvantage of this system is that
the Shitl vehicle likely does not have enough performance to achieve circular
orbits in the medium to high Low Earth Orbit (LEO) altitudes (4). This is a direct
result of the Shtil’s heritage as a ballistic missile first and foremost.

Sea Launch. The most recent mobile launch system is the Sea Launch vehicle
which is launched from a converted oil-drilling platform along the equator
(Fig. 5). Sea Launch is both the name of the launch vehicle and the name of the
international joint venture that provides the launch services. The partnership is
comprised of Boeing, KB Yuzhnoye of Ukraine, which provides the two Zenit
stages, and RSC Energia of Russia, which provides the Block DM-SL upper stage.
The launch vehicle and payload integration takes place at the vehicle’s home port
of Long Beach, California. Once integration is complete, the launch vehicle is
loaded onto the converted oil-drilling platform and towed to a predetermined

Figure 5. Computer simulation of Sea Launch. This figure is available in full color at
http://www.mrw.interscience.wiley.com/esst.
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launch location at the equator, specifically 154° West. Once on site, the Zenit 3SL
is raised into its launch attitude (vertical) and launched. A second ship that
houses mission personnel and the control room monitors the launch from nearby.
The vehicle itself is a little less than 200 ft long and roughly 13 ft in diameter. The
performance to Geosynchronous Transfer Orbit (GTO) is approximately 5250 kg
(4). “In terms of spacecraft mass in final orbit, this would be equivalent to ap-
proximately 6000 kg of payload capability if launched from Cape Canaveral, be-
cause the spacecraft does not need to perform a plane change maneuver during
the Geosynchronous Earth Orbit (GEO) circularization burn” (5).

There are three key phases in the integration of a Sea Launch vehicle (5).
Phase I takes place in the Payload Processing Facility (PPF). This phase includes
receipt of the spacecraft, processing of the spacecraft, testing, and enclosure
within the payload fairing. Phase II takes place on the Assembly and Command
Ship (ACS). This entails mating the encapsulated spacecraft to the launch
vehicle and testing the integrated stack. Phase III takes place on the Launch
Platform (LP) once the vehicle has been transferred from the ACS. While still in
port, the integrated launch vehicle is raised to its vertical launch attitude so that
a series of tests can be conducted. The launch vehicle is then lowered back into a
horizontal position, stored in an environmentally controlled room, and trans-
ported to the equator while on board the launch platform. At the launch site, the
launch vehicle is rolled out to the launch pad, raised to a vertical attitude again,
and fueled. The launch is performed by an automated system and monitored by
the Assembly and Command Ship which is moved for launch to a distance 6.5 km
away (Fig. 6).

The Assembly and Command Ship for Sea Launch serves as the launch
vehicle integration and testing facility. In addition to acting as the temporary
home for launch crews, the ship also houses the Launch Control Center (LCC)
and the equipment necessary to track the initial ascent of the rocket. Unlike the

i
SEA LAUNCH

Figure 6. Sea Launch successfully lifts DIRECTV 1-R satellite into orbit. This figure is
available in full color at http://www.mrw.interscience.wiley.com/esst.
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Pegasus carrier aircraft that was modified after serving in a different capacity,
the ACS was designed and constructed specifically to suit the unique require-
ments of Sea Launch. The ship is roughly 660 ft long and 110 ft in beam and has
an overall displacement of approximately 30,830 tonnes.

The rocket assembly facility is on the main deck of the ACS where the
launch vehicle integration takes place. This activity is conducted before setting
sail for the equator and simultaneously with spacecraft processing. After the
spacecraft has been satisfactorily processed, it is encapsulated and transferred to
the rocket assembly compartment, where it is mated to the launch vehicle. Fol-
lowing integration and preliminary testing, the integrated launch vehicle is
transferred to the launch platform. Then both ships begin the journey to the
equator, which takes roughly 12 days.

The launch platform has all of the necessary systems for positioning and
fueling the launch vehicle, as well as conducting the launch operations. Once the
launch vehicle has been erected and all tests are complete, personnel are evac-
uated from the launch platform to the ACS using a link bridge between the
vessels or a helicopter. Redundant radio-frequency links between the vessels
permit personnel on the ACS to control all aspects of the launch, even when the
command ship has retreated to a safe distance before launch. The launch plat-
form, which was converted from an oil drilling platform, is very stable. It is
supported by a pair of large pontoons and is propelled by a four-screw propulsion
system (two in each aft lower hull). Once at the launch location, the pontoons are
submerged to a depth of 70.5 ft to achieve a more stable attitude for launch, level
to within approximately 1°.

Advantages of Mobile Space-Launched Systems

NOTSNIK, Pegasus, Sea Launch, and Shtil were never intended to replace the
existing fleet of ground-launched rockets. Rather, they effectively supplement the
existing worldwide capability by providing additional services to a targeted
market of payloads that benefit greatly from the mobility and flexibility of these
unique space-launch systems. These vehicles can provide services similar to
ground-launched vehicles for payloads within their weightclass. In fact, all four
vehicles have fixed launch locations for standard services. For example, Pegasus
uses the launch location of 36°N, 237°E for all high-inclination missions that
originate from VAFB. In this regard, the mobile launch systems are no different
from ground-launched vehicles in that they repeatedly launch from a fixed
location, albeit a location that is not on land. However, they can also offer services
and performance that avoid many of the restrictions inherent in being con-
strained to a particular launch site. Few of those restrictions are trivial. They
include inclination restrictions, large plane changes required to achieve low-
inclination orbits from high-latitude launch sites, large plane changes required
to transfer from GTO to GEO when launching from certain ranges, and low-
frequency launch opportunities for missions that require phasing such as those
involving a rendezvous with another spacecraft already in orbit.

Inclination Restrictions. Inclination restrictions stem from range safety
considerations. To understand these restrictions fully, it is first necessary to
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understand two concepts: (I) transfer orbits and (2) instantaneous impact-point
tracks.

Transfer Orbits. Transfer orbits are intermediate orbits established by
the various stages of a launch vehicle that provide a path to the final desired
orbit. The transfer orbits for early stages are mostly suborbital, meaning that
some portion of the orbit intersects Earth’s surface. The most efficient way to
transfer between two orbits is to apply thrust at opposite apses. An application of
thrust in the right direction at the perigee of the initial orbit will raise the
apogee. Coasting to the new apogee and applying thrust (again in the appropri-
ate direction) at this apsis will then raise the perigee. This provides a stair-step
approach to raising the altitude of a vehicle’s orbit. The ascent of a launch vehicle
from launch to orbit follows a similar trend with one critical caveat. The impulse
of initial stages is usually not sufficient, individually, to raise the perigee above
Earth’s surface. This means that using the optimal Hohmann transfer approach
would bring the launch vehicle back to Earth before another transfer burn could
be made. As a result, initial launch vehicle stages usually apply their thrust at
places within a transfer orbit other than the apses and usually always on the
ascending side of the orbit.

Consider a modest three stage, ground-launched rocket launching into a
circular low Earth orbit as an example. Before launch, the vehicle is effectively
sitting at the apogee of an orbit (Fig. 7). If the surface of Earth were not present
to support the rocket, it would be drawn downward along a path that would take
it closer and closer to Earth’s center before swinging back to an apogee altitude
equal to the radius of Earth. This is essentially the first of several transfer orbits
and the rocket has not even been launched. When the rocket lifts off, it applies its
thrust at an apsis, but in a direction that is perpendicular to the initial velocity
vector of the rocket, which itselfis in the direction of Earth’s rotation. During the
first burn, the vehicle slowly tilts over so that the thrust is applied in a direction
that is increasingly parallel to Earth (Fig. 8). This has the effect of increasing
both the apogee and perigee. The perigee will most likely still be suborbital at the
end of the burn. The apogee will be increased sufficiently that the launch vehicle

Path of rocket
without Earth's
surface

Center of
the Earth

Figure 7. Path of rocket without Earth’s surface. This figure is available in full color at
http://www.mrw.interscience.wiley.com/esst.
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Figure 8. Path of rocket after launch. This figure is available in full color at http:/
www.mrw.interscience.wiley.com/esst.

can coast up to a location near the new apogee, following the first stage burnout,
and ignite the second stage. The key consideration here is that the second stage
will be ignited near but not at the apogee. Again, this is not the most energy-
efficient way to transfer orbits, but it is necessary because the opposite apsis is
still below Earth’s surface, and the second stage may not have sufficient impulse
to raise it above the atmosphere. Igniting the second stage at a location other
than the apogee again has the effect of raising both the perigee and the apogee.
In this case, because only one stage is left, the burn is designed to raise the
apogee to the desired altitude of the final orbit. After the second stage burns out,
the vehicle coasts up to the new apogee and ignites the third stage. This will raise
the perigee up to the final orbit altitude without changing the altitude of the
apogee.

Impact-Point Tracks. By always burning on the ascending side of the
trajectory and iteratively raising the apogee while the transfer orbit remains
suborbital, anything jettisoned before the final burn will reenter the atmosphere
and either burn up or impact Earth’s surface. As the burn of each stage
progresses, the point at which the transfer orbit intersects the Earth extends
farther and further downrange until, at some point late in the final burn, there is
no longer a point of intersection. These points of intersection comprise the in-
stantaneous impact-point track. Clearly, as the vehicle is coasting, the instan-
taneous impact point does not change. Conversely, during a motor burn, it is
constantly changing and each point represents the location of impact on Earth if,
in fact, the thrust were to be instantly terminated either by design or due to some
sort of failure. It is this impact-point track and the need for it to avoid populated
areas that is a primary source of inclination restrictions from various ranges.

For any rocket launch, whether it be space-based, suborbital, ground-
launched, ship-launched, or air-launched, the public-safety considerations that
must be satisfied are very stringent. Those stages of a rocket that are jettisoned
before reaching orbit should avoid land. And no launch vehicle whose impact-
point track nominally crosses land can risk a casualty among the public with
a probability of greater than 30 in a million. Calculating the expectation of a
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casualty depends on many factors, including the reliability of the launch vehicle
(e.g., how many failures it has had in the past), the density of the population
being overflown, and the speed with which the instantaneous impact-point track
crosses over a populated region. Late in flight, the distance between successive
impact points increases dramatically and reduces the risk to the population be-
low. This is why it is generally more permissible to overfly populated regions far
downrange than it is early in flight. For instance, the risk to a populated region
in Africa from a rocket launched at the Eastern Range would, in general, be less
than the risk posed to an area with the same population density overflown in the
Caribbean. This is not to say that overflight of any part of Africa is acceptable.
There are some extremely high population densities in Africa, especially along
the west coast of northern Africa, which are avoided at all costs. And it is this
very consideration that constrains the paths of many launch vehicles from the
existing ranges.

The key land masses that must be avoided early in flight for vehicles
launching from the Eastern Range include the entire eastern seaboard of the
United States when launching on an ascending pass (northerly direction) and the
Caribbean and South America when launching on a descending pass (southerly
direction). For maximum performance from any given launch vehicle, this re-
stricts the range of inclinations achievable from the Eastern Range to between
roughly 28.5° and 51° for ascending passes and between 28.5° and 40° for de-
scending passes. Clearly, inclinations outside this range would be achievable if
plane changes were instituted, but that has the disadvantage of reducing the
maximum available performance for any given launch vehicle. Higher inclina-
tions are available from the Western Range but restrictions still exist there due
to Hawaii, islands in the South Pacific, and the western coasts of both North and
South America.

When the inclinations from both the Eastern and Western Ranges are
combined (assuming direct injection), a block of inclinations is unavailable with-
out plane changes and subsequent reductions in weight-to-orbit capabilities. For
small payloads with limited budgets that require an inclination outside what is
directly available from the existing ranges, the cost of launching on the heavy-lift
launchers that can execute the necessary plane changes can be prohibitive. And
reducing launch costs by flying as a secondary or even tertiary payload is ad-
vantageous only in the rare event that a primary payload can be found that
requires the same final orbit. For these customers, Pegasus and Shtil provide an
alternative due to their relatively low cost, mobility, and self-contained launch
infrastructure. Sea Launch provides a similar alternative for the heaviest sat-
ellites that are intended for either GEO or low Earth orbits.

Plane Changes Required to Achieve Low Inclinations. The inclination of
an orbit represents the angle between the equatorial plane and the orbital plane
around Earth. This also happens to be similar to the definition of lines of lat-
itude. It is no coincidence then that the maximum latitude of the ground track for
any object in space is roughly equivalent to the inclination of the object’s orbit.
The only reason that the maximum latitude is not exactly equal to the inclination
is because Earth is not a perfect sphere. Conversely, this implies that the min-
imum inclination attainable by a launch vehicle is roughly equivalent to the
latitude of the location from which it is launched. The maximum is 180° minus
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the latitude of the launch point. This leads to the important conclusion that the
only latitude from which all inclinations are directly accessible is 0° (the equa-
tor). The Eastern Range is at a latitude of roughly 28.5°. Therefore, the minimum
inclination attainable without plane changes is roughly 28.5°. Lower inclinations
can be achieved by launching into any available inclination, achieving a prelim-
inary orbit, and then making an inclination correction burn when the satellite is
over the equator or at any latitude that is numerically less than the desired
inclination. The significant disadvantage of this process is that inclination
changes while in orbit require a great deal of energy. The larger the change in
inclination required, the more energy must be expended. Depending on the final
orbit desired, this usually requires an additional stage to correct the inclination
and achieve the final orbit. The most common recipient of this type of orbit
maneuver is a satellite headed to geosynchronous orbit. However, there are low
Earth orbit payloads that require low inclinations as well. The ability of Pegasus
and Shtil to move the drop point to a latitude from which such energy-intensive
plane changes would not be required permits smaller launch vehicles to achieve
the same orbit from lower latitudes that larger vehicles can achieve from higher
latitudes. The difference in cost, complexity, and performance can often mean the
difference for some customers between launching or not.

Some launch locations maintained by other countries are at significantly

lower latitudes than those in the United States. For some customers, such ranges
can provide the necessary services. However, many satellites in the United
States, especially government sponsored, are required to contract with a U.S.
launch service provider and use a U.S. controlled range.
Phasing. An object’s orbit is essentially a locus of points that defines the path
of the satellite. Those points define a plane that goes through the center of Earth.
To define an object’s precise position within an orbit, that plane and every po-
sition in it is defined with respect to both Earth and a coordinate system, one of
whose axes always points toward the vernal equinox. Every position of a satellite
as it orbits Earth is defined in terms of an epoch (time), the semimajor axis, and
eccentricity, measured from Earth’s center, inclination and argument of perigee,
which are both referenced to Earth’s equator, and the right ascension of the
ascending node, which is referenced to the vernal equinox frame.

A rendezvous between two objects in space involves a series of maneuvers
designed to make the orbital elements of both objects the same, hence confirming
the fact that they have, in fact, become a single object orbiting Earth. Just as
motor burns can raise or lower the perigee or apogee of an orbit or change the
inclination, so too can motor burns be used to change every orbital element that
defines a satellite’s motion. However, changing some of those elements, especially
those that require plane changes, requires large amounts of energy, and they are
considered “expensive” in the parlance of orbital mechanics. One way to avoid
paying the high price of actively changing the orbit of a satellite with a motor
burn is to do it passively through the aid of various external forces. Several
naturally occurring forces cause every orbital element to change over time. These
include atmospheric drag, solar radiative pressure, the gravitational attraction
of the Moon, Sun, and planets, and the nonuniform gravitational forces due to
Earth’s oblateness. These forces can be used to one’s advantage when planning a
rendezvous mission. However, some changes resulting from these forces can take
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a very long time to reach significant levels. This means that the initial differences
between the rendezvousing satellite and the target must be initially small to
avoid spending too much unproductive time in orbit. This can be accomplished by
simply timing the launch appropriately so that at the time of orbital insertion,
the satellite that has newly arrived in orbit is very close to the orbital plane of the
target satellite.

To accomplish this maneuver, the launch must occur when the target sat-
ellite passes almost directly overhead. It also must be passing in the same di-
rection as the intended launch. In other words, if the satellite being launched
is to head off in a southerly direction (along the descending pass), the target
satellite must be overhead and also on its descending pass as well. Otherwise,
the two satellites will end up with right ascensions that are 180° apart which
would be excessively expensive (either in terms of time or energy) to correct once
in orbit.

For ground-launched vehicles, the wait between successive passes of the
target satellite could be as much as several days, depending on the target orbit
because the distance between ground tracks on successive passes depends on the
period of the orbit, which depends on the orbit’s semimajor axis. Clearly, the
ground track of an object that requires only 90 minutes to orbit Earth will be
more closely spaced than the ground track of an object whose period is several
hours. These ground tracks will pass to the east and west of the given launch site
on a daily basis, but the distance between the ground track and the launch site
will only be minimized by a periodicity of the order of days.

Mobile assets, however, can eliminate the wait by essentially choosing a
launch point that is ideally suited for a rendezvous. Instead of waiting for the
ground track to come to the launch point, the launch point is moved to the
ground track. In this way, the launch opportunities can be reduced from one
every two to three days to at least once a day if not twice a day, if the launch
vehicles have the flexibility to launch on both ascending and descending passes.

Consider an example of a satellite being launched by a Pegasus XL to ren-
dezvous with a satellite currently in orbit at an altitude of 400km circular. A
normal ground-launched vehicle would require a wait of about 2 days between
successive launch attempts. However, the mobility of Pegasus permits two
launch opportunities every day, which is graphically represented in Figs. 9 and
10. Two key assumptions need to be kept in mind when viewing these figures.
The first is that the maximum range of the Pegasus carrier aircraft is roughly
1000 nmi. This includes a captive carry to the launch site, an aborted launch, and
a return to base with Pegasus still attached. The second assumption is that for
launches that do not require the full advantage of Pegasus’ mobility, the standard
launch point for Pegasus out of the Eastern Range is 28° N, 281.5° E. The vertical
axes in Figs. 9 and 10 represent the difference in argument of latitude between
the two satellites (the angular separation within the same orbital plane). The
horizontal axis represents the launch point as the difference in degrees from the
nominal point listed before. The diagonal lines represent the difference in ar-
gument of latitude for each day in the first week of October, which was chosen
simply as an example. Figure 9 represents the difference in argument of latitude
for northerly launches (lJaunch along the ascending pass). Figure 10 represents
the difference in argument of latitude for southerly launches (launch along the
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Figure 9. Graph of difference in argument of latitude for northerly launches.

descending pass). The horizontal lines simply demarcate zero angular separation
between the two satellites.

The intersection of a diagonal line with a horizontal line defines a drop
point within the range of the Pegasus carrier aircraft from which Pegasus can be
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Figure 10. Graph of difference in argument of latitude for southerly launches.
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launched and effectively deliver its satellite to the front door of the target sat-
ellite at the time of orbital insertion. Realistically, this is not how a rendezvous
would normally be achieved. Ideally, the satellite being launched would be placed
in a temporary parking orbit slightly below and behind the target satellite. Over
the course of several orbits the distance separating the two objects would be
slowly decreased using several controlled burns of the satellite just placed in
orbit. This would imply that a drop point is needed not to achieve 0° difference in
argument of latitude but some finite value. The example is still valid. Simply
shift the horizontal lines up or down until the desired difference in argument of
latitude is matched. Again, an intersection between a diagonal line and the hor-
izontal line defines a launch point within the range of the Pegasus carrier air-
craft that would result in the desired difference in argument of latitude.

As can be seen from Figs. 9 and 10, every day except two in the first week of
October provides two launch opportunities. A southerly launch on the 3rd does
not provide a drop point within the range of the carrier aircraft that will achieve
the desired result. However, a drop point can be found on that day if the launch
is along the ascending pass instead. Likewise, a suitable drop point cannot
be found within the range of the carrier aircraft on the 6th of October when
launching along the ascending pass, but one can be found if launching in a
southerly direction. The same qualitative results would be obtained for any other
time frame. The quantitative results might be slightly different. For instance,
instead of having only one launch opportunity on the 3rd and 6th it may be the
4th and the 7th. But the end result is the same. The mobility of Pegasus and, by
definition, Sea Launch, and Shtil provides ideal rendezvous launch opportunities
at least once a day and in most cases twice a day.

Clearly there are disadvantages with all of these mobile assets. Pegasus is
limited in its size due to the restrictions of the L-1011 and, more importantly, the
mechanical limitations of the hooks that hold the vehicle to the plane. Sea
Launch has somewhat of a temporal disadvantage in that it requires almost
2 weeks to travel to the launch site. Those problems are exacerbated for Shtil
because its home port is farther north. Nonetheless, for some specific missions,
the mobility and flexibility that are provided by these unique space-launched
assets provide valuable supplemental services to the fleet of existing ground-
launched vehicles.
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APOLLO 17 AND THE MOON

Apollo 17 was not the last flight of humans to the Moon. This writer was not the
last human being to step on the lunar surface. More lunar exploration and even
lunar settlement will occur, baring the future stagnation or disappearance of our
civilization. Exploration and scientific investigations in the earth sciences are
rarely complete, particularly for studies related to a specific field site. A long
hiatus between field investigations may occur, but other forms of investigation,
directly or indirectly related, continue. Apollo 17’s field study of the Valley of
Taurus-Littrow on the Moon in 1972 and subsequent examination of its signif-
icance to our understanding of the origin and evolution of that small planet and
of our own constitute a good example of these facts of scientific life. As the third
of the specifically “science” missions to the Moon in the twentieth century, Apollo
17 actually became the last lunar landing of the Apollo Program in September
1970 (1) rather than on 11 December 1972 when the mission reached Taurus-
Littrow. The National Aeronautics and Space Administration (NASA) and the
Administration of President Richard M. Nixon, with the acquiescence of the
Congress, had concluded that no further planned amortization of the American
taxpayer’s investment in deep space exploration would be undertaken. As his-
torically naive a political decision as this may seem today to some, it did not
prevent the achievement of one of the Program’s major goals—gaining a first-
order understanding of the Moon and its relationships to the terrestrial planets.
This became one of the primary historical legacies of the post-World War II
generation.

Apollo had evolved quickly and radically toward increased scientific em-
phasis after Neil Armstrong first stepped on the Moon on 20 July 1969. Its
purpose changed from the completed goal of meeting President John F. Ken-
nedy’s challenge (2) to land “men on the Moon and return them safely to Earth,”
to an objective of increasing human knowledge about the Moon and space. This
would be done to the maximum extent possible using the technological and op-
erational systems in hand and reasonable extensions of that capability. This shift
in emphasis occurred smoothly and rapidly thanks to the foresight of senior
NASA managers such as George M. Low, Apollo Spacecraft Program Manager;
Robert Gilruth, Director of the Manned Spacecraft Center; Eugene Kranz, Chief
of the Flight Control Division; Maxime Faget, Chief Engineer of the Manned
Spacecraft Center; and General Samuel Phillips, Director of the Apollo Program.
As early as the spring of 1969 (3), scientific packages were being enhanced,
adding new experiments and improving old ones. Astronaut training in field
geology, overseen by the author for the Astronaut Office, was altered to consist of
field simulations (4) at geologically relevant sites using mission-specific equip-
ment and procedures. These scientific training exercises taught pilots the art of
geologic observation, sampling, and documentation and also put that learning in
the context of real geologic problems related directly or indirectly to those they
would encounter on the Moon. In addition to the U.S. Geological Survey’s Prin-
cipal Investigators for field geology, Eugene M. Shoemaker, Gordon A. Swann,
and William R. Muehlberger (also of the University of Texas), world-renowned
Earth scientists who doubled as outstanding teachers were given increased
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access to mission planning, mission operations, and astronaut training. These
new participants included Richard H. Jahns (Stanford University), Robert P.
Sharp and Leon T. Silver (California Institute of Technology), James B. Thomp-
son and James Hays (Harvard University), and Gene Simmons and William
Brace (Massachusetts Institute of Technology). Also important to science was an
increase in the capability of the Lunar Module (5) so later missions could include
heavier scientific payloads, a lunar roving vehicle, and greater consumables,
thus, longer time on the Moon. These augmentations meant a large increase both
in time for exploration (22 hours for Apollo 17 versus a total of 19.4 hours for
Apollo 11, 12, and 14, combined) and in distance traveled (35km for Apollo 17
versus ~5km combined walking distance for Apollo 11, 12, and 14).

The Apollo 11, 12, and 14 missions were flown largely under the original
payload, training, and operational constraints imposed by the race to the Moon
and the conservatism necessary for success in that race. These missions still
managed, however, to produce remarkable suites of samples, photographs, and
observations in addition to giving the Apollo team the operational confidence to
land at more challenging but scientifically more interesting locations away from
the lunar equator. In spite of the operational limitations, the analysis of samples
and other information returned from the first three landing sites rapidly in-
creased the understanding of the Moon and its history. Ironically, the Apollo 13
mission, which failed to land on the Moon, set the stage for the even more spec-
tacular scientific returns from the last three landings, Apollo 15, 16, and 17. The
crew and backup crew of Apollo 13 had embraced the new training emphasis on
field geology and encouraged the Apollo 15 crew to follow suit. Apollo 13’s backup
crew, already convinced that a science focus was important, was assigned to fly
the Apollo 16 mission. Finally, the designation of a scientist and geologist as the
Lunar Module Pilot on Apollo 17 assured that all of the last three missions truly
would be “The Great Voyages of Exploration” (6).

Due to the foreknowledge that Apollo 17 would be the last of the Apollo
series, selection of its landing site became a contentious issue (7) among lunar
scientists and between lunar scientists and operational planners. The usual
candidates for landing sites reappeared: crater floor and central peak opportu-
nities for deep sampling of the lunar crust, like the impact crater Copernicus;
possible volcanic features, like the Davy Crater Chain and dark material in
Alphonsus; and highland areas such as the rim of the crater Tycho and an area
“Southwest of Crisium.” Even a farside landing in the basin Tsiolkovskiy was
given brief consideration due to the efforts of the author (8). Eventually, however,
the scientists became increasingly interested in an unnamed, 2300-m deep,
50-km long valley, radial to the 740-km diameter circular basin, Serenitatis, that
cut through the Taurus Mountain ring near the crater Littrow. This Valley of
“Taurus-Littrow,” however, was not a favorite of the operational mission plan-
ners. In spite of the pinpoint landing accuracy they had demonstrated on all
previous missions since Apollo 11, the narrow valley, the mountainous approach,
and the high valley walls gave the planners pause. Their legitimate concerns
were compounded by the relatively short time, only 14 minutes, for navigational
updates after acquisition of communications from the lunar module, Challenger,
as its last orbit before landing carried it around the Moon from the farside.
Initially, trajectory calculations indicated that three-sigma errors, the normal
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Figure 1. Night launch of the Saturn V rocket carrying the Apollo 17 Mission to the
Moon at 12:40 aAM., 7 December 1972 (courtesy of NASA). This figure is available in full
color at http://www.mrw.interscience.wiley.com/esst.

extremely conservative planning limit, might result in hitting the side of the
northern mountain wall. Gradually, however, refinements in navigational tech-
niques for the mission and the inevitable synergistic give and take that so char-
acterized Apollo interactions narrowed the three-sigma errors to about 1-km, the
limit where all agreed that Taurus-Littrow could be the selected site. Thus, in
late February 1972, only 9 months from launch, Taurus-Littrow was approved as
the exploration site for Apollo 17 (9) (Fig. 1).

The Apollo 17 Mission

The Valley of Taurus-Littrow (Fig. 2) offered four major benefits as the last Apollo
landing site, taken in the context of a final test of then current hypotheses related
to the origin and evolution of the Moon. First, photogeologic analysis indicated
that Taurus-Littrow provided access to a three-dimensional window into a moun-
tain ring created by the Serenitatis large basin-forming event, by now well es-
tablished as the result of a giant impact of an asteroid or comet. Second, major
units of mare basalt and older nonmare rocks would be within easy reach of roving
vehicle traverses. Third, a mantle of dark, possibly young volcanic debris partially
covered the region as well as portions of the valley, and craters of a range of depths
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Figure 2. The Valley of Taurus-Littrow as seen from the Commander’s window on the
left side of the Lunar Module Challenger on the orbit of the Moon before landing. The view
is approximately west northwest, looking toward the Serenitatis Basin (courtesy of
NASA). This figure is available in full color at http:/www.mrw.interscience.wiley.com/esst.

penetrated this debris and the underlying basalt. And, fourth, the valley lies about
600-km north and 200-km east of the Apollo 11 and Apollo 15 sample areas, re-
spectively, adding significantly to our exploration coverage of the Moon’s nearside.

The Lunar Module crew of Apollo 17, Commander Eugene A. Cernan, and
the writer as geologist and Lunar Module Pilot, conducted 22 hours of field ex-
ploration and experiment deployment in the Valley of Taurus-Littrow between 11
and 14 December 1972. During this period, the crew investigated, photographed,
and sampled 11 major field locations. We traversed, observed, and sampled more
than 35-km of the valley floor and obtained and documented 120-kg of samples
from 97 major boulders and 75 other lunar materials. We took 2200 documen-
tation photographs and deployed the 11 experiments of the Advanced Lunar
Science Experiment Package (10). The crew had trained together for 15 months
before launch, several days a month consisted of simulated traverses at field sites
illustrating one or more of the types of geologic problems expected on the Moon
and specifically at Taurus-Littrow. Combined with the geologic experience of the
author, the organization and flexibility of the exploration plans (11-13), and the
close cooperation of the science team in direct support on Earth, this training
gave a stronger scientific foundation to Apollo 17’s exploration that had been
possible during previous Apollo missions (14,15).
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The North and South Massifs constitute the major structural boundaries of
the Valley of Taurus-Littrow. Slopes of an approximately constant 25° flank the
Massifs, rising 2000 and 2300 m, respectively, above the valley floor. Discontin-
uous, but roughly horizontal exposures of thick sections of crustal rocks that
predate the major mare basalt eruptions exist on the steepest upper slopes.
These outcrops or near outcrops create numerous fields of exposed rock from
which tracks lead downward to some of the sampled boulders at the base of the
Massifs. Interlocking domes called the Sculptured Hills constitute Taurus-Litt-
row’s northeastern wall and have concentrations of boulders apparent only on
the inaccessible upper slopes of these hills. The valley floor consists of an un-
dulating, highly cratered, relatively flat surface, covered largely by broken and
pulverized basalt. One group of the cluster of craters surrounding the spot where
Challenger landed, lies on a ray of secondary ejecta from the crater Tycho (16)
2000-km to the southwest. The largest of these craters is about 600-m in diam-
eter. An older cluster of craters of about the same range of sizes cut into the floor
northeast and to the west of the landing point, near the base of the North Massif.
An irregular fan of material, the light mantle, projects northeast from the base of
the South Massif. Finger-like projections of this fan reach out as much as 6-km
from the Massif. Premission photographs suggested that a mantle of dark ma-
terial covers the valley as a whole, including portions of the surrounding moun-
tains. All surfaces are composed as pulverized debris called “regolith” (17),
consisting largely of fragments of the bedrock below mixed with dark mantling
material and other materials thrown into the area by more distant meteor im-
pacts or introduced by volcanic eruptions younger than the bedrock.

Scientific activities in Taurus-Littrow (Fig. 3) began with the deployment of
the experiments constituting the sixth and final Apollo Lunar Surface Exper-
iments Package (ALSEP). This package had been enhanced to have a design life
of 2 years rather than one (18). In connection with drilling holes for the heat flow
experiment, two cores through the upper 3.2-m of the central valley regolith were
obtained. Despite minor interruptions to work on technical problems with the
ALSEP, about a third of the first excursion (extravehicular activity or EVA) and
most of the second and third excursions concentrated on the planned traverses
and exploration. Actual traverses followed this plan closely (19-22) except for a
curtailed first traverse that only reached a point on the rim of Steno crater rather
than reaching the original objective of Powell and deletion of the third traverse’s
Station 10 at Sherlock. Investigations of the basaltic mare materials south of the
landing point began on the first excursion. On the second day, the traverse went
west to sample premare materials at the base of the South Massif (Station 2). We
then worked back over the light mantle deposit (Stations 2A and 3); to the dark,
possibly volcanic crater, Shorty (Station 4); over the contact between light mantle
and mare; and finally into the basalt boulder field surrounding the 100-150 m
deep crater, Camelot (Station 5). The third day started with a long study of large
boulders at the base of the North Massif (Stations 6 and 7), followed by sampling
in the regolith at the base of the Sculptured Hills (Station 8), and a final stop at
another possible volcanic crater, Van Serg (Station 9). Along each lunar rover
traverse, we periodically sampled the surface of the regolith across various ge-
ologic units, deployed explosive charges for the active seismic profiling exper-
iment, monitored the receiver for the surface electrical properties experiment,
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| APOLLO 17 LRV TRAVERSES

Figure 3. Apollo 17 exploration area in the Valley of Taurus-Littrow showing the land-
ing site, exploration stations (numbers), and general traverses (solid lines) (courtesy of
NASA). This figure is available in full color at http:/www.mrw.interscience.wiley.com/esst.

and obtained readings from the traverse gravimeter (23). The principal sampling
tools used included a rock hammer, a pair of long handled tongs, 35 and 70 cm
core tubes, a long handled scoop (also used for trenching), and a supply of pre-
numbered Teflon sample bags (Fig. 4).

Impact Cratering

Almost everything we think we know about to the Moon must be viewed through
the filter of impact cratering effects (Fig. 5) that have dominated lunar history
from its origin to the present (24-29). The impact of comets, asteroids, meteors,
micrometeors, dust, and energetic atomic and nuclear particles have modified
the surface and near-surface expression of all of the internally generated proc-
esses that contributed to the present physical nature of the Moon. The secondary
effects of each impact have magnified the importance of these impacts. Most
comet, asteroid, meteor, and micrometeoroid impact velocities are between 13
and 18-km/s, and some are as high as 70-km/s, giving target pressures at the
point of impact of several hundred Gpa (gigapascal). Extraordinary amounts of
heat per unit mass are released as conversion of kinetic energy into forward and
rearward shock waves takes place almost instantaneously. The amount of ex-
tralunar material that can be identified in regolith samples returned to Earth
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Figure 4. The author as a well-equipped astronaut on the Moon during the Apollo 17
mission in the Valley of Taurus-Littrow. He is using “the rake” sampling device to sift rock
fragments from the finer portions of the regolith and has a 70-mm Hasselblad camera
mounted on his chest (courtesy of NASA). This figure is available in full color at http:/
www.mrw.interscience.wiley.com/esst.

indicates that about 98% (30) to 99.7% (31) of all but the larger projectiles is
melted, vaporized, or ionized, and returned to space. The general characteristics
of lunar impact craters as a function of diameter are summarized in Table 1.
Processes associated with cratering and space radiation have created a
well-defined zone of debris that covers essentially the entire Moon; its thickness
depends on the length of exposure of a specific geologic unit or feature. This zone
is called the “regolith,” a terrestrial term also used for the Moon. Essentially all
the samples returned from the Moon by Apollo have come from the regolith or
from rocks incorporated within it. It has been defined as “the layer or mantle of
fragmental and unconsolidated rock material, whether residual or transported
and of highly varied character, that nearly everywhere forms the surface of the
land and overlies or covers bedrock. It includes rock debris of all kinds, including
volcanic ash...lunar regolith consists [largely] of particles <1l-cm in size al-
though larger cobbles and boulders, some as much as several meters across, are
commonly found....much of the pulverized material is melted and welded to-
gether to produce breccias (fragmental rocks) and impact melt rocks, which make
up a significant portion of the regolith...”(32,33). A particularly important part of
the lunar regolith consists of aggregates of rock, mineral, and glass fragments,
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Figure 5. The 95-km diameter impact crater Copernicus as seen from the Apollo 17
Lunar Module Challenger after its departure from the Moon on 14 December 1972. Data
from the Apollo 12 mission indicate that Copernicus formed about 900 m.y. ago (courtesy of
NASA). This figure is available in full color at http:/www.mrw.interscience.wiley.com/esst.

called agglutinates, held together by impact melt glass. Recently, it has been
shown that on the nanometer scale, iron metal particles accreted on and formed
in the rims of regolith grains significantly affect optical and magnetic properties
(34-36). Further, the lunar regolith contains embedded solar wind gases, mete-
oritic material, and isotopic products and crystal structure damage produced by
solar and cosmic radiation. The average depth of the regolith in a given area
reflects the age of the underlying bedrock. Lateral mixing of material derived
from adjoining bedrock units is a function of the age of the separating contact.

Origin and Evolution

A “standard” or “conventional” hypothesis for the origin and evolution of
the Moon evolved significantly during the last three decades of the twentieth
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Table 1. General Characteristics of Lunar Craters as a Function of Size?

Diameter range
examples

General characteristics

<10-m

~10-m to ~100-m
Van Serg and
Shorty Craters in
Taurus-Littrow

~100-m to ~10-km
Taruntius;
Camelot Crater in
Taurus-Littrow

~10-km to <300-km
Copernicus

* Craters norm ally do not penetrate the regolith.
* Depth to diameter ratio variable.
+ Glass discontinuously lines shallow pits in the center of fresh

craters.

* Mineral grains shattered around small craters on solid rock (zap

pits).

* Deep pits (~1/3 the crater diameter) in the center of some

craters.

+ Craters normally penetrate mare regolith if above 20-m

diameter.

* Depth to diameter ratio about 1:3 to 1:4 for fresh craters.
* Inner benches common if target material stratified.
* Regolith breccias present inside and on the ejecta blankets of

young craters.

* Ejecta blankets extend to about one crater diameter.
* Target strata are overturned, but original vertical sequence is

preserved in ejecta blanket.

* Both transient and initial steady-state craters are

hemispherical and have circular and raised rims.

* Depth to diameter ratio about 1:3 to 1:4 for fresh craters.
* Impact breccias present inside and on the ejecta blankets of

young craters.

* Ejecta blankets extend to about one crater diameter.
* Secondary impact cratering significantly modifies surface

features out to many crater diameters from the edge of
continuous ejecta.

+ Target strata are overturned, but their original vertical

sequence is preserved in ejecta blanket.

* Transient crater approaches hemisphere and has a circular

raised rim and probably is lined with a shell of impact melt.

- Initial steady-state crater has a flat floor and central mound or

peak.

+ Initial steady-state crater walls have many stepwise benches

(slump landslides) on walls.

* Hummocky crater floors and the depressions on wall benches

and near-rim ejecta blankets of larger craters have indications
of pools and flows of impact melt.

* Ejecta blankets extend to about one crater diameter.
* Target strata are overturned, but their original vertical

sequence is preserved in ejecta blanket.

+ Secondary impact craters, crater clusters, crater chains, and

herringbone crater chains extend several thousand kilometers
beyond edge of continuous ejecta.
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Table 1. (Continued)

Diameter range General characteristics
examples
>300-km (basin) + Transient crater depth to diameter ratio decreases with
Orientale increasing size as lithostatic pressures compete with explosive
pressures.

+ Transient crater has an increasingly flat trapezoidal
crosssection and increasing diameters.

+ Transient crater has a flat floor, a circular raised rim, and
probably is lined with a thick shell of impact melt.

+ Initial steady-state crater has a fractured, flat floor and central
ring or partial ring of peaks.

+ Initial steady-state crater walls have many wide, stepwise
benches (slump landslides) on walls.

+ Floors and depressions on wall benches and near-rim ejecta
blankets have indications of large pools, mantles, and flows of
impact melt. Impact melt also injected into target materials.

+ Ejecta and debris flow blankets extend beyond one crater
diameter.

* Two to six rings of mountains outside transient crater rim
around basins >400-km in diameter.

- Target strata sequence is not well preserved in ejecta blanket
due to extensive mixing of ejecta during flow.

+ Within one crater diameter of the final steady-state rim, there is
a continuous deposit of melt breccia, possibly several hundred
meters thick at the rim of the larger basins.

+ Secondary impact craters, crater clusters, crater chains, and
herringbone crater chains extend beyond the edge of continuous
ejecta and debris flows and reach thousands of kilometers and
probably around the entire Moon to the basin antipode.

“Ref. 620.

century. This hypothesis currently holds that the Moon formed about 4.57 billion
years (b.y.) ago by the aggregation of material produced during a giant impact
between the very young Earth and a Mars-sized asteroid; most metallic core-
forming material remained with Earth (37-43). Such an origin could explain the
high angular momentum of the Earth-Moon system and at least some of the
lunar geochemical constraints related to iron, volatile, and alkali elements other
than potassium (44). Soon after or during lunar aggregation, lunar core formation
occurred (45,46), and a Magma Ocean developed on its surface (47,48). The lunar
Magma Ocean largely crystallized within 50 million years (m.y.) of the creation of
the solar nebula and, at the same time, differentiated due to contrasts in mineral
densities into an olivine-pyroxene dominated mantle and a 60-70-km thick
Caplagioclase-rich crust (49,50). Late in this differentiation process, potassium,
rare-earth elements, phosphorous, and thorium-rich residual liquid (urKREEP)
(51) accumulated beneath the crust, largely in the region beneath what is now
the Procellarum basin (52-56). Late ilmenite-rich cumulates (57) sank toward



Vol. 1 APOLLO 17 AND THE MOON 27

the base of the less dense olivine and pyroxene cumulates carrying some
urKREEP material with them (58). Intrusive and extrusive basaltic magmatic
activity began soon after the Magma Ocean crystallized and, before the main
sequence of mare basalt eruption began at about 3.8b.y., produced the magne-
sium-rich suite of plutonic rocks (Mg-suite) (59-61), KREEP-rich basalts (62), and
the cryptomaria (63-66). At about 3.85b.y., a concentrated bombardment of the
crust took place that produced most or all of the ~50 basins greater than 300-km
in diameter visible today as well as most other observed cratering effects in the
lunar crust (67-71). The effect of this late lunar “cataclysm” was to reset the ages
of all crustal impact glasses yet studied (72,73). South Pole-Aitken basin is prob-
ably the only basin >1000-km in diameter to form during this late bombardment
(74); the Procellarum basin is an artifact of the superposition of several smaller
basins (75). A global magnetic field and presumably a circulating fluid metallic
core were present at least between 3.9 and 3.8b.y. (76-78). The core is now be-
tween 300 and 400-km in radius (79-81). Between 3.9b.y. and about 1.0b.y., mare
basalts and basaltic pyroclastic materials erupted, largely on the nearside of the
Moon (82-84). Major features on the Moon have been little modified subsequently
other than the development of several meters of impact-generated regolith on
most surfaces (85).

Although some aspects of this conventional hypothesis of lunar origin and
evolution are attractive and probably correct, as will be discussed throughout
this article, numerous difficulties exist in reconciling a number of its implications
with everything we think we know about the Moon (86-89). Some of the major
questions that can be raised with the conventional hypothesis are as follows:

1. Was the Moon formed as a result of a giant impact on Earth immediately
after Earth’s accretion or was it formed independently and later captured?

2. Did core formation in the Moon and other terrestrial planets occur imme-
diately after their accretion or was it delayed by the existence of a silicate
protocore?

3. Did thermal convection and/or impact-induced splash cooling play a sig-
nificant role in the crystallization and differentiation of the Magma Ocean?

4. Did the Moon’s Magma Ocean’s late ilmenite-rich cumulate sink near the
base of the cumulate pile globally or only in response to local destabilization
by the formation of a few extremely large impact basins?

5. Was the Moon’s Magma Ocean’s residual liquid (urKREEP) initially con-
centrated beneath the Procellarum Basin or distributed in a spherically
uniform shell under the lunar crust?

6. Was the global thermal insulation effect of the impact-generated megar-
egolith of the lunar highlands critical to the later formation of the magmas
that formed the basaltic maria?

7. Is the Procellarum Basin a consequence of the merging of several smaller
basins or of a single extremely large impact?

8. Were the one or more extremely large impact basins and the ~50 large
basins on the Moon the result of a “cataclysm” of impacts at about 3.85b.y.
or of a sustained bombardment lasting about 400 m.y.?
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9. Was melting of the mantle due to pressure release (90) after large basin
events significant in generating of magmas related to the Mg-suite of lunar
rocks?

The scientific results of the Apollo 17 mission can now be viewed in the context of
the conventional hypothesis and questions about that hypothesis from the per-
spective of more than 40 years of modern study of all of the Apollo missions and
other lunar investigations. These later investigations have included telescopic
and photogeologic mapping of the lunar surface, Apollo sample analyses, auto-
mated missions that both preceded (91) and followed Apollo, and the remarkable
thought and computer modeling that has been stimulated by the collected data.
Broadened multidisciplinary discussions of lunar origin and evolution are as-
sisted by a descriptive formulation of the formative stages of lunar evolution as
an augmentation of the traditional time-stratigraphic approach (92). The term
“stage” is not used below in the normal time-stratigraphic sense (93). Rather
“stage” is used in a more general sense for overlapping periods of lunar history
that have definable but somewhat arbitrary beginnings and endings due in large
part to the current incompleteness of information about the absolute ages of
lunar events. Thus, the evolution of the Moon as a small planet (94-98) can be
descriptively summarized as follows (Plate 1):

Major stages of lunar evolution

1r I Beginning (large earth impact or capture)

2 - Magma ocean/crust and upper mantle form

3 r . Cratered highlands/very large basins

4 I I:I Large basins
% da — Old large basins/crustal strengthening
7

4 L O Young large basins/core formation

Cataclysm ?

5a |- 1 cryptomaria

5b |- [ Maria ] 2
ATi-rich  Ti-poor Ti-rich 4
T T

T
5.0 4.0 3.0 2.0 1.0
Billions of years before present

Red = Major uncertainty

Plate 1. Major stages of lunar evolution. This figure is available in full color at http:/
www.mrw.interscience.wiley.com/esst.
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Stage 1: Beginning [Pre-Nectarian (99)]—4.57b.y. before present

Stage 2: Magma Ocean (Pre-Nectarian)—4.57-~4.2(?) b.y.

Stage 3: Cratered Highlands/Very Large Basins (Pre-Nectarian)— ~4.4—
~4.2(?) b.y.

Stage 4: Large Basins—(Pre-Nectarian—-Upper Imbrium)— ~4.2(?)-3.8b.y.

Stage 4A: Old Large Basins/Crustal Strengthening (Pre-Nectarian)—
~4.2(7)-3.92b.y.

Stage 4B: Young Large Basins (Nectarian—Lower Imbrium)—3.92-3.80b.y.

Stage 5: Basaltic Maria (Pre-Nectarian—Copernican?)— ~4.2(?)-1.0(?) b.y.

Stage 5A: Cryptomaria (Pre-Nectarian)— ~4.2(?)-3.92b.y.

Stage 5B: Maria (Upper Imbrium—-Copernican?)— ~3.9-1.0(?) b.y.

Stage 6: Mature Surface (Pre-Nectarian—Copernican)— ~ 3.9 b.y.—Present.

Each of these formative stages overlapped significantly. The Magma Ocean
began to form before the end of lunar accretion and probably was not fully so-
lidified until after the end of the formation of old large basins. The Cratered
Highlands overlapped at least the beginning of the Large Basin Stage. The
Basaltic Maria magmas probably began forming initially by pressure-release
(decompression) melting and then by thermal remelting of the upper mantle.
Basaltic maria lavas first appeared on the lunar surface during the Large Basin
Stage as cryptomaria and then partially filled many later large basins and other
depressions. The regolith that underlies mature surfaces began forming on ex-
posed units at the beginning of the Cratered Highlands Stage and continues to
form today. Graphical cartoons illustrating this formulation of lunar evolution
are referred to by Plate number in the following discussion.

Beginning (Stage 1). Discussion of the origin of the Moon (Plates 2 and 3)
includes issues related to the origin of Earth and also to the origin of the solar
system as well (100,101). One of the few undisputed scientific conclusions about
the solar system as a whole is that it was formed from a concentration of inter-
stellar dust and gas 4.567 b.y. ago. This conclusion is inferred from the radiometric
ages of chondritic, eucritic, and iron meteorites (102-104) and from the initial
isotopic ratios (radiometric model ages) of many lunar samples (105). Meteorites
and lunar samples also preserve a record of extinct radionuclides. This record is
consistent with the hypothesis that the formation of our solar system was ini-
tiated by an interstellar shock wave generated by a nearby supernova (106-108)
that contributed the now extinct radionuclides and other materials to the solar
nebula. The chemical similarity of carbonaceous chondrite (CI) meteorites to the
composition of the Sun (109) and the current apparent abundance of such ma-
terial in the solar system have led to the assumption that these meteorites closely
represent the composition of primordial material that formed the Sun and the
terrestrial planets. Computer models of processes in the early nebula have cast
some light on what may have been happening after the shock wave during the
first 10 million years or so (110-112). Once the initial angular momentum of the
collapsing interstellar cloud had been dissipated and the rotating disk of the solar
nebula had formed around the young Sun, particles began to stick together. This
led gradually to the formation of planetesimals and then more rapidly to the



30 APOLLO 17 AND THE MOON Vol. 1

Apollo model of lunar evolution

Beginning
~4.567 plus b.y.

Current lunar
diameter

Magma ocean

Note: Zone of accretionary
Assumes a stirring, net

solar system heating, and volatile
origin depletion

independent
of earth.

*Core /

Primordial chondritic
core

Includes

*Primitive pb | FE,NI S,
*Chondritic w liquid
~Nonn:1ant|e droplets
volatiles
e Mantle/core »

*V Discontinuity (TranSItlor;

eIncrease in Al & M zone

«Timing \

*Hf/w gives <40 M.Y. \ QIS — FENLS,
after nebula formation liquid

for magma ocean life accumulation

© Harrison H. Schmitt
University of Wisconsin-

Madison — = 200-km

Plate 2. Apollo model of lunar evolution—Beginning ~4.567 plus b.y. This figure is
available in full color at http://www.mrw.interscience.wiley.com/esst.

formation of planets. The relationship at this point between Earth and the Moon,
if the Moon existed, remains unknown. Refractory element ratios (113,114) and
oxygen isotope ratios (115-119) indicate, within the limits of analytical error, that
the materials which accreted to form the two bodies came from the same accre-
tionary region (feeding zone) of the solar nebula.

After the initial analysis of the results of the Apollo landings and subse-
quent robotic missions was completed, the question of the origin of the Moon
boiled down to two competing hypotheses. As discussed before, a majority of
present workers favors formation of the Moon as a result of the impact of a
differentiated “Mars-sized asteroid” with a young but at least partially differen-
tiated Earth. General computer modeling of such an origin suggests that it may
explain the unusually high angular momentum of the Earth-Moon system
(120,121). On the other hand, the amount of iron in the Moon (12%) in compar-
ison to just Earth’s mantle (8%) appears to require that 90% or more of the Moon,
formed in this “giant impact” model, must come from the impactor and relatively
little from Earth’s mantle (122). A similar conclusion can be drawn from con-
sideration of Hff/W systematics for Earth and the Moon (123). Thus, the giant
impact model represents more of a Moon formed by impact-assisted capture of
the mantle of the impactor rather than including a measurable fraction of the
mantle of Earth. Increasingly, some of the geochemical inconsistencies of this
computer model, particularly the evidence of an undifferentiated lower mantle
discussed below, are being recognized (124-126). Other workers previously have
suggested that the evidence supports the capture of the Moon by Earth after both
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formed independently as planets (127,128). In addition, models of giant impact
scenarios are becoming increasingly confining in their possible initial conditions
and subsequent evolutionary paths before the existing Earth—-Moon system could
have been created (129-136). Capture, provided that it is found compatible with
the constraints of angular momentum, appears to be better than a giant impact
in explaining the geochemical and geophysical structure of the lower mantle of
the Moon. It has been suggested qualitatively, however, that special conditions
related to a giant impact could produce the apparent undifferentiated charac-
teristics of the lower lunar mantle (137,138). Considerations of lunar accretion
from a circumterrestrial disk (139) also should receive additional attention in
modeling studies (140).

No modern modeling studies of the capture hypothesis have been conducted
since the early 1970s. Capture options, however, may exist that can explain the
high angular momentum of the Earth—-Moon system (141). Inherent in the cap-
ture hypothesis is the assumption that the Moon accreted in the inner solar
system simultaneously with Earth, beginning with a cool, chondritic protocore
upon which a Magma Ocean developed as the accumulated energy of accreting
material increased with time. Gaining an early slight advantage in mass, coor-
biting Earth would have grown more rapidly and attracted proportionally more
of the heavy element-rich planetesimals than the Moon, drawing from the
same radial mixing orbital reservoir (142) in the solar nebula. The relatively
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devolatilized character of the outer portions of the Moon, of which the Apollo
samples are representative, would result from a much less competitive lunar
gravity well relative to that of Earth both during accretion and during the im-
pact-enhanced devolatilization of the lunar Magma Ocean. Alkali element de-
pletions and isotopic ratios calculated for the Moon do not require the extreme
devolatilization of a giant impact (143). Laboratory studies suggest that the vol-
atility of sodium from a Magma Ocean is too low to account for the present
proportion of sodium in the Moon (144). These studies, however, have not taken
into account the pervasive stirring and spot high temperatures due to impacts
that would enhance the efficiency of devolatilization of relatively volatile ele-
ments. Impact-generated temperatures of several thousand degrees would have
existed locally near each impact point (145,146) and may have prevailed
throughout the upper portions of the Magma Ocean during the last phases of
extremely rapid lunar accretion. These portions of the Magma Ocean could be
said to be boiling! Limits to devolatilization are indicated by the lack of frac-
tionation between stable potassium and magnesium isotopes in the Moon; iso-
topic ratios of these elements are the same as Earth’s (147,148). This lack of
alkali isotopic fractionation and a rubidium/cesium ratio only a factor of about 2
greater than carbonaeous chondrites (149) indicate that the temperature of the
impact-stirred portion of the upper Magma Ocean (although potentially several
thousand degrees C) did not exceed that required for complete vaporization of
alkali components. The reduced state of the Moon (150,151) also may relate to
devolatilization of the Magma Ocean during which the ratio of water to iron was
decreased to the point where all remaining water was disassociated by reaction
with immiscible iron-rich liquid separating from the Magma Ocean.

The geochemical constraints of the lower mantle (below about 550 km), in-
dicated by analyses of lunar pyroclastic glasses, also support the capture hy-
pothesis. Volatiles and isotopic systems in the pyroclastic glasses that indicate
largely undifferentiated source regions in the lower lunar mantle are incompat-
ible with a Moon formed from the differentiated mantles of two impacting bodies,
as required by the giant impact hypothesis of origin. Data from the Apollo 17
deposit of orange pyroclastic volcanic glasses have contributed significantly to
this continuing debate over the origin of the Moon. The discovery of orange
volcanic glass (“orange so0il”) in the rim of Shorty Crater (Station 4) and close to
its original point of deposition (152), subsequent recognition of volcanic glasses
as a widespread component of the lunar regolith, and detailed examination of
these glasses in terrestrial laboratories established a number of new geochemical
constraints on the origin of the Moon (153-155). Finding the orange glass (Figs. 6
and 7), whose geology is discussed under the Basaltic Maria Stage below, came
from the convergence of a number of factors. First, one of the primary objectives
of the mission to Taurus-Littrow was to search for the cause of dark mantling,
possibly pyroclastic (explosive) volcanic deposits in the region. Second, premis-
sion consideration of multiple hypotheses for the origin of the dark-halo crater
called Shorty included the possibility that it might be a volcanic vent, even
though all evidence then available pointed to an impact origin. Finally, the
writer’s experience in volcanic provinces on Earth and his normal field geologist’s
instincts to watch one’s feet probably were important factors. From the moment
of discovery (156,157), it was clear that the orange glass would be significant, but
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Figure 6. View of the Station 4 area, the site of the orange volcanic glass on the south-
ern rim of the 110-m diameter Shorty Crater (to the right). The orange glass deposit lies
just this side of the large boulder on the rim of Shorty, behind and to the right of the lunar
roving vehicle and the author (courtesy of NASA). This figure is available in full color at
http:/www.mrw.interscience.wiley.com/esst.

how significant was not known until its return to Earth. It took detailed inves-
tigations in terrestrial laboratories before the ramifications of the glass slowly
became clear. The primary importance of the pyroclastic glasses relative to lunar
origin lies in the composition of the adsorbed volatiles on the surfaces of the
small glass beads, and devitrified glass beads, as distinct from the glass itself.
The volatiles washed from the surfaces of the beads are unlike any other lunar
materials yet analyzed (158,159). A similar volatile component exists in the
green volcanic glasses sampled by Apollo 15. Volatiles associated with both types
of glasses are enriched over associated basalts by factors > 100 in Cl, F, Br, Zn,
Ge, Sc, T1, and Ag and by factors > 10 in Pb, Ga, Sb, Bi, In, Au, Ni, Se, Te, and Cu.
These anomalies suggest that volatile components, otherwise depleted in lunar
samples, are present in significantly higher abundances in the source areas of
the volatiles accompanying pyroclastic glasses (160,161). The isotopic composi-
tion of the lead associated with the orange glass provides an even more unusual
data point. It is isotopically primitive (162-166), that is, the lead had not been
separated from its uranium and thorium radiogenic sources before eruption at
the surface. Similarly, there is a chondritic initial tungsten value for the com-
bined volatile and glass components, again suggesting that the lower mantle is
largely undifferentiated and close to chondritic in composition (167).

Thus, the data related to volcanic glasses indicate that the source of the
volatile components of the Apollo 17 orange glass lies below the devolatilized
and differentiated cumulates of the Magma Ocean (see below) in a relatively
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Figure 7. The Station 4 sample locality for the Apollo 17 orange volcanic glass, showing
the dark, reddish orange central zone of the deposit and light-colored altered regolith at
the left-hand contact (courtesy of NASA). This figure is available in full color at http:/
www.mrw.interscience.wiley.com/esst.

undifferentiated, possibly largely chondritic lower mantle. New assessments of
Apollo seismic data suggest that the transition between the upper and lower
mantle exists at about 550 km (168,169). A largely undifferentiated lower mantle
does not fit the current model of lunar origin from debris generated by the impact
of a differentiated planetesimal on a differentiated Earth. That debris would have
lost much of its chondritic character prior to lunar accretion (170-172). Addi-
tionally, unlike Earth, the hafnium-tungsten isotopic system has significant
variations within various categories of lunar samples (173,174) as a consequence
of internal differentiation of these elements during the Magma Ocean Stage of
lunar evolution (175). The mean model age (176) for the now extinct **?Hf (half-
life =9 m.y.) and its stable daughter ®2W is about 50 m.y. in samples directly or
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indirectly related to the differentiation of the majority of the lunar Magma Ocean
(177). The orange glass isochron (178) also indicates an age of 54 +7.5m.y. (179).
These data are consistent with the idea that most of the Magma Ocean crys-
tallized in 50 m.y. or less (180) and with theoretical analyses that Magma Oceans
existed on terrestrial planets only very early in the history of the solar system
(181).

Dynamical modeling and extinct isotope data (182,183) indicate that both
accretion and planetary differentiation took place rapidly. A ~50 m.y. model age
for forming major portions of the lunar mantle creates a very narrow, but not
closed, window for a Mars-sized planetesimal and Earth to interact to form the
Moon, considering that the total detectable life of *®?Hf would be ~90m.y. Thus,
within the first ~40m.y. of ®?Hf’s existence, the following must occur:

1. The supernova that created '®2Hf and other now extinct isotopes must
interact with and trigger the collapse of the interstellar gas and dust cloud
to form the solar nebula.

2. Angular momentum within the solar nebula must be dissipated.

3. Planetesimals that have chondritic proto-cores must form in the inner solar
nebula and aggregate into the terrestrial planets.

4. Magma oceans must form on some or all the terrestrial planets and be
sufficiently stable that Fe,Ni,S, liquid can separate and accumulate at the
base of the magma oceans.

5. Magma oceans must cool to a temperature where silicate crystallization
and differentiation can begin.

6. Fe,Ni,S, metallic cores must displace the chondritic protocores of Earth
and the impacting Mars-sized planetesimal if the Moon is to result from
their impact interaction.

7. Sufficient silicate cumulates must form in the lunar magma ocean to isolate
that portion of the Hf/W system in the source region of future mare basalts
from the residual Magma Ocean.

Because steps 14 probably took 20-100m.y. (184,185), then Hf/W system-
atics indicate that the formation of the Moon by a giant impact of another planet
on the Earth must have occurred within a very narrow window of time—the first
30m.y. or less. In spite of the narrowness of the opportunity, current modeling
suggests that this is the most likely period for a giant impact to have occurred in
the inner solar system (186,187). If such interaction did occur in this window and
magma oceans existed on both objects at the time of impact (188), metallic core
formation and initial mantle differentiation would have been incomplete. This
would be inconsistent with what is known about the chemistry of the Moon and
would require subsequent large accretionary impacts to adjust that chemistry to
what is observed (189). Additionally, as discussed above, the apparent 82Hf/*8?W
isochron age for the orange volcanic glass and its volatile component is
54+ 7.5m.y. This suggests that the deep source regions for the volatiles asso-
ciated with the orange glass became closed systems for Hf and W when the
volatiles’ source areas in the more primitive lower mantle were no longer exposed
to downwardly migrating Fe,Ni,S, liquid (see Magma Ocean discussion below).
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Such migration would have kept the system temporarily open relative to tung-
sten. Thus, until the giant impact model for lunar origin or even an impact-
assisted capture model or a circumterrestrial disk model can accommodate these
geochemical and geophysical constraints, none of these models represent reality.
At this time, the writer favors an origin by relatively passive Earth capture (190);
however, most workers in lunar science favor origin by giant impact. No evidence
has been recognized that would suggest when capture might have occurred;
however, apparent lunar tidal signatures in 2.0b.y. (191) and 3.2b.y. (192) old
terrestrial sedimentary rocks indicate a lunar influence on Earth’s oceans by at
least that time. The 3.2b.y. tidal signature also has been interpreted to indicate
that the lunar orbital shape at that point was similar to the current shape. If
tidal interaction between Earth and the Moon’s iron-rich core were necessary to
produce a dynamo-generated lunar magnetic field (193), then the Moon had been
captured by ~3.85b.y. ago. This is the age of the large impact basin Imbrium
(194), the oldest large basin that has a clearly identified remnant magnetic field
(195) antipodal to it.

Magma Ocean (Stage 2). A consensus has developed from the data from all
of the Apollo missions that, as accretion of the Moon accelerated, a silicate Mag-
ma Ocean was created (196-201) (Plate 2). Although debate continues as to the
depth of the lunar Magma Ocean, the geophysical constraints (202-204) appear
to indicate that only the outer ~500-km melted, another 50-100-km partially
melted, and a “primitive accretion core” (205), of roughly 1200-km radius, re-
mained relatively cool and solid. Melting of the accreting material was accom-
plished by the conversion of accretionary kinetic and potential energy to heat and
by the decay of short-lived radioisotopes such as aluminum-26 (206). As the
Magma Ocean formed, the dynamic heating, splashing, and stirring of the global
melt would have delayed differentiation (relative separation of the elements) due
to fractional crystallization, a process by which minerals more dense and less
dense than the parent melt sink or float, respectively, as they crystallize. As
discussed before, some volatile differentiation, due to the thermal escape of el-
ements too light and thermally energetic to be held by lunar gravity, would occur
during this formative period, provided that the temperature of the Magma Ocean
exposed to space reached several thousand degrees C. Thus, water, carbon di-
oxide, nitrogen, noble gases, and highly volatile elements, such as bismuth (Bi),
thallium (T1), indium (In), and cadmium (Cd) (207), are strongly depleted in the
outer Moon relative to solar and carbonaceous chondritic abundances (208).
Moderately volatile elements, such as lithium (Li), sodium (Na), potasium (K),
rubidium (Rb), and cesium (Cs), are somewhat depleted as well (209). Sodium is
depleted by a factor of 3-5 compared to Earth (210). The rare-earth elements,
however, do not show evidence of selective loss based on their range of volatility
(211). This suggests that at least some of the apparent elemental depletion pat-
terns in lunar materials were inherited from the materials from which it was
formed (212,213), either the differentiated mantle of a large impactor (giant im-
pact), a circumterrestrial postaccretion disk, or differentiated planetesimals
elsewhere in the inner solar system (capture). Also, as the materials from which
the Moon formed probably consisted of largely oxidized phases that had chondri-
tic affinities, initial separation of liquid metallic iron may not have occurred in
the early Magma Ocean. Rather, as accreting material began to melt, iron and
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nickel, along with sulfur, would be concentrated in an immiscible (214) metal-
rich liquid (Fe.Ni,S,) (215,216) accompanied by some portion of other side-
rophilic elements (217), including cobalt, precious metals, and platinum group
elements (PGE). The actual cobalt and nickel contents for the Moon as a whole
and for the lunar mantle in particular are still uncertain (218,219) and cannot
yet be relied upon to help unravel the question of lunar origin. An iron and
sulfur-rich liquid would have been an immiscible in the predominantly silicate
liquid of the Magma Ocean. As iron-rich liquids are very dense, >4.5-gm/cm?, a
rain of small droplets would aggregate rapidly on the floor of the Magma Ocean
(density ~3.3-gm/cm®) and ultimately move toward the center of the Moon
through the cooler lower mantle. In the process of nucleation in the Magma
Ocean, the immiscible Fe,Ni,S, droplets would react with any remaining water
to form hydrogen and iron oxide (wustite). Hydrogen would be dissolved in the
silicate liquid, maintaining a reducing environment in the Magma Ocean early in
its differentiation history. That this occurred is consistent with the necessarily
reduced state of europium ions in the Magma Ocean during differentiation (220)
and with experimental work (221) relative to chromium abundances in volcanic
glasses. Both facts indicate low oxygen fugacities (measures of the tendency
toward oxidation) in the Magma Ocean.

The next major change in the Magma Ocean began with the sequential
crystallization of silicate minerals (222-224) and their separation from the liquid
in relation to contrasting densities, that is, fractional crystallization (Plate 4).
This critical chemical differentiation process started when the rate of heat ad-
dition due to accretion and radioactive decay became less than the rate of heat
loss, and the temperature of at least portions of the Magma Ocean decreased to
about 1300°C. Minerals forming in a silicate liquid have compositions different
from that liquid, so chemical change in the liquid, that is, differentiation, results
when those minerals are separated from the liquid. Assuming that the compo-
sition of the Magma Ocean resembled an iron, nickel, sulfur, and volatile-de-
pleted carbonaceous chondrite, the first silicate mineral to begin to crystallize
was probably magnesium-rich olivine [(Mg,Fe)SiO4], followed closely by mag-
nesium-rich orthopyroxene [(Mg,Fe)SiOs] (225) (Plate 4). Olivine and orthopyr-
oxene crystals below the zone of likely continued impact-induced turbulence
sank to the floor of the Magma Ocean as cumulates. There, they were immersed
in the ocean’s residual silicate liquid which ultimately solidified interstitially,
forming more olivine and pyroxene but eventually crystallizing calcium-rich
plagioclase [(Ca,Na)Al(Al,Si)Si5Og], ilmenite [FeTiO3z], and other minor minerals.
These interstitial minerals make up only a few percent of the final cumulate
mantle rock but included trace amounts of radioactive isotopes of potassium,
uranium, and thorium, important in the later remelting of the upper mantle to
generate the mare basalts (see mare basalt discussion below). Above the roughly
500-km deep presumed base of the cumulate zone, seismic velocities (226) are
consistent with those measured for a mixture of magnesium-rich olivine (75-85%
fosterite component) and pyroxene. Mare basalt melting experiments suggest
that pyroxene in the upper mantle probably varies upward from orthopyroxene
dominant to pigeonite [(Ca,Mg,Fe)(Mg,Fe)Si;Og] dominant to calcium clinopyr-
oxene [Ca(Mg,Fe)Si;Og] dominant. These minerals and their compositions are
consistent with phases found in equilibrium with the mare basalt magmas at
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Plate 4. Apollo model of lunar evolution—Magma Ocean Stage ~4.567 minus
~0.040b.y. This figure is available in full color at http:/www.mrw.interscience.wiley.
com/esst.

pressures corresponding to their apparent depths of origin (227). The consistent
relation between seismic data and the experimental work on mare basalt melting
suggests that the combined effects of convective circulation (228) in the crystal-
lizing Magma Ocean were minimal. In fact, impact-related mixing and splashing
plus conduction of heat probably contributed more to early cooling than convec-
tion. Thus, early crystallization may have taken place in the upper, more rapidly
cooled portions of the Magma Ocean, causing incorporation of relatively undif-
ferentiated Magma Ocean liquid as interstitial material in early cumulates.
Crystallization of calcium-rich plagioclase feldspar, anorthite [(Ca,Na)
(Al,Si)Si50g], joined the formation of olivine and pyroxene in the Magma Ocean
after sufficiently large volumes of such cumulates had separated to raise the al-
uminum concentration in the remaining liquid to the level required for plagio-
clase nucleation (229). Assuming chondritic concentrations of aluminum (<5%
Al503), this point of plagioclase saturation in the residual Magma Ocean would
have been reached after about 80% of the original magma had crystallized or
Al,O3 concentration had reached about 15% (230). One consequence of plagio-
clase separation from the Magma Ocean was depletion of divalent europium rel-
ative to other rare-earth elements in the residual magma; the evidence for this
was apparent in the first analyses of lunar basalts (231,232) and lunar anortho-
sites (233). Europium depletion in basalts and concentration in anorthosites con-
stitutes one of the major pieces of evidence that there had been a lunar Magma
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Ocean (234). Slight depletion of europium in pyroclastic orange and green glasses
(235,236), however, and the evidence that these glasses were partial melts of deep
(early) cumulates (237,238) indicate that there may have been some convective
interchange with the residual Magma Ocean during the period of early
plagioclase separation. The early formed plagioclase had probably less than 2—
3% (239,240) of the albite component [NaAlSisOg] in solid solution. The albite
component would be expected to increase gradually with time to more than 25%
in plagioclase (241) forming from the Magma Oceans’ residual liquid, as sodium
and aluminum concentrations in the remaining liquid increased, relative to cal-
cium, and olivine and pyroxene continued to separate. So far, examples of rel-
atively sodium-rich ferroan anorthosite are rare, and those that have been found
in the sample collections are less iron-rich than would be expected (242,243).
Plagioclase crystals (density 2.9-gm/cm?®) would tend to float toward the top
of the Magma Ocean; however, if there were continued impacts of debris into the
Magma Ocean and some downward convective currents, their aggregation into
a coherent lunar crust would have been slowed significantly. Plagioclase-rich
samples from Apollo 15, 16, and 17 highland breccias also contain pigeonite
(an iron-bearing clinopyroxene) and appear to represent an impact-modified
version of this primitive crust (244). The detailed evolution of ferroan anortho-
site crustal rocks and their mineralogical and geochemical variability remain
unclear (245).

The overall crust, commonly referred to as “ferroan anorthosite,” contains
about 85% plagioclase by volume, and the rest is mostly pigeonite (246). Recent
examination of feldspathic lunar meteorites and their comparison with Clemen-
tine optical remote sensing data suggest that the uppermost crust may be about
83% plagioclase and remainder is about 4.2% FeO, 5% MgO, and less than 0.5%
TiOy (247). Apollo seismic data and gravity data from Clementine orbital
perturbations (248,249) indicate that the anorthositic crust has an average thick-
ness of about 60-70-km. Thickness ranges from a maximum of about 120-km in
the farside region between the giant Procellarum and South-Pole Aitken Basins to
a minimum of about 20-km in several of the young, large basins on the nearside.
Such extreme variations, although model dependent and constrained primarily by
Apollo nearside seismic data, may be largely if not entirely the result of the
globally asymmetrical redistribution of crustal material by large basin-forming
events (see below). It can be argued that the term ferroan anorthosite should be
modified to ferroan “gabbroic or noritic” anorthosite (250) as a more appropriate
designation for the upper crustal composition, given the content of less than 90%
plagioclase (251). There may be another important type of lunar crustal rock,
referred to as “granulitic breccia” (252) and identified in Apollo 16 and 17 samples
(253-256). In fact, these rocks could be called “magnesian gabbroic anorthosite” as
they have Mg/Mg + Fe ratios up to 75 or five points greater than the <70 of the
ferroan anorthosites. These rocks may have genetic affinities with the Mg-suite of
rocks (see below), although that is not clearly apparent at this time. Continued
refinement of the relative distribution of magnesium and iron in the crust through
Lunar Prospector and Clementine data synthesis may ultimately provide a better
definition of global relationships involving magnesium granulitic breccias (257).
In summary, a synthesis of current data and interpretations suggest that
there are three major zones in the lunar crust. The upper 10-30-km is ferroan
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gabbroic anorthosite that represents an original ferroan anorthosite with
plagioclase >95% contaminated by (1) early splash from impacts penetrating
into the residual Magma Ocean and/or (2) more pyroxene-rich material excavated
from the lowest zone of the crust by large impacts. The middle 10-20-km is fer-
roan anorthosite that represents a largely unmodified plagioclase floating cumu-
late from the Magma Ocean (258). The lower 20-100-km is ferroan anorthosite
that contains numerous Mg-suite intrusions (259) possibly associated with mag-
nesium anorthosite, the so-called granulitic breccias.

Analyses of samples of Apollo 17 rocks consisting of fragments of Mg-suite
rocks, or breccias, at Stations 2, 6, and 7, have provided new, but complicated
insights into processes related to the lunar Magma Ocean and possibly to the
formation of the lunar crust. A particular class of nonmare rock fragments that
contain magnesium-rich mafic minerals and calcium-rich plagioclase exist in
these breccias (260) and are composed of only one to three principal minerals,
namely, olivine (dunites) (Fig. 8), pyroxene (pyroxenites), plagioclase and or-
thopyroxene (norite), and plagioclase and olivine (troctolites). These rocks, and
similar rocks sampled at other Apollo sites, are known as the “Mg-suite.” Some
rocks composed largely of plagioclase (anorthosites but not ferroan anorthosites)
and possibly some alkali-rich rocks (261), appear to be related to this group.
Although this is a very complex suite of rocks and subject to much debate, they
probably are at least the result of the relatively undisturbed fractional crystal-
lization of magnesium and calcium-rich silicate magmas, possibly of a variety of
initial origins, that solidified in large chambers within the early crust. Multiple
origins for the Mg-suite are suggested by their contrasting chemical character-
istics (262) as well as their range of ages. Early remelting of Magma Ocean
cumulates due to impact-induced, pressure-release (decompression) melting
caused by cumulate overturn and/or impact removal of crust may have resulted
in the formation of the oldest Mg-suite magmas (263) (Plate 5). Impact-induced
remelting of magnesium-rich cumulates is consistent with the 4.4-4.5b.y. crys-
tallization ages (264) of a dunite (olivine) from Station 2 and a troctolite
(plagioclase + olivine) from Station 8. Alternatively, the Mg-suite may be related
to the materials that constitute the Procellarum KREEP Terrain (265-270) and
not a broadly distributed, intrusive component of the lunar crust. The geo-
graphical limitation of Apollo and Luna samples to eight sites in a relatively
small portion of the lunar nearside prevents full evaluation of this suggestion.
On the other hand, the global distribution of apparent Mg-suite materials ex-
posed by relatively young impact craters in the crust suggests no such geo-
graphical limitation (271). Another suggestion (272) that some of the older
examples of the Mg-suite may be the consequence of impact induced “splash
intrusions” of unsolidified Magma Ocean is not compatible with the increasingly
higher iron content that would be present in such residual Magma Ocean liquids.
The chemical characteristics of the younger examples of the Mg-suite of rocks,
(>3.9 and <4.4b.y.) also may indicate complex scenarios of partial melting of
selected portions of the upper mantle, assimilation of crustal materials, and
subsequent fractional crystallization in the crust (273,274). Recent work (275)
has suggested that the source materials for some of the Mg-suite that contain
particularly Mg-rich olivine are zones of intermediate depth in the mantle, rich
in olivine and calcium-poor pyroxene. These cumulate zones, never very cool and
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Figure 8. The clast of nearly pure olivine rock (dunite) sampled by the Apollo 17 crew at
Station 2 at the base of the South Massif and dated as having crystallized 4.5 b.y. ago. The
clast is enclosed in a blue-gray impact breccia and is a member of the Mg-suite of lunar
rocks (courtesy of NASA). This figure is available in full color at http:/www.mrw.
interscience.wiley.com/esst.

beginning to reheat under an increasingly insulating crust (see the Cratered
Highlands Stage below), may have partially melted due to the release of pressure
during the formation of the earliest of the old, large basins (see below). Intrusion
of such pressure-release melts into the crust, assimilation of some crustal debris,
and subsequent fractional crystallization may explain the younger examples of
the Mg-suite. The restricted mineralogical makeup of the rocks of the Mg-suite is
consistent with initial solidification as fractionally crystallized, probably layered
bodies. These layered intrusives would have been broken up and excavated by
repeated large impacts until clasts in the breccias are all that remain to be
sampled at the lunar surface. Mg-suite intrusions, however, may remain as co-
herent bodies in the lower crust, as evidenced by masses of apparently related
material identified by remote sensing in the central peaks, walls, and ejecta
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Plate 5. Apollo model of lunar evolution—Magma Ocean Stage ~4.567 minus
~0.045b.y. This figure is available in full color at http:/www.mrw.interscience.wiley.
com/esst.

blankets of many impact craters (276-278) and by the increase in seismic ve-
locities in the lower crust (279). Many characteristics of these remotely sensed
masses, such as their magnesium to iron ratios, have not yet been determined, so
it cannot be conclusively said that some or all are related to the Mg-suite, but
rather may be related to the ferroan anorthosite or magnesium granulitic breccia
magma systems (280).

When the crystallization of the Magma Ocean was about 90-95% complete
(281,282) and as iron and titanium concentrations in the residual Magma Ocean
increased, ilmenite [FeTiOz] became the last major mineral to crystallize and
settle from the residual magma (Plate 6). [lmenite-rich cumulates (3-12% ilme-
nite), accompanied by continuing formation of increasingly iron-rich olivine
and pyroxene and increasingly sodium-rich calcium plagioclase, became an
important constituent of the upper portion of the lunar mantle. For example,
high-titanium mare basalt magmas produced by later partial melting of the
mantle appear to have originated at depths between 100 and 200-km below the
surface (283), plausibly a region of ilmenite-rich cumulates. The trace element
ratios of such basalts also support their origin from partial melting of late ilme-
nite-rich cumulates. Europium depletion in the titanium-rich basalts, as in all
mare basalts (284-286), indicates extensive previous plagioclase separation from
the parent Magma Ocean. Further, ilmenite’s precipitation from the Magma
Ocean would deplete niobium in the residual liquid (287). High Nb/U and Nb/Th
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Plate 6. Apollo model of lunar evolution—Magma Ocean Stage ~4.567 minus
~0.065b.y. This figure is available in full color at http:/www.mrw.interscience.wiley.
com/esst.

ratios in high-titanium Apollo 17 basalts (288) reflect the consequent enrichment
of this element in the ilmenite-rich cumulates and are consistent with an origin
for these basalts through partial melting of such cumulates. Ilmenite crystal-
lization also depleted hafnium in the remaining liquid (289). The high-titanium
basalts sampled by Apollo 17 (see discussion of the Basaltic Maria Stage, below)
have high radiogenic ®2W and high Hf/W ratios (290). This is consistent with
ilmenite cumulate crystallization while significant *2Hf (half-life 9m.y.) existed,
probably less than ~50 m.y. after the origin of the solar system (291). There have
been recent suggestions that the late ilmenite-rich cumulates, once formed, sank
to greater depths in the other cumulates of the upper mantle (292-294) because
of ilmenite’s high density relative to the underlying olivine-pyroxene cumulates
(4.7 gm/cm?® vs. ~3.5 gm/cm?, respectively). The average density of the ilmenite
cumulate, however, would be only slightly higher than the olivine-pyroxene
combination. The apparent relatively shallow depth of origin of titanium-rich
basalts sampled by Apollos 11 and 17 would also contradict this hypothesis, at
least for the eastern regions of the lunar nearside.

When ilmenite appeared, the continued crystallization of the four major
minerals produced by the Magma Ocean (olivine, pyroxene, plagioclase, and
ilmenite) largely completed the formation of the upper lunar mantle (that is, the
mantle above about 500-km and below the base of the crust). After about 99% of
the Magma Ocean had solidified (295), however, a geochemically significant
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amount of residual silicate liquid would have remained below the crust. Frac-
tional crystallization of the major minerals would have enriched this liquid in
silicon (Si), potassium (K), and incompatible elements (296), that is, most rare-
earth elements (REE), phosphorus (P), uranium (U), and thorium (Th). Dissolved
volatiles, including hydrogen (H) and carbon monoxide (CO), also would be con-
centrated in this remaining magma. This residuum has been named “urKREEP”
to distinguish it from an apparently related component in Apollo samples that
was originally called just “KREEP.” Tungsten (W) also would be enriched in
urKREEP and represents a special case. After the early separation of much of the
siderophilic trace elements by the rapid precipitation of Fe,Niy,S, liquid, any
residual such elements, including tungsten and subsequently formed radiogenic
182 would be gradually concentrated in the residual Magma Ocean as incom-
patible elements. As a residual silica-rich liquid, urKREEP would have existed as
a liquid at temperatures lower than those of the original Magma Ocean. Such a
liquid would have potentially stayed molten as a result of the concentration of
radioactive, heat-producing isotopes and the insulating effects of the Cratered
Highlands forming on the upper crust (see discussion below).

Some outward transfer of heat by convection in the cooling Magma Ocean
seems likely during much of the Magma Ocean Stage (297-299). On the other
hand, as solidification proceeded, potential convection cells would have been in-
creasingly restricted. Convective tendencies also would have been reduced by
cooling of the young Magma Ocean through continued impact splashing in its
upper portions, a major factor not yet included in models of thermal evolution.
The importance of splash cooling may be suggested by indications, discussed
before, that the Magma Ocean largely solidified in 50 m.y. or less. Subsequently
and throughout lunar history, there is no direct evidence that mantle convection
was a significant thermal transfer process. That convection was not important is
indicated by recent thermal modeling investigations (300). Further, little or no
evidence of mantle convection exists at the surface unless the ~2000-km long,
north—-south volcanic ridge system in the western portion of the Procellarum
Basin implies that such activity existed beneath this region (301). (Alternatively,
this Procellarum ridge system may reflect a cryptic crustal structure associated
with the transient crater of the Procellarum basin-forming event discussed be-
low.) After the Magma Ocean crystallized to become the upper mantle, conduc-
tion and upward migration of partial melts were probably sufficient to prevent
any major density instabilities that would lead to solid or nearly solid-state con-
vection in the one-sixth gravity environment of the Moon. Cooling sufficient for
the solidification of all but the radioisotope-rich, late residual liquid of the Mag-
ma Ocean took place in about 150 + 70 m.y. after accretion, based on Sr/Rb model
ages for closure of the isotopic systems in KREEP (302). The hafnium-tungsten
isotopic system (303) indicates that of the majority of the Magma Ocean solidified
within 50m.y., a time close to the lower limit of the Sr/Rb system closure
uncertainty.

Cratered Highlands/Very Large Basins (Stage 3—Pre-Nectarian). The
Cratered Highlands/Very Large Basin Stage of lunar evolution (Plate 7) repre-
sents the early Pre-Nectarian of the US Geological Survey time-stratigraphic
system (304) and records the sustained violence of the first few hundred million
years in the history of the Moon and the terrestrial planets. The stage commenced
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Plate 7. Apollo model of lunar evolution—Cratered Highlands Stage ~4.5-4.3b.y. This
figure is available in full color at http://www.mrw.interscience.wiley.com/esst.

as the developing lunar crust gained consistent stability and coherence sufficient
to retain the imprint of craters excavated largely by the continuing in-fall of
residual, preaccretion debris and/or meteors, as well as comets ejected from the
outer solar system. Crystallization ages of several Apollo 17 samples of the Mg-
suite of rocks and Sr-Rb model ages, as discussed before, suggest that this period
began about 4.5b.y. ago and overlapped the previous Magma Ocean Stage as the
last residua of the Magma Ocean continued to crystallize and differentiate. Sim-
ilarly, recent Sm-Nd isochron ages for two ferroan anorthosite clasts from an
Apollo 16 highland breccia are ~4.54 and 4.40b.y. (305). A possible lower limit for
the duration of the stage is 4.2b.y. (306) at which time most K-Ar radiometric
clocks in Apollo 16 breccias of apparent Pre-Nectarian age were reset. The sus-
tained high rate of impact probably resulted from preaccretion debris remaining
in crossing orbits (307,308) and the ejection of material from orbital bands in
resonance with the gas-giant planets (309). There also remains a possibility for
the accretion of any original moons or rings of Earth after capture of the present
Moon (310) or its aggregation from a circumterrestrial disk (311). As the Cratered
Highlands formed, the crust saturated with craters at a saturation size (meas-
ured by curves of crater size vs. frequency that approach a slope of —1) of
60-70-km in diameter (312) (Fig. 9). This means that a relatively uniform me-
garegolith, including any heterogeneities introduced into the crust by Mg-suite
magmatic intrusions, developed to a depth of at least 25km, the approximate
depth to which Apollo passive seismic interpretations indicate that intense
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Figure 9. Typical Cratered Highlands on the farside of the Moon (courtesy of NASA).
This figure is available in full color at http://www.mrw.interscience.wiley.com/esst.

fracturing of the upper crust exists (313). Although average depths of about
20-km for the megaregolith have been proposed (314), brecciation to the greater
depths suggested by seismic data is plausible due to the near superposition of
many large craters and impact-generated fractures that extend below the transient
floor of each crater. The superposition of ejecta blankets from large basins, on the
other hand, will have produced much thicker regional zones of megaregolith, even
though lithostatic pressure may have closed most fractures below 25km. During
this stage, regional textural homogenization of the upper crust down to the base of
the megaregolith was indicated by the pre-Apollo lunar mapping program (315)
and by the sample suites from Apollo 16 (316). Apollo 17’s impact breccias related
to the Serenitatus event (boulders at Stations 2, 6, and 7) also record crustal
recycling by many earlier basin-forming and cratering events. These breccias fur-
ther illustrate the processes and incomplete degree of mixing (317,318). The



Vol. 1 APOLLO 17 AND THE MOON 47

regional nature of the compositional homogenization process during this period has
now become broadly defined by remote sensing of the lunar highlands from the
more recent Galileo (319-321), Clementine (322), and Lunar Prospector (323)
spacecraft. This process, however, appears to have added less than 0.3% of an
extralunar component to the Cratered Highlands (324) if iridium is considered a
surrogate for that component.

The creation of the majority of large basins, discussed in the next section,
followed the Cratered Highland Stage as a distinct period in lunar evolution. Two
and possibly four extremely large impacts events (325-327), however, upon
which later large basins are superimposed, may have occurred during this stage.
Two of these formed the nearside Procellarum Basin and the farside South Pole-
Aitken Basin (Fig. 10). These two basins are about 3200-km (transient crater
~2100-km) and 2500-km (transient crater ~2000-km [?]) in diameter, respec-
tively. An older, third structure or cryptic basin ~3000-km in diameter, centered
roughly on Mare Tranquillitatis, is indicated by a partial ring of anomalously
high iron plus titanium seen in the Lunar Prospector thermal neutron data
between latitude + 30° and — 45° and longitude + 60° and + 120° (328) (Plate 5).
The center of the transient crater of this very large cryptic basin, tentatively
referred to as the Prospector Basin, coincides roughly with the global selenopo-
tential low at the lunar surface. Prospector may have been responsible for the

Clementine topographic map of the Moon
Contour interval - 500 m

Near side Far side

-8 -6 s 3 6 8

Figure 10. Topographic map of the Moon from Clementine data showing the Procella-
rum Basin in the upper left of the nearside image, the South Pole-Aitken Basin in the
lower portion of the farside image, and the Cratered Highlands of the farside and southern
nearside (courtesy of NASA). This figure is available in full color at http:/www.mrw.
interscience.wiley.com/esst.
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present ~2-km offset in the center of the figure from the center of mass (329)
that produces this low. The lack of physiographic and strong geochemical def-
inition of Prospector suggests that it would have been formed before full con-
solidation of the anorthositic crust ~4.5b.y. ago and before a signature of the
concentration of KREEP components in the residual Magma Ocean could be left
in the crust. Without other distinguishing geochemical signatures, Prospector’s
ring of anomalous iron plus titanium in the crust, now nearly homogenized with
the Cratered Highlands of the region, may represent a trace of partially differ-
entiated Magma Ocean brought to the surface around the transient crater.

The Procellarum event (Plate 8) may have taken place in the midportion of
the Cratered Highlands Stage, possibly about 4.3b.y. ago, if the impact degra-
dation of its surrounding rings is any indication. Crystallization ages near 4.3 b.y.
for some of the Apollo 14 KREEP-related samples may be related to the Pro-
cellarum event. In response to such an event, KREEP-rich basalt intrusions
and extrusions might have been emplaced throughout the Procellarum region
(330). However, 700 m.y. later, extensive eruptions of mare basalt partially filled
the Procellarum Basin and other basins contained within it (see below) and cov-
ered most materials created or emplaced as a consequence of the Procellarum
event. Beneath the transient Procellarum crater, pressure-release melting of oli-
vine and low calcium—-pyroxene cumulates (harzburgite), if those cumulates were
near their partial melting temperature, would have produced intrusive magmas
that may have crystallized the relatively young members of the Mg-suite of sam-
ples (331). The Procellarum impact also would have removed the early formed
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Cratered Highlands from the region. Present crustal thickness modeling for the
region is consistent with thinning of the crust from about 70-km to about 40-km
thick (332,333). By removing a large area of insulating megaregolith and requir-
ing that a new zone of insulating crust develop subsequently, the event also may
have delayed future remelting of the underlying upper mantle to produce mare
basalt magmas. Crystallization ages of mare basalts (334,335) sampled by Apollo
12 and 15 within the Procellarum Basin are younger (3.1-3.4b.y) than mare
basalts to the east (3.6-3.9b.y.) sampled by Apollo 11 and 17. On the other hand,
the ages of mare basalts fragments in the more limited Luna 16 and 24 samples
from Mare Fecunditatis and Mare Crisium, respectively, east of the Apollo 11 and
17 sites, are in the 3.3-3.6 b.y. range. An Ar-Ar age from Mare Fecunditatis basalt
is 3.4140.04b.y. (336), and two Ar-Ar ages from Crisium basalt fragments are
3.3040.04b.y. (337) and 3.61+0.12b.y. (338). These relatively young ages may be
the result of basaltic maria appearing first at the selenopotential low and then
progressively away from that low (339) or of an as yet unrecognized, very large
basin-forming event in that region removing older Cratered Highlands, as sug-
gested before for Procellarum. Some suggestion for such a very large event cen-
tered on the equator southeast of Crisium is apparent in the gravity models based
on Lunar Prospector data (340,341) and in the albedo maps from Clementine
(342) (Clementine may be an appropriate name for this possible basin). Mare
Australus consists of the basaltic lava fill of many craters and low areas in a
~1200-km diameter basin that also may indicate a very large impact.

The largely farside South Pole-Aitken Basin is the largest and oldest un-
ambiguous impact basin on the Moon (343-348). It can be argued that the South
Pole-Aitken event (Plate 9) took place near the end of the Cratered Highland
Stage. For example, this event removed most of the insulating megaregolith of
the Cratered Highlands and also thinned the total crust thickness to about 40 km
(349); however, little new insulating megaregolith formed afterward. Gravity
modeling also indicates that the lunar crust has been thickened by ejecta on the
highlands surrounding South Pole-Aitken. If the Procellarum Basin is also the
result of an impact, the combination of ejecta of Cratered Highlands material
from South Pole-Aitken and Procellarum thickened the crust between them to
about 120 km. The Galileo, Clementine, and Lunar Prospector remote sensing
data have produced additional insights about South Pole-Aitken. Although ac-
tual magnesium to iron ratios have not been determined, these data suggest that
most of the dark albedo surfaces in that basin, where iron, titanium, and po-
tassium are lower than in mare basalts, may be related to impact melting of
noritic or gabbroic Mg-suite rocks within the lower ferroan anorthosite crust.
As in the Procellarum, Mg-suite related lavas may have been generated by
pressure-release melting of the mantle’s olivine-orthopyroxene cumulates be-
neath South Pole-Aitken. The presence of a weak KREEP signature in the South
Pole-Aitken Basin may indicate that deep Mg-suite masses included some in-
trusives derived from Magma Ocean residual liquids of intermediate maturity.
Imbrium ejecta in this region, however, cannot be eliminated as a source of
KREEP-bearing material (350,351). In spite of a basin depth of 12 km below the
mean lunar radius, mare basalt appears to be rare in the basin (352). South Pole-
Aitken removed essentially all of the insulating surface layer without time for
replenishing it, as indicated by the better definition of related physiographic
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Plate 9. Apollo model of lunar evolution—Cratered Highlands Stage ~4.2b.y. This
figure is available in full color at http://www.mrw.interscience.wiley.com/esst.

features relative to Procellarum. The South Pole-Aitken event thus appears to
have prevented the later large-scale remelting of underlying upper mantle cu-
mulates and the subsequent regional eruption of mare basalt, even though
significant heat-producing, KREEP-related materials may be present in the
underlying crust. Some local mare basalt signatures, however, have been
identified in the northern portions of the basin (353), suggesting late partial
melting of the underlying mantle, as occurred elsewhere on the farside of the
Moon.

Thermal neutron spectra obtained by Lunar Prospector disclose a zone of
high iron plus titanium, relative to other nearby crustal elemental signatures,
just outside the rim of both the Procellarum and South Pole-Aitken Basins (354).
These annuli suggest that material at and immediately outside of the now ex-
posed rims of the Procellarum and South Pole-Aitken Basins came from deep
crustal or upper mantle rocks. Until the magnesium content of these annuli is
determined, their full significance will be uncertain; however, both events may
have excavated levels of the lower crust that included abundant mafic material,
possibly Mg-suite intrusions. This conclusion is consistent with new assessments
of Apollo passive seismic data (355) which indicate a gradual increase in crustal
density from 2.9-gm/cm? in the upper crust to 3.4-gm/cm?® at the crust-mantle
boundary. Lunar Prospector gamma-ray spectrometer data (356), on the other
hand, indicate that neither of these enormous events excavated significant ma-
terial related to urKREEP. This strongly suggests that urKREEP magmas had
yet to move into the Moon’s lower crust at the time of each event, a magmatic



Vol. 1 APOLLO 17 AND THE MOON 51

episode discussed further later in connection with the Old Large Basin Substage
when urKREEP apparently did move upward on a global scale.

The extensive movement of residual Magma Ocean liquids across and pos-
sibly along the crust-mantle boundary region may well have occurred beneath
both Procellarum and South Pole-Aitken in response to the regional reduction in
lithostatic pressure that would coincide with their formation (357-359). The co-
incidental formation of another large basin, the 1160-km diameter Imbrium ba-
sin near the center of Procellarum, further resulted in the redistribution of
KREEP-related materials in and roughly radial to Imbrium (360). This scenario
for urKREEP migration after a postulated Procellarum event provides an alter-
native to recent proposals of chemically asymmetrical differentiation of the Moon
(361-365) to explain the present surface concentration of KREEP-related ma-
terial around Imbrium. In this regard, an extreme concentration of KREEP-
related material in the Procellarum region has been postulated in the form of the
“Great Lunar Hot Spot” (366) now generally referred to as the “Procellarum
KREEP Terrane (367). Asymmetry by the end of Magma Ocean solidification is
also inherent in suggestions of the overturn of ilmenite cumulates (368) and
overall mantle instabilities (369). On the other hand, if the Magma Ocean so-
lidified in a roughly spherically symmetrical manner, such a KREEP-related
concentration would not be expected as a consequence of differentiation. Like any
fluid in orbital space, a Magma Ocean would tend to form a spherical shell
subject to rotational, tidal, and convectional stresses. A generally spherically
symmetrical solidification of this shell on the Moon is suggested strongly by (1)
the pervasive evidence of both an originally global anorthositic crust, as dis-
cussed previously, and (2) globally distributed eruptions of mare basalts derived
by partial melting from mantle cumulates (see Basaltic Maria discussion below).
What asymmetries, if any, may have been introduced by rotational, tidal, and
convectional stresses are not yet clear.

As implied before, one of the most important effects of the formation of the
Cratered Highlands was a reduction in the thermal conductivity of the crust. As
indicated by Apollo passive seismic data (370,371), low thermal conductivity
corresponds to the high scattering and low attenuation of seismic waves that
exist in this upper zone or megaregolith of the lunar crust. Thus, individual rock
particles in the outer 25km of the crust would be dominantly in point contact
with each other and can be expected to be highly insulating thermally. Thermal
transfer would be largely by radiation between particles rather than by conduc-
tion. The increasingly insulating character of the pulverized upper crust over
that which would have prevailed during the crystallization of most of the Magma
Ocean would arrest the cooling of the residual Magma Ocean during the Crate-
red Highlands Stage. It allowed the gradual accumulation of radiogenic heat
necessary eventually to remelt partially the source regions in the upper mantle
that subsequently produced the mare basalts and various pyroclastic volcanic
eruptions. The resulting downward wave of heating would proceed into the upper
mantle from the still molten and significantly radioisotopic urKREEP residual
liquid at the base of the crust. This heating would be augmented by radioactivity
retained interstitially within the deeper Magma Ocean cumulates. Proposals
related to a Procellarum “hot spot” discussed before have led to a suggestion that
a radiogenic heating mechanism by itself could explain the concentration of
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basaltic maria on the lunar nearside (372). The thermal models developed in
support of this proposal indicate that such a concentration of radiogenic heating
would have kept the urKREEP zone beneath the crust molten for a few billion
years. Maintaining urKREEP in a molten state only beneath Procellarum, how-
ever, does not explain the presence of isolated basaltic maria in deep farside
craters (373,374). More critically, it cannot explain the persistence of gravita-
tional anomalies due to mass concentrations (mascons) in the Procellarum Basin
after 3.9b.y. ago (see following Large Basin Stage discussion). The evidence is
strong that the residual Magma Ocean had fully solidified in the crust by the
time the young, mascon basins had formed. Although some significant migration
of urKREEP liquids toward the Procellarum region may have occurred after the
Procellarum basin-forming event, mare basalt magmas probably were prevented
by the thicker farside crust from reaching the surface on the farside to the extent
seen on the nearside. In the specific case of South Pole-Aitken, the loss of the
insulating Cratered Highlands would have limited the remelting of the under-
lying upper mantle.

Large Basins (Stage 4—Pre-Nectarian—-Lower Imbrium). Apollo 17 and
Apollo 15 landed in the proximity of major structural features related to the
formation of Serenitatis and Imbrium, respectively, two of the approximately 50
large circular basins on the Moon (Fig. 11). The extreme, but less than ~100-km
diameter scale cratering intensity that characterized the Cratered Highland
Stage of lunar evolution had waned significantly before these and most other
large basins were formed by extremely large and energetic impacts (375). This
conclusion is consistent with the relatively good preservation of the concentric
ring structures and some features of the surrounding ejecta blankets of most
basins defined as “large,” whose diameters are greater than 300-km (376). In
aggregate, crustal thickness determinations (377) indicate that these basins
have redistributed large volumes of the upper 10-30-km of the fragmental debris
(megaregolith) of the Cratered Highlands, particularly on the nearside of the
Moon. Preservation of many of the physiographic features of the majority of large
basins contrasts sharply with the vagueness or absence of similar features
related to the very large basins (Procellarum, South Pole-Aitken, and possibly
Prospector and Clementine) that formed during the Cratered Highlands Stage.
These earlier very large basins may indicate that many more such basins formed,
possibly about 14 (378), only to be destroyed by the combined effects of later
basin forming and the overall, very high cratering rate during the Cratered
Highlands Stage. As noted before, the Cratered Highlands are saturated with
craters 60-70-km in diameter (379), a size—frequency parameter that requires a
much higher rate of cratering than recorded in subsequent lunar history. Al-
though little direct evidence of more than a few, very large “cryptic” or hidden
basins yet exists and analyses of the uniformity of anorthosite distribution sug-
gest that few actually formed (380), the previous existence of at least some can-
not be ruled out, such as the possibility of Clementine, southeast of Crisium,
discussed previously. One other such cryptic basin may encompass the roughly
2000-km diameter farside region that includes the smaller basins Mendeleev,
Moscoviense, and Freundlich-Sharonov. This region appears to have a crustal
thickness 20-30-km less than surrounding highlands (381) but no other indica-
tions of a very large basin event.
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Figure 11. Near full Moon view showing examples of old and young, large basins both
containing basaltic maria. The irregular basin at the lower left of center is Tranquillitatis,
whose southern portion contains the Apollo 11 landing site. The circular basin at the lower
left is Serenitatis. The Apollo 17 landing site is located in the lower right portion of the
surrounding ring of mountains. The farside mare basin, Tsiolkovskiy, is visible just right
of the top (courtesy of NASA). This figure is available in full color at http:/www.mrw.
interscience.wiley.com/esst.

Large crater-forming events that formed a specific period in solar system
history may have continued for several hundred million years after the less
energetic background impacts of the Cratered Highlands Stage had largely
ceased. A strong presumption can be made that a source of objects discrete from
that which caused the earlier intense cratering was responsible for most large
basins in the period between 4.2 and 3.8 billion years (382,383) or was part of a
“cataclysm” at about 3.85 billion years (384,385). A discrete source is required
even if a short-lived cataclysm is assumed. How long the large basin impact
period lasted will be discussed further later; however, this discrete source sup-
plied far fewer, but far more energetic objects (more massive and/or higher ve-
locities) than the source responsible for the intense, postaccretion cratering that
created the Cratered Highlands. Four possibilities for sources of the impactors
of the Large Basin Stage appear plausible at this time: (1) the proto-Kuiper Belt
of cometary objects whose injection into the inner solar system was the result of
orbital resonance with Neptune (386); (2) the injection of Oort cloud cometary
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objects at rates greater than during the last 3.9b.y. as a consequence of
perturbations by a passing stellar body (387); (3) large protomoons of Earth,
swept up by the Moon during and after capture (388)); and (4) Jupiter’s initial
interaction with the Main Belt Asteroids, or its induced breakup of the Belt’s
planetesimal precursor, and injection of fragments into inner solar-system-cross-
ing orbits by orbital resonance (389). Of these possibilities, Jupiter’s initial in-
teraction with Main Belt Asteroids and/or the breakup of the original Main Belt
planetesimals or ejection of Kuiper Belt objects due to interaction with Neptune
appear to be the best present choices as discrete impactor sources. Modeling
studies suggest that interactions between Neptune and Kuiper Belt objects
probably would be completed over time frames of about 10 million years, al-
though time frames of the order of hundreds of millions of years may be involved
in the formation of the Kuiper Belt itself (390). An Oort Cloud source is currently
unconstrained by modeling studies, but it seems likely that it continued to supply
similar objects off and on indefinitely, given its postulated large total mass. As-
similation of protomoons of Earth, if any existed, would have involved objects of
low kinetic energy relative to a coorbiting Moon, would occur over a shorttime
interval, and would not explain large basin formation on other planets. At this
stage of knowledge, however, it does not appear that any of these possibilities
can be totally eliminated. Conversely, future studies of potential interactions of
the gas giants with the Kuiper Belt and of passing stellar neighbors with the
Oort Cloud might include the hypothetical constraint of large basin formation
on the inner planets between about 4.3 and 3.8 billion years ago or of a short
cataclysm.

Old Large Basins/Crustal Strengthening (Stage 4a—~Pre-Nectarian).
Globally, comparison of the old large basins with younger large basins (391)
indicates that major strengthening of the lunar crust occurred during the early
portion of the Large Basin Stage (392). The younger basins of the Nectarian and
Lower Imbrium Systems, including Serenitatis, are circular and sharply defined
structurally and physiographically. Central mass concentrations (mascons) un-
derlie the young basins and are surrounded by mass deficiencies under moun-
tainous rims several thousand meters high (393-395). Analysis and modeling
indicate that most of the mascon signal comes from thick plates of basalt that
partially fill the young basins in contrast to relatively thin basalt fill in older
basins. A small part of the mascon signal may come from upward bulges in the
crust-mantle boundary. A very large amount of mare basalt as hidden intrusions
in the megaregolith beneath the basins may also contribute. On the other hand,
the old basins are only irregularly circular, have relatively low mountainous
rims, underlie ejecta from young basins, and today are largely compensated for
gravitationally, that is, they have no mass concentrations or deficiencies asso-
ciated with them. Thus, old large basins have adjusted isostatically, but young
large basins have not (396) (Plate 10), leaving the latter with deep holes for mare
fill and uncompensated for mass deficiencies beneath their ejecta rims. This
suggests that the fracturing of the lunar crust by the older basin-forming events
permitted urKREEP liquids to migrate into the crust. When these liquids moved
upward and solidified, the potential was lost for rapid, postimpact isostatic ad-
justment by urKREEP magma movement at the crust-mantle boundary. A
strengthening boxwork of solidified KREEP-rich intrusions also would be created
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Plate 10. Apollo model of lunar evolution—Old Large Basin Substage ~4.2-3.9b.y. This
figure is available in full color at http:/www.mrw.interscience.wiley.com/esst.

in the lower crust. Although old basins also have some mare fill, higher basin
floors would result in thinner mare basalt plates than in younger, unadjusted
basins. If this hypothesis is correct, the remnants of the Magma Ocean remained
in liquid form until about 3.92 +0.03 b.y. ago. This is the apparent age of Nectaris
(397,398), apparently the oldest basin that has an uncompensated for mascon
(399). The Apollo sample suite lacks clear-cut examples of ferroan anorthosite in
association with material that might be interpreted as urKREEP intrusive. Ex-
cept for Apollo 15 KREEP basalts, rocks that have a strong KREEP chemical
component have been found only as impact melt breccias. These two observations
(400,401) suggest that urKREEP intrusives are confined to the lower crust and
have been exposed only in a single deep excavation, namely, Imbrium, where
impact melting predominated. Probably because of the thinning of the upper
crust by coincidence of the Imbrium transient crater with that of the Procellarum
event, 3.83-3.86b.y. old mare basalts (402) mixed with older KREEP-rich ma-
terial may have reached the surface in that region roughly coincident with the
Imbrium event at 3.82b.y. (403).

Recent studies (404) have increasingly extended the areas of the Moon in
which craters that penetrated young large basin eject deposits have exposed older
dark materials that have basaltic characteristics, the so-called “cryptomaria”
(405-408). The cryptomaria are related in age to the old, large basins because
they also lie under ejecta from the young, large basins which is why they are
“cryptic.” The volume of these apparently basaltic lavas of pre-Young Large Basin
age is uncertain, but may be of the order of 105-km? (409) compared with basaltic
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maria volume estimates of the order of 10’-km? (410). Cryptomaria may be rep-
resented in the Apollo samples by basalts of ages clearly greater than 3.92b.y.
(411,412) or by KREEP-related basalts whose model ages are 4.2-4.4b.y. (413).
Most pre-3.92b.y. basalts have high aluminum content, and others have KREEP
affiliations and a variety of unusual chemical combinations (414). This chemistry
may be explained by derivation from either urKREEP residual liquids or pres-
sure-release partial melts of shallow Magma Ocean cumulates positioned be-
tween 100-km and 200-km depth and just below the radioisotope-rich, residual
liquids of the Magma Ocean. Movement, intrusion, and eruption of magmas de-
rived from residual liquids at the crust-mantle boundary and deeper pressure-
release melting of a mantle near its partial melting point would occur in response
to structural disruptions and the removal of tens of kilometers of overlying
Cratered Highlands megaregolith. Such disruptions would accompany extraor-
dinary events like those that created Procellarum, South Pole-Aitken, and other
old, large basins. Future comparisons of the details of Lunar Prospector’s gamma-
ray spectrometer data and of relatively large areas of identified cryptomaria ex-
posure may help further discriminate and define their source or sources, partic-
ularly if a KREEP signature becomes apparent. Such a signature would be
expected for magmas from or passing through zones near the base of the crust. If
it turns out that the compositions of cryptomaria are not significantly related to
KREEP, it would suggest very rapid ascent of their magmas or their eruption in
the narrow time window before the formation of young large basins and after the
solidification of urKREEP liquids in the lower crust. The identification of cryp-
tomaria on a global scale has other implications. The eruptions of early partial
melts or urKREEP residual liquids from beneath the lunar highlands may have
included significant residual volatiles and been at least partially pyroclastic. As a
consequence, they may have contributed to the formation of light plains deposits
or Cayley Formation units (415,416). Such smooth, light colored units in the lunar
highlands actually may have several origins. In nearside regions affected most by
young large basin events, they may be largely the result of the uniform settling of
material in fluidized debris flows that extended beyond zones of continuous ejecta.
On the other hand, those deposits observed by the author in old craters in the
farside highlands may be the result of internal processes. An origin by pyroclastic
eruptions dominated by entrained, fine-grained crustal debris is suggested by the
smoothness of these plains, their similarity in albedo to other highland surfaces,
irregular rimless depressions in their surfaces, and the absence of nearby young,
large basins as sources of fluidized debris.

The formation of each of at least 29 old, large basins, including Procellarum
and South Pole-Aitken, had five, essentially global effects. First, upper crustal
material was redistributed regionally as ejecta blankets, debris flows, and impact
melt flows and intrusions. Second, excavation and broad distribution of Mg-suite
rocks and impact melts from solidified intrusions in the lower crust occurred.
Third, regional thinning and thickening of the crust took place. Fourth, the lower
crust beneath each basin was fractured extensively. And fifth, local areas of
temporarily low lithostatic pressure were created under each basin, and mantle
material at or near its partial melting point was commensurately mobilized.
After each large basin formed, the relatively low-density, immediately underly-
ing, urKREEP liquids would tend to move upward into the fractured lower crust
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and brecciated upper crust. In the process, those liquids, probably with small
amounts of superheat due to pressure release, would assimilate and mix with
both ferroan anorthosite and differentiated Mg-suite masses, creating the diver-
sity of parent magmas indicated by KREEP-rich samples from the Apollo landing
sites (417). As they cooled, significantly contaminated KREEP-related magmas
crystallized into networks of compositionally varied intrusions. In the Procella-
rum and possibly other deep old basins, KREEP-related magmas and pressure-
release magmas may have reached the floor of the basins only to be largely
buried by younger, large basin ejecta and mare basalt eruptions. Pre-Nectaris
crystallization ages of 4.2b.y. (418) for some olivine-rich and aluminous KREEP-
related basalts are consistent with this scenario.

Apollo 17 sampled some of these effects of the Old Large Basin Stage during
the examination of boulders at the base of the Massifs of the Valley of Taurus-
Littrow. The Serenitatis basin-forming impact partially exposed a complex se-
quence of roughly layered ejecta blankets (Table 2, Plate 11 ) in the massif walls.
Layers probably include significant ejecta from at least three, old Pre-Nectarian
basin-forming events, Procellarum, Fecunditatis, and Tranquillitatis, as well as
the younger basins, Serenitatis and Imbrium. It is possible that samples from
these ejecta units are included in those collected at Stations 2, 3, 6, and 7 at the
bases of the South and North Massifs. The most likely possibilities are samples
from Boulder 1 at Station 2 (419). Rb—Sr isochron ages between 4.2 and 4.0b.y.
for some of the clasts in this boulder suggest that the probably older Procellarum
ejecta is not represented unless that event was the source of the fine-grained
plagioclase clasts whose Rb—Sr isochron ages are about 4.4 b.y (420).

Young Large Basins (Stage 4b—Nectarian—Lower Imbrium). Between
3.92+0.03b.y. (Nectaris event) and 3.80+0.05b.y. (Orientale event), 14 large
basins formed (421,422) in a lunar crust that could support significant mass
concentrations and deficiencies indefinitely (Plate 12). Alternatively, it has been
suggested (423-425) that a lunar cataclysm between 3.9 and 3.8b.y. created
these basins and also the 29 or more older, nonmascon basins and the Cratered
Highlands as well. This latter hypothesis rests on the predominance of ages in
that range that have been measured for impact glasses in Apollo, Luna, and
lunar meteorite samples from the highlands and from basin-related materials. In
this context, note that all Apollo and Luna sampling took place within the re-
gions most affected by young, large, basin-forming events and a predominance of
ages related to those events would be expected. This influence also may have
extended globally to affect the lunar meteorite samples. Advocates for a cata-
clysm argue that the influence of impact melting and thus the resetting of ra-
diometric ages is limited to the near vicinity of the basins. This may not be the
case as lunar mapping (426) and experimental results (427) suggest that very
large amounts of impact melt form within the transient crater of a basin, and
also such melt is widely distributed on and in ejecta. Ejected melt particles of the
highest energies will have a global reach in large basins. Even so, impact melts
from the highlands sampled by Apollo 16 show formation ages up to 4.2b.y. (428),
and, as noted before, Rb—Sr ages for clasts in breccias sampled by Apollo 17 also
show ages up to 4.2b.y. The question whether 50 or more large basins formed in
about 100 million years or less or in about 400 million years will ultimately be
determined by more extensive sampling of the lunar highlands.
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Table 2. Local Sequence from Younger to Older of Pre-Mare Basalt Stage Events in the
Vicinity of the Valley of Taurus-Littrow (For Regolith Depth: Shallow =0.01-1 Meters,
Moderate = 1-10 Meters, and Deep = 10-100 Meters)

Depth or
thickness

Characteristics

Age or duration, b.y.,

A =time interval

~10-m

~100-m
(621)

Shallow

<100-m*

~700-m*
(627)

Moderate

<100-m*

Deep

<100-m®

Shallow

In situ brecciation and gardening from
primary and secondary impacts.

Overturned, late-stage Cratered Highlands
ejecta and/or debris flow deposits from
the Imbrium event, consisting of
ferroan anorthosite fragmental breccia
with KREEP-related and Mg-suite clasts
(Boulder 1 at Station 2) (622). Seismic
velocities of ~4000-m/s (623) for the
material below the basalt fill of the
valley indicate relatively unconsolidated
debris.

In situ brecciation and gardening from
primary and secondary impacts.

Crystallized melt breccia from the
Serenitatis event both as an extrusive
sheet and as intrusives (Boulder 2 at
Station 6) (625).

Overturned, late stage Cratered Highlands
ejecta and/or debris flow deposits from the
Serenitatis event, consisting of ferroan
anorthosite fragmental breccia that
contains lower crustal Mg-suite materials
(Boulder 1 at Station 6) (628).

In situ brecciation and gardening from
primary and secondary impacts.

Debris flow deposits of late Cratered
Highlands ejecta from the Crisium event,
consisting of ferroan anorthosite
fragmental breccia that possibly contains
KREEP and Mg-suite materials.

In situ brecciation and gardening from
primary and pre-Crisium secondary
impacts, particularly secondaries from
Smythii and Nectaris.

Overturned, late stage Cratered Highlands
ejecta and Procellarum ejecta units from
the Fecunditatis event, consisting of
ferroan anorthosite fragmental breccia
that possibly contains lower crustal
materials including the Mg-suite
(Boulder 1 at Station 27?).

In situ brecciation and gardening from
primary and pre-Fecunditatis secondary
impacts.

A3.87 b.y.

3.85+0.02 (624)

A~0.050 b.y.

3.87+0.08 (626)

3.87+0.08 (629)

<AO.1b.y.

3.9-4.0 by.

<A0.2b.y.

?

<A0.1b.y.
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Table 2. (Continued)

Depth or Characteristics Age or duration, b.y.,
thickness A =time interval
~700-m® Overturned, late stage Cratered Highlands 3.944-0.06 b.y.

(630) ejecta and Procellarum ejecta from the (631,632)

Tranquillitatis event, consisting of ferroan
anorthosite fragmental breccia that
possibly contains lower crustal materials
including the Mg-suite (Boulder 1 at
Station 27?).
~10-15-km In situ brecciation and gardening from Pre- <A0.3Db.y.
Nectarian primary impacts and Nectaris
and other pre-Tranquillitatis secondary
impacts.
10-20-km Overturned, early stage Cratered Highlands ~4.3 b.y.
ejecta and/or debris flow deposits from the
Procellarum event [ ~2100-km in
diameter]. At Taurus-Littrow ~400-km
from crater rim (633), ejecta consisted of
ferroan anorthosite fragmental breccia
possibly containing lower crustal Mg-suite
materials.
~10-15-km Early Cratered Highlands ferroan 4.4-4.3 b.y. (634)
anorthosite fragmental breccia.

“Relative age relationships between Crisium and Serenitatis not established.
bRelative age relationships between Tranquillitatis and Fecunditatis not established.

The vast majority of the nonmare materials accessible to Apollo 17 in the
Valley of Taurus-Littrow represents large basin ejecta derived from the Cratered
Highlands or the upper lunar crust. Using the relative ages of the large basins
(429), approximate ejecta thickness expected from such basins (430), and radi-
ometric ages determined for specific impact-related events near Taurus-Littrow,
the general characteristics of the local sequence of events are given in Table 2 and
Plate. 11. Investigations of the large boulders of impact melt breccia at Station 6
and 7 at the base of the North Massif in the Taurus-Littrow area documented the
complexity of processes associated with large basin-forming events. The preva-
lence of melt breccia in the boulders suggests that they tie genetically to the 740-
km diameter Serenitatis basin whose rim is 15-20-km to the west. The track to
the largest of the boulders (Fig. 12) indicated that it had rolled down from a break
in the slope ~500-m above the valley floor, ~1000-m below the top of the North
Massif (431), and probably near the base of Serenitatis ejecta. The higher, ~25°
slopes include outcrops or near-outcrops; some appear roughly horizontal in as-
pect. For the first time on the Moon, this boulder permitted observations and
sampling across a major lithologic and structural contact related to a large impact
(Fig. 13). A finely crystalline melt breccia—tan-gray and highly vesicular (Fig.
14)—intrudes, is in, or was laid down in contact with crystalline nonmelt brec-
cia—Dblue-gray, nonvesicular and clast-rich (Fig. 15). An approximately 1-m wide
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Pre-mare time-stratigraphic sequence

Valley of taurus-littrow

Vol. 1

In situ brecciation/basaltic maria Post 3.85 b.y.
~100 m
~100m In situ brecciation A ~0.020
~700 m
100-m In situ brecciation A <0.05
s Crisium debris flow breccia ~3.9
\ In situ brecciation/cryptomaria A <0.05
~100 m Fecunditatis ejecta ~3.9
In situ brecciation/cryptomaria? A <0.05
~700 m S
Tranquillitatis ejecta 3.94
In situ brecciation A<0.3
South Pole-Aitken ejecta/secondaries ~4.2
Late cratered highlands brecciation A <0.1
(young MG-suite intrusions) (4.2-4.3)
Procellarum ejecta ~4.3
Early cratered highlands brecciation ~4.3-4.5

(early ferroan anorthosite crust)

45 km -Ii Ferroan anorthosite crust ~4.5

(old MG-suite intrusions)

Plate 11. Premare time-stratigraphic sequence— Valley of Taurus-Littrow. This figure is
available in full color at http://www.mrw.interscience.wiley.com/esst.

zone in the nonmelt breccia contains small vesicles at and near the contact with
the melt breccia. At Station 7, a vein of crystalline melt breccia cuts across the
contact zone and through a clast, suggesting that the melt breccia may be largely
intrusive. Laboratory investigations of the samples from these boulders indicate
an age of crystallization for the melt breccia of 3.87+0.08b.y. (432), giving the
probable age of the Serenitatis basin-forming event. The petrographic and chem-
ical characteristics of the melt and nonmelt breccias indicate that each is polymict
(multiple types of fragments) and have crystalline matrices. The matrices show a
continuum in texture between very finely crystalline to poikilitic (433), reflecting
the extreme brecciation, heating, melting, and mixing effects of large basin for-
mation (434). No materials, related to the post-Serenitatis, Imbrium basin-form-
ing event, were obvious at the base of the North Massif, although other crystalline
breccias similar to the two types discussed before are present. Elsewhere, a
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Plate 12. Apollo model of lunar evolution— Young Large Basin Substage 3.9-3.8 b.y. This
figure is available in full color at http:/www.mrw.interscience.wiley.com/esst.

boulder of layered, relatively unmetamorphosed and less coherent blue-gray
breccia investigated at the base of the South Massif appeared to have been de-
rived from sources in the blue-gray unit at the top of this mountain. The apparent
several hundred meter thickness of that unit (435,436) is consistent with the
ejecta thickness estimated for points at this distance from the Imbrium Basin
(437). Further, the presence of a KREEP component in the boulder’s chemistry
(438) suggests an Imbrium source area because most KREEP-related materials at
the lunar surface appear to be associated with ejecta from that basin. The study of
Boulder 1 at Station 2 suggests that the 3.85+0.02b.y. old Imbrium event (439)
deposited material from the ~4.3b.y. old Procellarum basin as well as recycled
ejecta derived from the old large basin, Tranquillitatis, to the south, dated at
3.94+0.06b.y. (440,441).

One of the questions raised about the crystalline melt breccias (442) inves-
tigated at Stations 6 and 7 in the Valley of Taurus-Littrow relates to the vesicles
or smooth-walled holes they contain. The holes formed when the breccia was
partially molten and an immiscible fluid phase separated and coalesced to shape
them. Elongation of the vesicles indicates that the melt breccia was still flowing
when this phase was present but not at temperatures sufficient to melt all sil-
icate clasts. Vesicles also formed in the more solid rock in contact with the melt
breccia. Vesicles are common phenomena in terrestrial lavas where a variety of
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Figure 12. The large boulders investigated at Station 6 at the base of the North Massif.
The five boulders accessible for examination and sampling are apparently all part of one
boulder that broke apart as it came to rest after rolling ~1.5km down the side of the
valley (courtesy of NASA). This figure is available in full color at http:/www.mrw.
interscience.wiley.com/esst.

volatile components, particularly water and carbon dioxide, are available to form
the immiscible fluid. The chemical nature of the vesicle phase in lunar breccias,
however, is constrained (1) by the lack of evidence that water or carbon dioxide
ever existed in these lunar rocks, (2) by the absence of any discernible alteration
of the minerals lining the vesicles, and (3) by the absence of anomalous mineral
precipitates on the vesicle walls. A number of lines of reasoning suggest that the
apparently inert fluid in question consisted largely of hydrogen and/or carbon
monoxide; some helium and volatile nitrogen and other carbon compounds were
possibly included. Throughout the formation of the Cratered Highlands, much of
the pulverized ferroan anorthosite would have been as fine as the present-day
surface regolith due to oversaturation with impacts smaller than those that
formed the saturation size, 60-70 km diameter craters. This fine regolith would
have been exposed to the solar wind of that time. Today, the solar wind is 96%
protons (443) and may have been much more intense during the early history of
the solar system, although the particularly intense T-tauri phase of solar evo-
lution probably preceded the Cratered Highlands Stage (~4.4-4.2b.y. ago) of
lunar history (444,445). Plagioclase, the mineral phase comprising about 85%
of the lunar highlands, is a mineral known to be capable of incorporating hy-
drogen ions in its crystal lattice (446). Epithermal neutron spectra from Lunar
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Figure 13. Contact between tan-gray, vesicular impact melt breccia (on the left) and
blue-gray, clast-rich, nonvesicular impact breccia (on the right) in the boulder at Station 6
shown in Fig. 12 (courtesy of NASA). This figure is available in full color at http:/
www.mrw.interscience.wiley.com/esst.

Prospector (447) indicate an average of about 30 ppm hydrogen in the present-
day highland regolith (448). Thus, there is the potential for retaining significant
hydrogen, as well as impactor-derived volatiles, throughout the fine portions of
the crustal megaregolith. Until it is possible to sample the fines of the deep
megaregolith directly, it will remain uncertain whether there was sufficient solar
wind exposure during the Cratered Highland Stage to provide the volatiles nec-
essary to create the observed vesicles. A possible alternative source of vesicle-
forming fluids may be the volatiles derived from impactors or material volatilized
upon impact; however, most evidence indicates that such extremely high tem-
perature material is lost to space (449-451) or would be expected to condense
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Figure 14. Tan-gray, vesicular impact melt breccia of the boulder at Station 6 shown in
Fig. 12 (courtesy of NASA). This figure is available in full color at http:/www.mrw.
interscience.wiley.com/esst.

very quickly into solid material. Thus, solar wind hydrogen and lesser amounts
of solar wind helium and carbon monoxide from the fine fraction of the megar-
egolith could be incorporated into impact melts and form the observed vesicles.
Such hydrogen also may be mobilized in the crater ejecta, lowering the overall
viscosity and contributing to the mobility of debris flows (452).

An additional effect of young, large basin formation appears to have been
the creation of bright swirls (Fig. 16) antipodal to at least the four youngest
basins, Crisium, Serenitatis, Imbrium, and Orientale (453). Another, less
precise correlation, may be the large bright swirl, Reiner Gamma, which is
roughly antipodal (approximately 50°W, 20°N) to the young basin, Tsiolkovskiy.
The extensive region of swirls east of the Crisium basin and antipodal to Ori-
entale were observed and photographed in detail during the Apollo 17 orbital
mission. Bright swirls have no apparent topographic relief or texture, are
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Figure 15. Blue-gray, clast-rich impact breccia of the boulder at Station 6 shown in
Fig. 13 (courtesy of NASA). This figure is available in full color at http:/www.mrw.
interscience.wiley.com/esst.

diffusely bordered, and have local dark cores. There have been recent sugges-
tions that bright swirls represent variations in proton-induced darkening of
surface materials. These variations might be caused by deflections of solar
wind associated with remnant magnetic anomalies that are also roughly an-
tipodal to at least four and possibly six of the young basins (454-456). Alter-
natively, the swirls may be the result of an internally originated process that
causes changes in the relative abundance of fine and coarse particles in the
regolith (more coarse particles give a brighter albedo). This change may pos-
sibly be related to gas flow from the crust or deeper interior of the Moon that
moves fine particles upward to the surface in response to seismic shaking at
antipodes from large impacts. Such an origin would account for the reported
lower maturity index for the Reiner Gamma swirl relative to the host mare
basalt (457), although magnetization of thick, underlying Imbrium ejecta has
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Figure 16. Light-colored swirls on the surface of the farside of the Moon, east of the
Smythii Basin and antipodal to the Orientale Basin (courtesy of NASA).

also been suggested as the basis of this and two other swirls in the region (458).
On the other hand, the antipodal association of magnetic anomalies, if genet-
ically related to basin formation, would provide a constraint on the duration of a
past lunar dipole field. As anomalies do not appear to be antipodal to the old
large basins and are of lower intensity antipodal to Orientale, then the dipole
may have been active only between about 3.92 and 3.80b.y., the span of ap-
parent ages of these young basins. If this suggestion survives further scrutiny,
these dates may indicate the approximate times of lunar core formation and
termination of core circulation, respectively. If it took about 600 m.y. for the
Fe,NiS, liquid that formed the lunar core to migrate through the lower mantle
and coalesce as a core, then this would be further support for the hypothesis
that the whole Moon never melted during the Magma Ocean Stage. Otherwise,
Fe,Ni,S, liquid would have formed a core nearly simultaneously with melting of
the whole Moon.
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Basaltic Maria (Stage 5—Upper Imbrium). Considerable evidence exists of
eruptions of basaltic lavas on the Moon (Plate 13) as early as 4.2b.y, the cryp-
tomaria (459), and as late as 1.3 b.y. in Oceanus Procellarum (460). The majority
of the partial filling of many of the large basins by mare basalt (see Fig. 11),
however, particularly on the nearside of the Moon, appears to have begun about
3.8b.y. ago and lasted for about 800 m.y. years. This period constitutes the bulk of
the Basaltic Maria Stage of lunar evolution (461-463) (Fig. 17). Recent estimates
of the volume of mare basalt range up to 10’-km? (464), and the mean volume per
eruption was about 200-km® (465). These volume estimates do not include po-
tentially abundant intrusions in the pervasively fractured lunar crust. Hidden
intrusives in the thick crust may account for the “missing” mare basalt on the
lunar farside. The fundamental characteristics of the samples of mare basalts
collected by the Apollo astronauts are their chemical and mineralogical diversity
(466-469). The mare basalt sample suites from the Apollo 12 and Apollo 17 sites,
however, contain many samples that appear to be largely derived from one or two
individual flows or cooling units (470-472) and are discussed in more detail later.
The variety of mare basalt compositions attests to the comparable variety of
depths, mineral assemblages, and degrees of partial melting involved in the lu-
nar mantle, as the mare basalt magmas formed (473,474). This variety probably
was further enhanced by the differing degrees of internal differentiation that
resulted from fractional crystallization and devolatilization during ascent and
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Plate 13. Apollo model of lunar evolution—Basaltic Maria Stage 3.8-3.7 b.y. This figure
is available in full color at http:/www.mrw.interscience.wiley.com/esst.
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Figure 17. Mare structures near sunrise on the mare basalt surface of the eastern
Imbrium Basin (courtesy of NASA). This figure is available in full color at http:/www.
mrw.interscience.wiley.com/esst.

solidification which it has been noted, also took place in the Apollo 12 basalt flows
(475) (Plates 14-16).

The insulating nature of the Cratered Highlands and the heat sources in
KREEP-related intrusives within and beneath the crust would have resulted
in a downward wave of partial melting, progressing through the Magma Ocean
cumulates of the upper mantle. This constitutes the simplest and currently most
plausible scenario for the generation of mare basalt magmas during their peak
eruptive period. Additional sources of heat would have included interstitial ra-
dioisotopes within the cumulates. Partial melting at increasing depths would
partially reverse the sequence of cumulate formation in the cooling Magma
Ocean, initially producing primary magmas rich in titanium and KREEP-related
components at about a 200-km depth, followed by melting at increasing depths to
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Plate 14. Apollo model of lunar evolution—Basaltic Maria Stage 3.7-3.5b.y. This figure
is available in full color at http://www.mrw.interscience.wiley.com/esst.

below 400 km (476,477). These would be reflected in magmas that had progres-
sively less titanium, less KREEP-related components, and more magnesium as
deeper olivine and orthopyroxene-rich cumulates reached equilibrium with the
very earliest partial melts derived from interstitial plagioclase, ilmenite, and
other minor minerals. This sequence can be verified only in a general sense; the
oldest samples of mapped lavas are titanium-rich (Apollos 11 and 17), and the
youngest are magnesium-rich (Apollos 12 and 15 and Lunas 16 and 24). Analysis
indicating that platinum group elements have higher concentrations in the older,
titanium-rich basalts than in the younger, magnesium-rich basalts, is consistent
with this sequence as well. Due to the early separation of iron-rich liquid from
the Magma Ocean (see the previous discussion of the Magma Ocean Stage),
the remaining siderophilic platinum group elements, most of which would have
gone into the iron-rich liquid, would have been reconcentrated in the residual
liquid from which ilmenite ultimately crystallized (478). Clearly, there are great
uncertainties in attempts to correlate source region compositions and ages
among various maria on the Moon. For example, in the Oceanus Procellarum
maria west of Imbrium there appears to be a reversal of the sequence of old and
titanium-rich to young and magnesium-rich. Many of the youngest lavas in
Oceanus Procellarum that have been identified by remote sensing and dated by
crater statistics (479) are also titanium-rich. This reversal may be explained by
an earlier migration of dense ilmenite cumulates to deeper portions of the mantle
in response to the disruption of the Procellarum basin-forming event. Such a
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Plate 15. Apollo model of lunar evolution—Basaltic Maria Stage 3.5-3.0b.y. This figure
is available in full color at http://www.mrw.interscience.wiley.com/esst.

gravitational destabilization of ilmenite cumulates has been suggested for the
entire Moon (480); however, the distribution and ages of Ti-rich mare basalts are
not consistent with this more global hypothesis.

Samples of basalts in the older to younger age sequence, Apollo 11 > Apollo
17>Luna 16>Luna 24/Apollo 15> Apollo 12 (481-483), appear to follow this
melting sequence scenario reasonably well. Greater amounts of incompatible,
KREEP-related elements are also noted in older basalts (484) due to the close
association of late ilmenite cumulates with the residual melt of the Magma
Ocean. Although Apollo sample analyses suggest a bimodal distribution of tita-
nium in mare basalts, remote sensing data indicate that the majority of mare
surfaces show a few percent TiO, and smooth decreases in abundance on either
side of this peak (485). Except for the old titanium-rich basalts noted, variations
in major element compositions, particularly in titanium, potassium, and
aluminum, can be attributed to fractional crystallization of basaltic magmas
and/or melting varying proportions of ilmenite-, KREEP, and plagioclase-bearing
interstitial material, respectively, in the source cumulates (486-488). Significant
assimilation of crustal material is ruled out by geochemical and isotopic consid-
erations (489). Rare-earth patterns also follow a compatible sequence; the great-
est europium depletion occurred in the oldest primary mare magmas (490),
magmas produced from cumulates subject to the longest interval of plagioclase
crystallization. A proposed alternative scenario for producing the primary mag-
mas for the basaltic maria through partial melting of a hybridized upper mantle
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Plate 16. Apollo model of lunar evolution—Basaltic Maria Stage 3.0-2.0b.y. This figure
is available in full color at http:/www.mrw.interscience.wiley.com/esst.

plus assimilation of various materials (491) suffers from inconsistency with the
apparent depths of partial melting as a function of time. Also, models for mantle
hybridization (492) are inconsistent with the concept of the generally composi-
tionally concentric structure of the mantle discussed before and with the im-
probability of overturn in the lunar mantle when fully solidified. The apparent
exception to the lack of mantle hybridization, as noted before, consists of the
region beneath the Procellarum Basin and possibly beneath the South Pole-
Aitken Basin. Very large basin-forming events would have had the potential to
destabilize the underlying mantle though pressure-release melting and may
have allowed relatively dense ilmenite-rich cumulates to migrate downward.
Apollo samples and age estimates by crater statistics suggest that surface
flows during the main phase of mare basalt eruption appeared first in the
Serenitatis—Tranquillitatis region of the Moon. This spatial association probably
exists for three reasons. First, after the formation of the Procellarum Basin and
before the Serenitatis and Tranquillitatis events, as discussed previously, a thick
portion of insulating megaregolith and ejecta lay over this region, accelerating
reheating of the mantle. Second, due to the offset of the Moon’s center of mass
from its center of figure toward this region (493), a selenopotential low existed
that facilitated magma access to the surface. Third, younger magmas would be
forced progressively away from the area of preceding eruptions as they encoun-
tered a largely permeated and sealed crust. Although the distribution of basins
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and highlands would perturb this idealized pattern, some indications of a rough-
ly concentric color and age pattern of mare distribution around the selenopo-
tential low have been observed (494,495). On the other hand, by 3.92b.y. ago, the
beginning of the Young Large Basin Substage, fractional remelting of the out-
ermost cumulates of the Magma Ocean probably had progressed in many re-
gions, if not globally, to the point of incipient eruption. The Serenitatis event
(3.87+0.08Db.y.) and other large events on the nearside of the Moon may have
accelerated regional mantle melting by the release of lithostatic pressure re-
sulting from the instantaneous removal of 10-20 km or more of crustal material
(496). No specific evidence, however, indicates that this significantly affected the
eruptive history of the maria (497). Elimination of most of the initial pressure
change might have occurred through rapid rebound of the basin floors as par-
tially fluidized mantle material moved inward and upward to compensate (498).
Additionally, nearly contemporaneous movement of large fault blocks of basin
rim masses into the transient crater cavity may have taken place (499).
Nonetheless, the oldest known lavas spatially associated with the
Serenitatis basin crystallized about 3.82+0.25b.y. ago (500). These old, high-
titanium lavas were sampled during Apollo 17 at the rim of Camelot Crater
(Fig. 18). Because these mare basalts lie above Imbrium ejecta deposits and
Apollo 14 and 15 samples date the Imbrium event at 3.85+0.03b.y. ago (501), the

Figure 18. Mare basalt boulders at Station 5 on the rim of Camelot Crater excavated
from a depth of about 150 m. The author is moving toward the Lunar Rover (courtesy of
NASA). This figure is available in full color at http:/www.mrw.interscience.wiley.com/esst.
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oldest basalt ages can be constrained even more to about 3.82+33b.y. The Tau-
rus-Littrow lava, or rather the regolith formed on them, is contiguous with a
dark blue-gray annulus about 50 to 100km wide around Serenitatis and is
roughly contiguous with the titanium-rich basalts of Mare Tranquillitatus to the
south. The annulus of dark blue-gray regolith underlies younger mare basalts
covered with brown-gray regolith in the central portion of the southern Se-
renitatis Basin (502,503), regolith low in titanium, as determined by remote
sensing (504). The younger, central basin lavas may be represented in the Apollo
17 sample suite by small fragments of low-titanium basalt in the regolith that
have ages of 3.74+0.20b.y. (505). The most common types of titanium-rich ba-
salts (Types A and B) sampled in the Valley of Taurus-Littrow are of a differ-
entiated continuum between high-titanium, olivine-rich basalt and a low-
potassium, olivine-poor basalt that can be produced by fractional crystallization
of a single magma (506). Consideration of the depths of the craters that exca-
vated the Type A and B samples suggests that these basalts represent most of the
upper 100-150 m of the basalt section. Active seismic measurements made just
after the Apollo 17 mission determined that approximately 1.175km of basaltic
rock partially filled the valley (507). In situ gravity measurements showing a
basalt depth of ~1.4km (508) roughly confirms the seismic estimate. No direct
field evidence exists for the thickness of individual flows in this basalt section.
The rate of extrusion may have been high enough that individual eruptions
coalesced to create a few thick cooling units, possibly only one, as suggested by
the chemical trends between basalt Types A and B. Field observations support
this conclusion in that they disclosed only limited textural or mineralogical var-
iability among the basalt boulders other than in vesicle concentration and grain
size. The seismic profiles further suggest only two major units, one 248-m thick
zone that had a seismic velocity of 250 m/s underlain by a 927-m thick zone that
had a velocity of 1200 m/s, both consistent with known basalt velocities (509). The
upper unit may be an intensely fractured portion of a single cooling unit because
the profiles were measured largely under the highly cratered central portion of
the valley. In contrast to these apparently thick Apollo 17 basalt units, samples
from around craters in the basalt flows at the Apollo 12 site provided conclusive
field and chemical evidence of fractional crystallization in flows only a few tens of
meters thick, primarily through the settling of olivine (510,511). Olivine frac-
tionation also seems dominant in the differentiation of the apparently much
thicker Apollo 17 flows; however, ilmenite, armalcolite [(Mg,Fe)TizO5], and
chromian spinel may be involved as well (512). On the other hand, many mare
basalt flows extruded late in other eruptive areas appear to be only 10-60 m thick
(513). Photographs by the Apollo 15 crew of flows exposed in Hadley Rille (514),
photogeologic evidence of relatively thin flows at the surface of other basins, and
the thin flow that must have protected the integrity of the orange volcanic glass
deposit in Taurus-Littrow (515) indicate that this often has been the case.
Apollo 17 radar data taken from orbit (516) are consistent with a 3-km thick
basalt section in the central portion of the southern Serenitatis Basin. Analysis
of impact craters penetrating this mare (517) gives an estimated thickness of
4km. A number of factors indicate that the lunar basaltic eruptions that created
the maria in general occurred at high rates from many centers across wide re-
gions. Such rapid and pervasive eruptions would result in dense plates and
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possibly thick cooling units in the central portions of confining basins. For ex-
ample, the innumerable deep fractures in the crust and upper mantle associated
with Serenitatis and previous impacts provide a vast number of potential magma
conduits. Gravity one-sixth that of Earth’s and a lunar magma viscosity 10 times
lower than that of the average terrestrial basaltic magma will result in a flow
rate from source regions possibly 50% faster than that in Earth (518). This may
lead as well to a propagation rate in the crust as much as ten times faster. The
increase in volume of a partial melt compared to its crystalline equivalent would
have created overpressures and/or buoyant forces (519) necessary to drive mag-
ma from the mantle and into and through the crust, accompanied by intensified
microfracturing and refracturing of the lower crust. A significant likelihood also
exists that the crust was in overall tension during the Basaltic Maria Stage as a
result of volume increase due to thermal expansion and partial melting of the
upper mantle. Such tension would have tended to keep fractures open until filled
by solidified magma. All of these factors may have produced a volume of intrusive
basalt dikes beneath the central portions of mare basins like Serenitatis that is
great enough to contribute to the spatially associated mascon. If such a mass
contribution is significant, then the degree to which modeling of mascons de-
pends on an elevation of the crust-mantle boundary would be correspondingly
reduced. The fact that the youngest flows in a given region are low volume flows
can be best explained by decreasing magma production and/or the constriction or
closing of most conduits by preceding eruptions. Many late eruptions, particu-
larly of regional deposits of pyroclastic volcanic glasses, are closely associated
with large, graben-forming fractures related to major basin margin structures.
The very deep source regions indicated for such glasses and their associated
volatiles strongly suggest that these fractures penetrate more than 500 km into
the lower mantle (520), again indicating an upper mantle in structural tension at
the time of eruption.

Major basalt units in the Apollo 17 suite are vesicular, as are basalts from
other mare landing sites. The variability of associated mineral linings and phase
equilibrium implications of these relics of an immiscible fluid phase were first
studied in Apollo 11 basalts from Tranquillity Base (521). As in crystalline melt
breccias, is a likely candidate for a vesicle fluid phase, although carbon monoxide
is another strong possibility (522-524). Unlike the probable solar wind origin of
the hydrogen in melt breccias, however, hydrogen or carbon monoxide in the mare
basalt magmas would need to be derived from primordial sources (525). In the
case of hydrogen, primordial water would be decomposed by downwardly mi-
grating Fe,Ni,S, liquid separated from the Magma Ocean and would produce FeO
and hydrogen. The total absence of any indication of water associated with the
vesicle fluid phase demonstrates that all primordial water in the source materials
for the Magma Ocean has been lost to space or has decomposed. Further, the lack
of evidence that water was associated with the adsorbed volatiles in pyroclastic
volcanic glasses indicates that no water remains in the lower, more primitive
mantle and supports the hypothesis of a broadly disseminated migration of
FeNi,S, liquid through this material to form the lunar core. The presence of
hydrogen as a component of lunar magmas would affect other aspects of magmatic
activity, including, density, viscosity, fractional flotation of minerals adhering to
vesicle walls, and the dynamics of late-stage eruptions from cooling intrusives.
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Fluorine is slightly concentrated on the walls of basalt vesicles relative to the rock
as a whole (526). Fluorine constitutes an important component of the volatile
fraction of the orange and green volcanic glasses, so a broader attempt to char-
acterize the vesicle fluids in lunar basalts might be of significant interest.
Regional dark mantle deposits have been mapped around the southern edge
of the Serenitatis Basin (527,528) (Fig. 19) as well as in many other locations on
the Moon (529). These deposits and similar pyroclastic materials sampled by
Apollo 17 characterize late-stage mare volcanism at the edges of a few other large
basins, including Imbrium (green volcanic glasses sampled by Apollo 15). As
previously discussed, the volcanic glasses associated with these deposits and
found ubiquitously as a component of mare regolith at all of the Apollo sites have

Figure 19. Regional deposit of dark mantle material near the southwestern edge of
Serenitatis. Orbital observation during the Apollo 17 mission indicated that these deposits
contain extensive layers of orange, red, and black glasses (courtesy of NASA). This figure
is available in full color at http://www.mrw.interscience.wiley.com/esst.
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continued to grow in significance relative to the origin, evolution, and internal
structure of the Moon (530,531). The continuing interest in such glasses was
catalyzed by the Apollo 17 discovery of the nearly pristine orange volcanic glass
and its black, partially devitrified equivalent in the rim of Shorty Crater
(532,533). Table 3 summarizes the geologic history of the area near Shorty Cra-
ter. Another type of basalt sampled in the Valley of Taurus-Littrow (Type C), a
very high titanium, vesicular olivine-rich basalt, apparently formed a protective
unit above the original, pre-Shorty orange and black volcanic glass deposit. Type
C basalt has an unusually low Ba/Rb ratio that also distinguishes it from other
basalts in the valley (534). Some such lava flow necessarily covered the deposit at
Shorty soon after it was formed during a pyroclastic eruption (535) about
3.48+0.03b.y. ago (5636), or about 300 m.y. after the major mare basalt eruptive
activity in the valley. Orange glass argon exposure ages of 30+ 6 m.y. (5637) in-
dicate that the original pyroclastic deposit lay unprotected on the Moon’s surface
for about that length of time. Further, cosmic ray track data indicate that the
event that formed Shorty and exposed the orange glass occurred between about
1043 (538) and 19 m.y. ago (5639). This Type C basalt made up a unit of limited
lateral extent because samples of it were obtained only at Station 4 on the rim of
Shorty Crater (540). No other evidence of protected orange glass was observed,
even though beads of this glass are important constituents of the valley regolith
(541). The Type C unit also was apparently quite thin as it, several meters of the
underlying pyroclastic deposits, and a meter or so of light mantle debris (see
below) must fit into a section about 14 m thick, the depth of Shorty Crater below
the precrater surface. No pyroclastic material was observed on the floor of Shorty,
only large blocks of fractured basalt. Most of the Type C basalt would have been
pulverized and incorporated in the approximately 10 m of regolith developed in
the valley during the 3.5 billion years since its eruption.

These orange pyroclastic glasses (see Figs. 6 and 7), independent of their
adsorbed volatiles, appear to have originated from melting of the deep portions of
the upper mantle, possibly as deep as 400km or more below the surface
(542,543). Even deeper origins are indicated for the low-titanium green glasses
sampled by Apollo 15 (544). The small europium depletion in the Apollo 15 green
volcanic glasses (545) suggests a deep (early) cumulate source region less affected
than mare basalt source regions by the loss of europium during plagioclase sep-
aration from the Magma Ocean. On the other hand, the larger europium deple-
tion and generally higher rare-earth concentrations in the Apollo 17 orange
glasses suggest a relatively shallow (late) cumulate source region from which
plagioclase has crystallized. Clearly, there is much more to be learned from the
pyroclastic glasses. For example, the high-titanium orange glass turned out to be
high in iron and magnesium relative to high-titanium mare basalts (546), also
consistent with a source distinct from those basalts. Interpretations of analyses
of trace elements (547) indicate that the source regions for some pyroclastic
glasses have some chondritic characteristics with regard to these elements and
include garnet as a mineral phase. These data suggest that some of the source
regions of the pyroclastic glasses lie below 550 km, the apparent base, on seismic
grounds, of the largely or entirely molten Magma Ocean (548,549). Further, the
light gray regolith on either side of the orange glass deposit, apparently altered
from the darker gray of the nearby regolith due to volatile migration, contains
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Table 3. Sequence of Geologic Events in the Vicinity of Shorty Crater

Event

Thickness or dimension

Age or A time

Deposition of Serenitatis ejecta
and faulting to form the proto-
Valley of Taurus Littrow

Development of regolith

Deposition of Imbrium ejecta

Development of regolith

Eruption of basal mare basalt
unit (?)

Development of regolith (?)

Eruption and in situ
differentiation of Types A and
B, high-titanium olivine
basalt flows (Stations 1 and 5)

Development of regolith (74240-
49? and 742607?)

Pyroclastic eruption of orange
glass and black, partially
devitrified glass beads (double
drive tube 74001/2 and 74220)

Development of regolith (no
known sample)

Eruption of basalt lava deposit
(74245, 74255 and 74275)
(Type C?) that covered the
pyroclastic deposit and
protected much of it from
regolith formation (645) and
cosmic ray exposure (646)

Development of regolith (no
known sample)

Avalanche of South Massif
regolith Stations 2, 2a, and 3)
to create the light mantle unit
(650). Probably related to the
impact of ejecta from the
crater Tycho (651)

Development of regolith (LRV-5
and 6)

Impact creating 110-m diameter
Shorty Crater and excavating
to a depth of 20-25m

~T700m (635)

?

~100m (637)

€]

927m+10% (639)

9]
248 m +10% (640)

A few cm

2-4m (Visual estimate

from photographs

showing a dark layer
in west rim of Shorty

Crater; (642)
~2-5cm

~10m

~5-10m (647-649)

~1m (at Station 4)

~5-10cm (653)

~14m below the

Preexisting surface
(654), including a few
meters into the Type

A/B basalt unit

3.87+0.08b.y. (636)

<A0.1b.y.

3.85+0.03b.y. (638)

<A0.31b.y.

Between 3.88 and 3.57b.y.
(between the oldest limit
on age for Imbrium and
the youngest limit on
oldest sampled Taurus-
Littrow basalt)

3.82+0.050.25b.y (641)

A~6-41m.y.

3.48+0.03 (643)

A~20+6m.y. (644)

3.45b.y.?

A~3.34by.

95+ 6m.y. (652)

A~T5m.y.

10+ 3 (655) to 19 m.y. (656)
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Table 3. (Continued)

Event Thickness or dimension Age or A time

Pressure-driven eruption of gas/ >70cm A seconds to minutes
bead mixtures along conduits
in the radial and
circumferential fractures
around Shorty Crater (657)
and volatile migration,
particularly Na (658), into
surrounding regolith or
deposition of portions of
orange and black pyroclastic
ejecta in the rim and wall of
Shorty (659)
Development of regolith (top of  ~0.5cm (660) A7-19m.y.
drive tube 74001)

unusually high Na (550), which is otherwise depleted in crustal mare basalts
relative to carbonaceous chondrites (551).

After mare basalt eruptions, and associated with many if not most erup-
tions of regional pyroclastics (552-554), normal faulting (555) occurred in nearby
mare-filled basins. These faults produced many long, often arcuate graben val-
leys (556) (see Fig. 19). As discussed before, this phenomenon suggests that the
stress regime of the lunar crust was tensional during the Basaltic Maria Stage
and for some time before. Such a tensional stress field would be expected because
thermal expansion and partial melting of the upper mantle began soon after the
formation of the Cratered Highland Stage’s insulating megaregolith. The more
slowly expanding lower mantle may have maintained this global tensional field,
long after heating and partial melting of the upper mantle ceased due to mare
basalt eruption and consequent heat transfer to the surface. Long duration
crustal tension may explain the existence of a structural moat or trough rather
than the normal talus apron between the base of the Apollo 17’s South Massif
and the mare basalt fill in the Valley of Taurus-Littrow (557). A sporadic but
continuous widening of the fault boundary that defines the south side of the
valley (558) apparently has provided space for talus accumulation. Later regional
relaxation of crustal tension would have contributed to the formation of the
abundant mare ridges (559). These ridges, also called wrinkle ridges, constitute
common features on the exposed surfaces of the lunar maria (560). They are
apparently produced by regional compressive stresses associated with eruptive
episodes of basalt of an age younger than the lavas affected or with the cooling of
the upper mantle after eruptive activity ceased in a given region. The east-west
to north—south Jefferson-Lincoln-Lee scarp that crosses the lower slope North
Massif and the Valley of Taurus-Littrow appears to be such a ridge. It probably
expresses the trace of a thrust fault (561). The absence of strike-slip faults (562)
in this region as well as elsewhere on the Moon probably reflects the very low
shear strength of the intensely fractured and brecciated outer lunar crust. That
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some shear stress can be present in the Moon is indicated by local en echelon
displacement of a few graben valleys (563). The greater curvature of the Moon
relative to other planets may also contribute to the lack of significant regional
shear stress (564).
Mature Surface (Stage 6—Pre-Nectarian—Present). Maturation of the sur-
face of a lunar geologic unit begins with stabilization of the unit’s upper surface.
Primary and secondary impacts and space radiation cause some degree of mod-
ification on every surface formed on the Moon, however transitory its exposure
may be to the space environment. A quantitative maturity index has been de-
veloped (565); however, it has become increasingly clear that factors other than
age can effect the measured “maturity.” Although the index is useful in compar-
ing similar units, relative iron, and titanium contents of the original materials
(566), and initial particle size and volcanic glass content (567) will affect its
values significantly. For most of the lunar highlands, there was a continuous
process of megaregolith development followed by normal regolith development
beginning with the formation of the first coherent solid surface on the Magma
Ocean. At a more detailed level, regolith development began region by region,
area by area with the emplacement of the last ejecta derived from a large basin-
forming event or from a crater that fully penetrated older regolith. Similarly, for
the lunar maria, regolith development began basin by basin with the solidifi-
cation of the last mare basalt unit at the surface. Thus, the Mature Surface Stage
for the lunar maria overlaps much of the Large Basin Stage on the highlands and
began in a staggered sequence between 3.8 and 3.0 b.y. ago on most of the maria,
depending on the age of flow surfaces.

Regolith makes up the dominant maturation product (see Figs. 4, 8, 12 and
18). This layer of pulverized debris is developed largely through impacts, the
largest producing fairly sharp, irregularly cupped contact on fractured bedrock.
The regolith constitutes the upper tens of meters of surface materials in the
highlands; however, over the oldest of the lunar maria, such as at Apollo 11’s
Tranquillity Base, the regolith reaches an average maximum depth of only about
6m. Near contacts between the maria and steep highland slopes or where
pyroclastic glasses have been added to the surface of earlier formed regolith, the
overall depth of largely fine-grained debris increases. This has been studied best
in the Valley of Taurus-Littrow. Here, highland debris from the North and South
Massifs and glass beads from pyroclastic deposits have added several meters of
thickness to the regolith (568). Cosmic rays and solar wind particles also modify
the lunar regolith. Cosmic rays produce a variety of spallation isotopes useful in
measuring the length of time materials have been exposed at or near the lunar
surface (569). They induce the production of neutrons whose energy or temper-
ature can be measured in lunar orbit and used to determine remotely the con-
centrations of some interacting elements in the regolith (5670). High-energy solar
wind ions, largely hydrogen and helium but contianing significant carbon and
nitrogen and minor noble gases as well, stream continuously from the sun,
guided by solar magnetic lines of force. The flux of solar wind ions at the lunar
surface varies with the quantity ejected from the Sun and because of interactions
with Earth’s magnetosphere. Upon impinging on the lunar surface, these ions
are embedded continuously in the near surface mineral and glass constituents of
the regolith, are partially released later by micrometeoroid impact and diurnal
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heating, and are partially retained by burial under ejecta from impacts. To some
degree, released species will be entrained in the passing solar wind (“pickup
ions”) and are either lost entirely or reimplanted elsewhere on the Moon. For any
given regolith deposit, a steady state of solar wind concentration develops that
depends on the overall length of exposure, so that the measured amount of re-
tained solar wind increases roughly with the age of the underlying unit. A de-
finitive model of this overall process has not been published; however, the
analysis of lunar soils has disclosed the approximate steady-state concentrations
of solar wind volatiles in samples and cores from the various Apollo landing sites
(571,572). Most sampling, bagging, transporting, splitting, and distribution of
Apollo samples was not designed to prevent the loss of contained solar wind
volatiles. As a consequence, the vast majority of quantitative measurements of
solar wind components in the lunar regolith samples must be viewed as min-
imum amounts, possibly in error by as much as 50 to 100%.

Evidence is strong that solar wind hydrogen and helium are retained se-
lectively by feldspar and ilmenite, respectively. In the earlier discussion of the
origin of vesicles in crystalline melt breccias, it was noted that epithermal neu-
tron spectra, measured by Lunar Prospector (573), indicate variations in concen-
trations of protons (hydrogen) in the lunar regolith. Significant concentrations by
factors of 2-3 exist in the lunar maria relative to the highlands. The feldspar
crystal lattice can hold hydrogen in a cation position (574); however, the specifics
of retention in lunar feldspars have not yet been addressed. Hydrogen’s affinity
for titanium, present in the mineral ilmenite [FeTiOs] in most maria, may con-
tribute to the retention of solar wind hydrogen in basaltic regolith. The Prospector
data also show that hydrogen, specifically protons, are concentrated by factors of
3-10 at the lunar poles, apparently related to the generally colder regolith and to
approximately 20,000 km? of permanent shadow in those two areas (575,576). The
temperature of surfaces in permanent shadow is a constant —230°C in contrast
to the maximum daytime temperature at the equator of +123°C (577). The
Prospector Team (578) and others using data from Clementine (579) interpreted
the epithermal neutron spectra to indicate the presence of large quantities of
water ice. The Clementine data have been disputed vigorously (580). Still others
have suggested that most if not all the signal in the polar regions is related to
solar wind hydrogen (581,582). Water ice might be deposited as a consequence of
cometary impacts on the Moon, as predicted theoretically (583). The interpreta-
tion of the Lunar Prospector neutron spectrometer data indicating water appears
premature, however, in the face of the proven presence of more than 100 ppm
solar wind hydrogen in many soil and regolith breccia samples (584). Solar wind
hydrogen would also be concentrated and preserved as a distributed regolith
component in the colder polar regions as well as in permanent shadow. In per-
manent shadow, no significant amount of implanted solar wind hydrogen would
be lost to thermal cycling and both primary and pickup ions would be contin-
uously deposited in such areas, albeit at a slower rate due to geometric factors.
Further, a continuous blanket of cometary water ice, precipitated on rare occa-
sions in permanent shadow, would remain subject to micrometeoroid erosion
comparable to that which gardens the upper few centimeters of the regolith ap-
proximately every 10 million years (see data summarized in Table 3). Unless
covered by protective ejecta from impacts or deposited in one of the few extremely
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deep craters near the South Pole, as now postulated by the Lunar Prospector
Team (585), the water ice blanket may erode and be dispersed in a geologically
short interval. Some water ice and other cometary volatiles may be preserved
beneath scattered ejecta blankets or in deep craters in permanently shadowed
areas, depending on the frequency of cometary impacts relative to the rate of
water ice erosion. Solar wind hydrogen, however, probably accounts for most if not
all of Lunar Prospector’s epithermal neutron signal.

The high-titanium regolith in the Valley of Taurus-Littrow has helped to
quantify the correlation of solar wind helium content with TiO5 in Apollo samples
of regolith derived primarily from mare basalt. This relationship had been well-
documented in samples from other Apollo sites (586). Because ilmenite is the
only significant titanium mineral in the regolith, it appears to accommodate
helium in its lattice better than other minerals and glasses. Helium release
signatures from lunar samples containing ilmenite have been duplicated in ter-
restrial ilmenite irradiated with helium ions at solar wind energies (587). Sig-
nificantly, the light isotope of helium, *He, holds great promise as a lunar
resource export to supply future fusion power plants on Earth (588,589). Al-
though the regolith in the valley of Taurus-Littrow has concentrations of *He,
early resource production probably would concentrate on much larger areas in
the Mare Tranquillitatis (590,591). The 2000-km long volcanic province of central
Oceanus Procellarum constitutes another high-titanium region of the Moon;
however, until direct evaluation of the strength of the titanium-helium corre-
lation can be made specifically for this province, Tranquillitatis probably will
remain the preferred target area for early production. If it is shown that the
proton signal at the lunar poles is largely the result of a 3- to 10-fold concen-
tration of solar wind hydrogen, then helium may be concentrated there as well.
Whether such a concentration advantage can offset the higher cost of mining,
living, and transportation inherent in any resource recovery at the lunar poles
remains to future study.

During the Mature Surface Stage, impacts continued and declined to ap-
proximately present frequency levels (592) with some recently detected varia-
bility (593). They did not, however, change the face of the Moon significantly.
Three billion years ago, the full Moon would have looked very familiar to a time
traveler from our day. The type example of one of the few major impacts of this
stage has been that which formed the 95-km diameter crater Copernicus
(594,595) about 0.85b.y. ago (596). Secondary projectiles from another such cra-
ter, Tycho, appear to have formed the cluster of craters in the central portion of
the Valley of Taurus-Littrow and triggered the avalanche or landslide that pro-
duced the light mantle deposit (597) (see Fig. 3). This association, if valid, places
an age of ~100m.y. on the Tycho event (598). The plume-like avalanche deposit,
essentially identical mineralogically and chemically to the regolith on the slopes
of the South Massif, was investigated and sampled at Stations 2, 2A, and 3. An
avalanche-related origin of the light mantle deposit is supported by an apparent
vertical separation of rock fragments by size within the deposit (599). In situ
screening of near-surface debris from both South Massif talus and light-mantle,
produced a significantly lower frequency of rock fragments larger than 2cm in
samples from the light mantle. Additionally, visual comparisons of the size of
boulders excavated by impacts into the deposit correlated roughly with the
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diameter of craters, and thus with the depth of excavation. Sorting by size
and the potential availability of hydrogen released by particle interaction in
the flowing feldspathic regolith further suggests that the avalanche was gas
lubricated. The liberation of solar wind gases by particle abrasion in regolith
samples was demonstrated during soil mechanics experiments on returned sam-
ples (600).

Possible Implications

Apollo 17 had both the privilege and the sadness to be the capstone on human-
kind’s first venture into deep space. The privilege came in contributing to the
reemphasis of the potential of free men and women when given a challenge they
believe must be met. The sadness lay in not continuing to amortize the invest-
ment of human lives, families, energy, and resources that made Apollo possible.
Science, however, owes much to the explorations of the Moon and became the
second major objective of this technological race into the future. As a conse-
quence of obtaining an understanding of the evolution of a second planet, we now
can look at other terrestrial planets with far greater insight than ever would
have been possible otherwise (Fig. 20). The record of impact activity on the Moon,
particularly that between about 4.4 and 3.8 b.y. ago, represents a period of Earth
history that spans the time when complex organic molecules became replicating
life forms (601-603) and continents began to form. During the first 200 m.y. of
this period, the Moon’s dry anorthositic crust was saturated with impacts capable
of forming craters 60-70 km in diameter. On Earth, the pulverized and partially
vitrified crust created by a similar saturation would have continuously reacted
with water to create a wide spectrum of clay species (604), whose crystal struc-
ture may have been important as templates for organic synthesis. During this
same interval, two and possibly more very large impact basins formed on the
Moon; their terrestrial equivalent would have been larger and had thick interior
melt-sheets. The differentiation of these melt-sheets would have yielded silica-
rich disks thousands of kilometers in diameter and possibly tens of kilometers
thick that became potential seeds for the aggregation of early continents. The
existence of a continental crust on Earth has now been placed at least at 4.3b.y.
ago (605,606) and consistent in time with the formation of very large lunar
basins. The next 400 m.y. on the Moon saw about 50 large impacts that created
basins at least 300 km in diameter plus many more smaller. On Earth, a much
larger number of similar events may have delivered additional organic compo-
nents as well as augmented the initial continental material. The global effect,
however, of such highly energetic and repeated impacts potentially would have
assisted and disturbed the final development of replicating life forms. In addition
to formation of complex molecules in terrestrial environments (607), a continuing
influx of organic chemicals may also have arrived as constituents of comets (608).
Recent isotopic evidence of terrestrial biological processes about 3.8 b.y. years ago
(609) is consistent with the end of large basin formation in the inner solar sys-
tem. Thus, the Moon gave us a window into the first 1.5b.y. of Earth history, a
period that culminated in the first isotopic indications of biological processes by
life forms on our home planet.
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Figure 20. Apollo 17’s view of a nearly full Earth, photographed by the author from a
distance of about 34,000 miles (courtesy of NASA). This figure is available in full color at
http://www.mrw.interscience.wiley.com/esst.

Other scientific implications of lunar exploration and research relative to
understanding the other terrestrial planets and the asteroids are also profound.
The Moon forms one end member in the planetary mass series Earth—Venus—
Mars-Mercury—Asteroids—-Moon (610). Having a detailed understanding of the
nature and evolution of the two end members of this series, rather than of just
Earth, has increased the value of remotely sensed data about the others by
orders of magnitude. For example, new questions can be asked about the se-
quence of events during the formation of Earth’s core (611). Discrepancies be-
tween the apparent ages of Earth and the Moon (612) can be approached from
new directions (613). Evidence indicating that primitive lead isotopic ratios,
chondritic tungsten isotopic ratios, and increased aluminum exist in the lunar
mantle below about 550 km strongly suggests that the Moon had an original
chondritic core of about 1200km in radius. Further, '*2HF/'®2W systematics
constrain the crystallization of most of the lunar Magma Ocean to within the first
~40 million years of solar system history. These data may indicate that the
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Moon evolved separately from Earth and was captured rather than originating
as a consequence of a giant terrestrial impact. They also suggest that the original
core of Earth, as well as those of Mars, Venus, and Mercury, would have been
chondritic and comparable in size to the 1200-km protocore of the Moon. Initially,
cool cores would have delayed metallic core formation resulting from the down-
ward migration of iron-nickel-sulfur liquid separates from Magma Oceans. Age
correlation of the start of global magnetism on the Moon with young, large im-
pact basins indicates a delay of about 700 million years in lunar core formation.
Prelarge-basin magnetic striping detected in highland units on Mars (614) sug-
gests a shorter, possibly ~300 to 400 million year delay on that planet. On Earth,
the delay may have been long enough to isolate radiogenic isotopic systems
temporarly from magma ocean isotopic systems in an initially chondritic core. A
delay in the mixing of these two systems after core formation may explain the
paradox of model radioisotopic systems giving ages for Earth that are ~100
million years younger than the age of the Moon and meteorites.

Figure 21. Apollo 17’s view of the rising crescent Earth from behind the Moon (courtesy
of NASA). This figure is available in full color at http://www.mrw.interscience.wiley.com/
esst.
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The nature of Earth’s crust when plate tectonic processes first began to as-
semble continents can be illuminated by joint consideration of the evolution of the
Moon and Mars (615). Further, interpretations of spacecraft images and data from
the other terrestrial planets invariably are considered first in the context of what
we know about Earth and the Moon. The Asteroids, sampled by many meteorites
and imaged by several spacecraft, can now be viewed confidently as largely the
remains of a Moon-like planet, broken apart by interactions with Jupiter (616).
Although our remotely sensed information about Mercury is limited compared to
the other planets, Mariner 10 images and other data can be interpreted as dis-
closing a somewhat larger version of the Moon (617), but one that evolved much
nearer the Sun and had a much larger metallic core. Global photography, orbiting
sensors, and telerobotic landers have begun to illuminate the geologic history of
Mars. Martian history now can be organized with reference to the sequence of
major stages of lunar evolution, modified by our terrestrial experience with the
effect of water and an atmosphere (618). Venus still holds many mysteries about
its resurfaced crust in spite of the remarkable global coverage by the Magellan
spacecraft’s radar system (619). Using that imagery, however, and our knowledge
of Earth and the Moon, we know the questions to ask about underlying materials
and structures and about samples when they can be obtained from the surface of
Earth’s sister planet. Finally, the discovery of solar wind resources in the lunar
regolith, particularly *He as a potential terrestrial fusion energy fuel, has joined

Figure 22. The Lunar Module Challenger at rest in the Valley of Taurus-Littrow on
the Moon (courtesy of NASA). This figure is available in full color at http:/www.mrw.
interscience.wiley.com/esst.
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Earth and the Moon together as one environmental system for the future (Fig. 21).
Our ability to be a truly spacefaring species in the foreseeable future may rest on
the availability in space of lunar consumables, hydrogen, oxygen, water, and food.
Ultimately, the returns on America’s investment in Apollo (Fig. 22) will turn out to
be as large and immeasurable as they were for those stimulated by Thomas
Jefferson in the Louisiana Territory, Abraham Lincoln in Alaska, and many other
public and private commitments to exploration and science.
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ARIANE ROCKET PROGRAM

This article describes the circumstances that led Europe to go ahead with the
Ariane Program in 1973 and subsequently to decide on a series of follow-up
versions, up to and including Ariane 5. The article also describes the main man-
agement principles adopted that have varied little in 20 years and includes brief
details of the successive launcher configurations from Ariane 1 to Ariane 5.

Page of History

In 1972, the European space community was in a state of crisis. It is interesting
to look back at the situation which preceded this crisis to understand the reasons
that led to the decision to proceed with the Ariane program and have subse-
quently guided the program up to the present time.

The first European initiative in the launcher field was taken by the United
Kingdom in 1961, which put forward proposals to France, and later Germany, for
manufacturing a launcher based on the Blue Streak, roughly similar to the
American Atlas, designed and developed up to that time as a first missile stage.
The Blue Streak stage was available, following a change of British policy in this
domain. This was the basis for the Europa 1 project that was designed to place
payloads of 1 metric ton into low orbit.

Unfortunately, the organization set up already contained the seeds of fail-
ure because the United Kingdom was supplying a first stage, whose character-
istics were frozen, whereas France took on responsibility for the second stage,
and Germany for the third stage. Each adopted its own technology and retained
an autonomous stage, creating a total absence of anything resembling a system
study or an attempt at general optimization. Furthermore, the program was
created by cooperation among sovereign states, coordinated by a secretariat un-
der the direction of a diplomat.

By 1966, there was no lack of technical and financial problems. The British
threatened to withdraw from the project, which they did two years later. There-
fore, the program was obliged to buy the first stage directly from United Kingdom
industrial firms. The program was redirected toward geostationary orbit launches
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(a satellite placed into geostationary orbit appears to be in a fixed position with
respect to Earth), and a solid propellant fourth stage was added. At the same
time, the Australian launch range was abandoned in favor of a new launch center
to be constructed in French Guiana. The payload specification was then 270kg in
geostationary orbit, and the new program was dubbed Europa 2.

At the same time, geostationary orbit application prospects became clearer,
and in 1970, Europe decided to commence studies and predevelopment work on a
more powerful launcher (Europa 3) that could place 1500 kg payloads into geo-
stationary transfer orbit (GTO). Unfortunately, the lessons to be learned from the
Europa 1 failures were ignored insofar as program organization was concerned.
Furthermore, although the first-stage technical configuration remained prudent,
based on experience acquired by France from its Diamant program (first unit
acquired in November 1965), the second stage was much too ambitious for Eu-
rope and involved a high-pressure liquid hydrogen/liquid oxygen topping cycle
engine delivering 200 kN of thrust.

The period from 1969 to July 1973 was difficult for the European space
community for the following reasons:

- In the technical context, Europa 1 launches F7, F8, and F9, made from the
Australian base, all failed. The launcher on flight F11, the first launch
Europa 2 made from the new range in French Guiana, exploded 150 seconds
after lift-off on 5 November 1971.

- In the political sphere, Germany decided to withdraw from the Europa 2
program in December 1972 (which led to stopping that program in April
1973) and temporarily suspend its participation in the Europa 3 program.
The Germans were also considerably attracted by collaborative proposals
made by a NASA glowing from the success of the Apollo program. Germany
considered that European efforts in the space transportation sector could be
limited essentially to technological development, in parallel with major par-
ticipation in the post-Apollo program. Nevertheless, negotiations between
NASA and European representatives on that subject were difficult and en-
gendered frustrations in Europe. At first invited to be involved in developing
specific Shuttle hardware, the European contribution progressively nar-
rowed to a science module that would fit into the Shuttle cargo bay.

France adopted a different approach that expressed a triple objective:

- acquisition of absolute control of space applications;

- founding of this control on an autonomous launch capability, with particular
reference to geostationary satellites; and

- adoption of these first two objectives by its European partners to assem-
ble sufficient financial capacity and sufficient volume to make production
feasible.

However, these French ambitions were momentarily weakened by two
launch failures in the Diamant national program in 1971 and 1973, despite the
fact that they followed a run of six successful launches.
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Finally, the Ariane program may well owe its very existence to the difficult
negotiations undertaken with NASA in connection with the launch of the two
“Symphonie” experimental telecommunications satellites. The extremely harsh
conditions imposed on the German and French negotiators, including an em-
bargo on using these two satellites for any commercial purpose in particular
strengthened the determination to achieve the autonomy proposed by France.
European agreement was finally achieved in July 1973, following a period of
intensive negotiation.

It was decided to embark on three simultaneous programs:

- the “L3S” heavy launch program proposed by France at the end of 1972 (this
program was renamed “Ariane” shortly afterward);

- the Spacelab program in cooperation with NASA, backed by Germany; and

- the “Marecs” maritime telecommunications program backed by the United
Kingdom.

The principles of setting up the European Space Agency were also defined,
and the Agency was officially formed in 1975.

The commitment made by France in connection with this agreement was
very considerable and corresponded to more than 60% funding for the program,
plus an undertaking to fund excess cost above 120% of the initial figure of MFF
2,060 (about $ 447M 1973) up to a maximum of 15% of this figure. In exchange,
France obtained agreement that the European Space Agency (ESA) would del-
egate management of the program to the French Space Agency (CNES). The
obligation to ensure a workload return for each participating country in propor-
tion to its contribution was and is indeed a particular aspect of the ESA programs
to be emphasized (Fig. 1).

The Early Days of Ariane

The performance objective for the L3S launcher was rather ambitious, based on
the conviction that telecommunication satellites mass values would continue to
increase and that Europe had to prepare itself for this evolution. Although the
view was unanimous that the geostationary orbit was the most promising for
application satellites, the figure of 1500 kg had already been the subject of ar-
guments which were to be reopened at regular intervals when performance en-
hancements were proposed. The conflict was (and still is) between those who
predicted a reduction in satellite mass values under the combined effect of elec-
tronic circuit miniaturization and the enhanced performance characteristics of
satellite onboard propulsion systems and those who predicted a continued in-
crease in mass values under the effect of traffic growth, congestion of the geo-
stationary orbit, and the resultant reduction in in-orbit transponder cost. Finally,
the payload mass objective adopted for the Europa 3 launcher was confirmed. It
was set at 800kg for geostationary orbits, corresponding to about 1500kg in
geostationary transfer orbit (about 200 km by 36,000 km). This represented al-
most twice the performance of the American Delta launcher, which had previ-
ously launched most application satellites for the Western world. This
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Contribution %

Country Initial Final
France 63.87 73.55
Germany 20.12 11.47
Belgium 5.00 4.71
United Kingdom 2.47 2.27
Spain 2.00 2.38
Netherlands 2.00 1.64
Italy 1.74 1.58
Switzerland 1.2 0.83
Sweden 1.1 1.05
Denmark 0.5 0.52

Figure 1. National financial contributions. Financial management of the Ariane pro-
gram had to ensure a fair return. This meant that each country was to receive a volume of
business in proportion to its financial contribution. It was also expected that these figures
would remain at the same level for the subsequent production phase. Already difficult to
apply because it concerns an objective which is both final—including contingencies—and
subject to examination when budgets are voted on for the following year, this constraint
was further complicated for Ariane 1 by updating rules which varied from one country to
another. For example, Belgium, France, and Switzerland made commitments based on a
percentage of initial development cost, whereas Germany undertook to make an annual
contribution, expressed in its national currency, which would be revised only once in
midprogram, according to monetary parities and observed inflation rates. The United
Kingdom was involved only through a specific agreement with France. Furthermore, in-
flation rates at the time were in double digits, and application of the rule of fair return,
while fully understandable in principle, was far from easy. The figure compares the fi-
nancial contributions at the start of the program with the final contributions.

performance was comparable with that of the Atlas-Centaur, which was used at
the time only for few heavy satellites. This decision provided a substantial
growth potential for European satellites and demonstrated a determination to
design the Ariane launcher for an extended lifetime.

Past experience, as mentioned at the beginning of this article, demonstrated
the absolute need for imposing three major principles at the very start of the
program, namely, a genuine system approach, strong management, and a simple
design.

The System Approach. This made it necessary to regard the Ariane laun-
cher (and its ground support facilities) as a single entity, not merely a stack of
independently designed stages; to base the development of these stages and
other subsystems on the results of studies conducted at the highest level (tra-
jectory, flight mechanics, general loads, thermal, guidance and control, etc.); to
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design electrical systems in terms of the complete launcher, installing only ac-
tuator devices and equipment specific to its flight phase in each stage; and to
impose design rules common to each discipline. For example, it was in this way
that the need for POGO control systems was demonstrated at the beginning of
the development phase. This meant that corrector devices could be designed and
integrated into the propulsion systems at the outset. This was of even greater
interest because Ariane was the first launcher designed entirely for geostation-
ary orbit missions, in contrast to the other launchers existing at the time that
derived to a greater or lesser degree from ballistic missiles. CNES entrusted a
specific contractor (Aérospatiale) with this task and also associated Aérospatiale
with the reviews conducted during the development of the various launcher
systems and subsystems.

Strong Management. After obtaining delegated management authority,
CNES spent the first year of the program establishing the basis for a strong
management structure founded on a number of specific principles:

- unique management link between CNES, main contractors and other con-
tractors;

- clearly defined industrial organization, with precise definition of the tasks
allocated to each party. For the Ariane 1 program, CNES used the same
French level 1 contractors as for its Diamant program, thus ensuring
design unity in the main disciplines. These were Aérospatiale for the
launcher stages, SEP (Société Européenne de Propulsion) for the propulsion
systems, Matra for the vehicle equipment bay, and Air Liquide for the
cryogenic third-stage tanks. Other contractors subsequently achieved level 1
status, including Contraves (Switzerland) for the fairing, DASA (Germany)
for the second-stage and then the Ariane 4 liquid propellant boosters, Fiat-
BPD (Italy) for the Ariane 3 and 4 boosters, etc.;

- a common understanding of the content of work to be done by each contrac-
tor, including achievements expected and reports to be submitted.

These principles led CNES to issue a set of management specifications ap-
plicable to each launcher system, subsystem and component, and also its ground
facilities. These specifications covered overall planning and milestones, work
breakdown structure, industrial organization, technical work coordination,
schedule and cost reporting, monitoring of the development of critical elements,
quality, and reliability. Application of such specifications in the context of a pro-
gram involving 10 countries that differ in language and culture was a new de-
parture for Europe and generated initial difficulties with companies each of
which had their own particular methods of working. Nevertheless, this proved
essential to maintain both visibility and coherence. These basic principles were
also applied to the Ariane complementary development programs. They proved
their effectiveness and made it possible to achieve effective control of technical
development, costs, and time schedules.

Simple Design. This final point meant that the Ariane design should be based
only on technologies which were either already available or involved only low
development risks. The Europa 3 first stage had been designed on this principle,
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applying technologies and experience acquired with the first stage of the French
Diamant launcher. This stage was powered by four rugged “Viking” storable
propellant engines, for which the prototype, designed in France, had been tested
with very encouraging results before this program was terminated. Therefore,
the Europa 3 stage was selected as the basis for the first stage of the Ariane
launcher.

This could not be the case for the Europa 3 second stage that was consi-
dered much too ambitious for Europe in 1973. However, although a number of
difficulties were to be anticipated if liquid hydrogen and liquid oxygen were used,
the efficiency of these propellants would make it possible to reduce the lift-off
mass of the launcher by a factor of almost 2. Furthermore, a certain amount of
experience had been acquired on a low-thrust gas generator cycle prototype en-
gine developed within the French national program. Work conducted in France
and Germany during the Europa 3 program meant that this approach could be
adopted with a satisfactory level of confidence, provided that there was no major
deviation from the experience acquired from the engine and propellant and fluid
system. Thus, the tanks were designed for 8 tons of propellant and a maximum
possible diameter using available tooling not to exceed 2.6 m. Having made this
choice, it was found necessary to add a second, intermediate stage to achieve the
performance target. This stage was designed on the basis of elements and tech-
nologies developed for the first or third stage, including the Viking engine used in
the first stage (with a suitably adapted nozzle) and the light alloy tanks of the
third stage.

Ariane 1 Launcher

Ariane 1 was a three-stage launcher that had a total height of 47.8 m and a lift-off
mass of 210 tons. The first stage had a dry mass of 13.3 tons, a height of 18.4m
and a diameter of 3.8 m. It had four Viking 5 engines (Fig. 2) that developed
2500 kN thrust on lift-off. Burn-time in flight was 146 s. The 148 tons of propel-
lant (UDMH and N,0O4) were contained in two identical steel tanks protected
again internal corrosion by an aluminum layer and connected via a cylindrical
skirt. The four turbopump Viking engines were mounted symmetrically on a

»
P>

Figure 2. Viking engine flow diagram. The Viking engine uses the gas generator cycle,
and the gas generator itself operates at a stoichiometric ratio. The gas produced is cooled
by injecting water to reduce gas temperature to values compatible with the turbopump
turbine, pressurization of the main propellant tanks, and operation of the power pack for
the hydraulic servoactuators. The three pumps (UDMH, N,O,4, and water) are mounted on
a single shaft that rotates at 10,000 rpm. (For Ariane 1, the chamber pressure was limited
to 53.5 bars.) The hydropneumatic regulation system slaves the combustion pressure to a
reference pressure value by adjusting the gas generator feed and, thus, the rotational
speed of the turbopump. The mixture ratio is maintained at a constant level by a regulator
that equalizes propellant pressures before injection into the combustion chamber. Engine
ignition is induced by the pressure in the propellant tanks. When the valves open, the
propellants, which are hypergolic, are delivered to the combustion chamber and gas gen-
erator and ignite spontaneously. The turbopump speed then builds up to the value set by
the regulating system in 1.3s. This figure is available in full color at http:/www.mrw.
interscience.wiley.com/esst.
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thrust frame and articulated in pairs on two orthogonal axes to provide for three-
axis attitude control. An annular water tank, located inside the propulsion bay,
provided for cooling the gas obtained from the engine gas generators that was
used to pressurize the propellant tanks and supply the hydraulic motors of the
attitude control actuator systems. Four fins with a surface area of 2m? provided
aerodynamic stability. This first stage was designed to destruct approximately
30 seconds after stage one to two separation.

The second stage had a dry mass of 3.13 tons (excluding the interstage
conical skirt and the jettisonable acceleration rockets), its height was 11.6 m, and
its diameter was 2.6 m. It had a single Viking 4 engine that developed 740 kN
thrust in vacuum for a burn-time of 136s. The motor was linked to the conical
thrust frame via a gimbal with two degrees of freedom, that provided pitch and
yaw control. Auxiliary nozzles supplied with hot gas from the engine gas gen-
erator provided the roll control function. The two aluminum alloy tanks that had
a common intermediate bulkhead were pressurized with helium gas (3.5 bars) and
contained 34.1 tons of propellant (UDMH and N2O,). The second stage was also
designed to destruct about 30 seconds after stage two to three separation. During
the prelaunch waiting period on the pad, a thermal shroud, ventilated with cold
air, which restricted heat exchange between the propellants and the environment,
protected the second-stage tanks. This shroud was jettisoned on launcher lift-off.

The third stage weighed 1.164 tons dry, was 9.08 m high, and had a diam-
eter of 2.6 m. This was the first cryogenic stage produced in Europe. It was
equipped with a type HM7A engine that developed 62 kN thrust in vacuum for a
burn-time of 545 s. This engine was designed by Société Européenne de Propul-
sion (SEP), based on experience acquired with an earlier cryogenic engine, the
HM 4, which delivered 40 kN thrust, and tested over the period 1962-1969. The
HM 7a engine uses the conventional gas generator cycle technology, and achieves
a specific impulse of 443 s with a mixture ratio of 4.43 at pump inlet. The com-
bustion chamber is supplied with propellants pressurized by a turbopump, via a
set of injection valves. The pump turbine is driven by gas supplied by a generator,
the latter receiving a small proportion of propellant tapped off at the pump
outlet. The liquid hydrogen and liquid oxygen tanks that contained a total of 8.23
tons of propellant were made of an aluminum alloy and had a common inter-
mediate bulkhead (double skin under vacuum). The tanks were covered with
external thermal protection to avoid warming the propellant. Both tanks were
pressurized in flight, using hydrogen gas tapped at the outlet from the regen-
erative chamber and helium. The motor was linked to the conical thrust frame
via a gimbal that provided pitch and yaw control. Auxiliary nozzles ejecting
hydrogen gas were used for roll control.

The stages were separated by pyrotechnic cutter devices fitted on the rear
skirts of the second and third stages. The separating stages were distanced from
each other by retrorockets incorporated in the lower stage and acceleration
rockets mounted on the upper stage. Stage 1 to stage 2 separation was controlled
by the onboard computer, on detection of first-stage thrust decay (propellant
exhaustion). Stage 2 to stage 3 separation was controlled by the onboard com-
puter when the second-stage speed increase reached 1500 m/s.

The vehicle equipment bay (VEB) weighed 316 kg, had a diameter of 2.6 m,
and was of 1.15m high. Mounted on the third stage, the VEB contained the
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electronic equipment of the launcher and also served as a base for the payload
and fairing. In addition to the onboard computer, the VEB housed all of the
electrical equipment required for executing the launcher mission, namely, the
sequencing unit, guidance and navigation control, and the location, safety, and
telemetry systems. Only the power systems and actuator devices were located
elsewhere in the launcher stages.

The two half-fairings were ejected parallel to the main axis of the launcher
under the control of the onboard computer, as soon as the calculated thermal flux
dropped below the specified level. The fairing was jettisoned by two pyrotechnic
systems, a horizontal system at the interface with the VEB and a vertical system
which also served to impart horizontal velocity to each half-fairing. The fairing
was 3m in diameter and was compatible with Atlas-Centaur class satellites.

The launch facilities in French Guiana (ELA 1:Ariane launch site Nol) were
designed to make use of the earlier investment for the Europa 2 launcher. The
stages were erected and assembled directly on the launch pad. A mobile gantry
sheltered the launcher and provided for assembly of the payload with the
launcher and closure of the fairing under clean room conditions. The gantry
withdrawal commenced 6 hours before lift-off. The main fueling of the third stage
with liquid hydrogen and liquid oxygen and final topping off were performed
using a cryogenic arm system carrying a set of umbilical valve plates. Discon-
nection and retraction of the arms commenced at time T — 3s. Control of the
launcher on the pad was fully automatic from time T — 6 minutes. The launcher
was then controlled by two ground computers, one for the electrical systems and
the other for the propellant and fluid systems. The two computers also cross-
checked each other. The first stage engine was ignited at time T, and the lift-off
command signal was sent at T + 3s, following satisfactory verification of the
Viking engines. The first flight took place on Christmas eve 1979 (Fig. 3).

When the Ariane program was first initiated in 1973, few imagined a com-
mercial career for the launcher. Things began to move in 1976 and led to a series
of actions relating to launcher performance, production, and marketing. As re-
gards performance, the idea was to propose Ariane for launching the Intelsat
satellites. The success of such a venture would represent both an exceptional
reference for the program and strong motivation for the players involved. How-
ever, the first task was to augment performance objectives up to 1600 kg min-
imum in GTO. Fortunately the prudent approach adopted for the basic definition
of the launcher, combined with the results of the first flight, demonstrated pro-
pulsion performance in excess of specifications and made it possible to exceed the
initial objective and achieve a figure of 1850 kg.

As far as production was concerned, it was obvious that there was no hope of
selling the launcher if one waited to receive orders before commencing manu-
facture. It was on these lines that discussions were opened at the European
Space Agency, and a promotional phase was duly adopted. Apart from the pro-
duction of six launchers, the objective of this phase was to achieve full opera-
tional qualification, develop and validate the dual launch capability, and adapt
the launcher comprehensively to meet user needs by providing for the construc-
tion of payload preparation facilities in French Guiana. Analysis of marketing
aspects led to two actions: initiation of the Ariane 3 program and formation of
Arianespace.
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Ariane 3 Program

At the end of the 1970s, the application satellite market was organized around
two launcher groups. These were the Delta launchers, for which GTO perform-
ance in 1978 was around 1200kg and the Atlas-Centaur launchers whose per-
formance figure was close to 1800 kg. Apart from the Intelsat satellites, all other
payloads corresponded to the Delta class, for which Ariane could not pretend to
be competitive in its actual state. The idea then emerged to adapt the launcher to
enable it to launch two Delta class satellites simultaneously, thus raising the
performance objective to twice 1200 kg, plus the mass of the dual launch struc-
ture designed to isolate the two satellites from each other. This corresponded to a
total GTO mass of 2500 kg. The launcher also had to be a competitive with the
Atlas-Centaur.

This program was proposed by France to the European Space Agency and
was approved in July 1980, despite the failure of the second Ariane flight (L02) in
May of that year. CNES was charged with managing the Ariane 3 program,
under conditions very similar to those for Ariane 1.

Analysis conducted from 1976 and aimed at increasing the performance of
Ariane 1, had in fact identified modifications whose feasibility was checked out
during the final development test phase. These modifications were adopted in
part or in full for the Ariane 3 program, in accordance with the policy of min-
imizing development risks. The addition of two solid propellant boosters achieved

<
<

Figure 3. Launch LO 1 (24 December 1979). The decision to proceed directly to flight
tests, using three active stages in the final flight configuration, was made following very
lengthy discussions at the start of the Ariane program. This was in total opposition to the
highly progressive, but also extremely costly approach adopted for the Europa 2 program.
Initial ignition occurred on 15 December 1979, following a faultless countdown. Unfor-
tunately, the ground computers did not authorize liftoff, and the engines shut down au-
tomatically at time T + 10 s and aborted the launch. Subsequent analysis showed that an
explosion in a small measurement pipe had damaged the sensors, whose signals were used
for operational diagnosis of the engines. The case of an aborted launch, for which the
probability was infinitely small, had, nevertheless, been taken into account during the
development phase. Procedures for return to flight configuration had been written and
validated by tests conducted in Europe. This allowed restarting the count on 23 December,
following 8 days of round-the-clock work. Technical problems, combined with adverse
meteorological conditions, prevented a launch on 23 December. On the following day,
Ariane made a practically faultless launch. Only two anomalies were identified, and these
were corrected before the following flight. These concerned minor pollution of the payload,
caused by the second-stage retrorockets and low amplitude vibrations (POGO effect) at the
end of the second-stage flight. The first Ariane launch thus took place only 6 months after
the initial target date set in 1973.

The second launch in May 1980 resulted in a failure. Destruction of the launcher oc-
curred at T + 63.75 s, as a result of high frequency combustion instability in one of the first-
stage Viking engines, 2.75 seconds after liftoff. Corrective measures essentially comprised
modifying the propellant injection orifices in the combustion chamber. A total of 95 tests
that represented 4300 seconds of burn-time were conducted to qualify the new injector
under conditions substantially more severe than those encountered in actual flight. The
Ariane 1 development phase terminated in December 1981, following three successes out of
the four launches made. The total cost of the program was within 120% of the initial
estimate. This figure is available in full color at http:/www.mrw.interscience.wiley.com/esst.
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the objective of competitiveness, with Ariane 3 for two satellites of 1200 kg each,
and Ariane 2, with no boosters, for satellites of 2000 kg.

These performance objectives were achieved on the basis of the Ariane 1
launcher by introducing the following modifications:

- increased thrust for the first- and second-stage Viking engines by augment-
ing combustion pressure by 10% (53.5 bar to 58.5 bar). This was obtained
mainly by adding hydrazine hydrate to UDMH;

- adding two solid propellant boosters with a unit thrust of 600 kN and a burn-
time of about 40 seconds. The low level of performance sensitivity to the
structural mass of the boosters made it possible to adopt extremely prudent
technical solutions;

- increase in the third-stage propellant load from 8 to 10 tons;

- enhancement of Stage 3 performance by increasing combustion chamber
pressure by 5 bar and stretching the nozzle by 200 mm (HM7 B);

- adaptation of the SYLDA dual-launch system and the fairing to the volume
required for 1200 kg-class-satellites.

Figure 4 shows a SYLDA dual-launch structure and half a fairing. The
lower satellite is placed inside an egg-shaped compartment. Protected by the
fairing, this carbon fiber structure is subject to reduced loads by comparison with
an external structure. Furthermore, the operational constraints induced by the
need to carry two satellites remain within acceptable limits.

The SYLDA structure makes it possible to achieve complete separation of
the two payloads. The long orientation sequence, spin-up phase and separation of
the satellites and upper part of the SYLDA, are achieved by the SCAR attitude
and roll control system, using third stage pressurization hydrogen gas to operate
this system.

Tested successfully on the sixth launch, this concept was unquestionably
one of the keys to the success of Ariane. The cost of a launcher is not proportional
to its size, and a number of functions must exist whether the launcher is small or
large. A dual-launch capability, taking advantage of this scale effect, represents a
major competitive plus factor.

The industrial organization was the same as that for the Ariane 1 program;
the only main modification was an increase in the Italian contribution, which led
to entrusting the development of the solid propellant boosters to FIAT-BPD. The
first Ariane 3 was launched successfully in mid-1984.

Arianespace

The lengthy discussions which took place at the European Space Agency and led
to the decision to go ahead with production of six Ariane 1 launchers, also dem-
onstrated that this multinational organization, whose basic purpose was research
and development, was not suitable for engaging in commercial and production
activities. At the same time, the promoters of Ariane reached another paramount
conclusion. For European autonomy to be effective in access to the geostationary
orbit, the Ariane launcher had to be credible. To this end, it had to be both reliable
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Figure 4. SYLDA, Ariane dual-launch system. This figure is available in full color at
http://www.mrw.interscience.wiley.com/esst.

and available, in other words produced in sufficient quantities and in advance of
actual launch needs. This called for world-scale marketing, and at the same time
made it possible to spread the fixed production costs over a larger production
volume, and thus reduce the cost of the autonomy-related strategy (in contrast to
its American competitors, Ariane did not have a major captive market for launch-
ing governmental satellites, to which all or part of the fixed costs could be al-
located). Only a private commercial entity, responsible for both Ariane
production, marketing, and launch operations, could take up this challenge.

In December 1977, Frédéric d’Allest, then head of the CNES launcher di-
vision and future Chairman and CEO of Arianespace, proposed forming a com-
pany to market the Ariane launcher. Arianespace was incorporated on 26 March
1980, well before qualification of the Ariane 1 program. Arianespace is a French
business corporation. Its capital is held by CNES, the leading European man-
ufacturers that participate in Ariane production, and a number of banks. Ari-
anespace is responsible for producing, launching, and marketing the Ariane
launcher or launchers, whose development and qualification have been, are, or
will be conducted by the European Space Agency.
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The first Arianespace commercial launch was made successfully on 22 May
1984, inaugurating the very first commercial space transportation service.

Quality

A number of technical difficulties were encountered during the early days of
the Ariane program, resulting from residual design problems or omissions in the
production files. The European launcher industry was in its infancy was in the
process of discovering the problems inherent in launcher batch production, and
had to acquire expertise in this demanding discipline. Major efforts were made
during the 1980s to amplify and correct the production files, identify and analyze
all defects irrespective of their importance, and carry out regular tests on equip-
ment sampled from the production line. The severity of these tests frequently
exceeded the levels specified for the qualification tests. The flight data meas-
urement plan that covered more than 700 parameters for which results were
transmitted to the ground during the qualification flights—this figure was re-
duced to 400 for operational flights—made it possible to analyze each flight in the
finest detail and thus acquire in-depth knowledge of the launcher. This unprec-
edented quality construction program, conducted by a European team highly
motivated at all levels, meant that the 90% reliability objective assigned to the
Ariane in 1973 was quickly exceeded. By the end of October 1999, a total of 118
Ariane launchers (versions 1 to 4 inclusive) had flown, and the reliability figure
for Ariane 4 exceeded 97% after a string of 48 consecutive successful flights.

Marketing

Ariane marketing operations achieved rapid success, despite a number of tech-
nical difficulties encountered at the start of the program. The success of the de-
velopment plan, combined with the appraisals conducted by potential customers,
bred a high degree of confidence in the European launcher and the French
Guiana ground facilities. The first non-European customer to place an order for
Ariane launch services in 1978 was Intelsat (International Telecommunications
Satellite organization), well known in the satellite world for its technical exper-
tise. This choice was extremely important for Ariane and induced confidence on
the part of other customers, who then decided to regard the Ariane launch system
objectively. Apart from its own inherent merits, Ariane had the advantage of a
favorable market situation. Commissioning of the American Space Shuttle led
NASA to stop producing its conventional Delta and Atlas-Centaur launchers.
Delays with the Shuttle, due to technical difficulties, discouraged satellite oper-
ators, obliging them to seek other launch possibilities. Furthermore, the high U.S.
dollar exchange rate during the early 1980s made Ariane prices extremely at-
tractive compared with the American launch systems. This marketing success
grew further with the passage of time. The first Ariane 3 flight in August 1984
qualified the dual-launch capability of two Delta class spacecraft and significantly
increased both the launch capacity and competitiveness of the Ariane system.
In 1985, Ariane launched the same number of commercial satellites as the
Space Shuttle, and in the following year, Arianespace signed no fewer than 16
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launch contracts. By 1987, Arianespace had 57 contracts (satellites to be
launched or already launched) from the European Space Agency, the member
countries of the European space community, international organizations, na-
tional organizations in non-European countries and private companies, repre-
senting a total sales value exceeding FF 16 billion (about $2.25 billion).
Arianespace had acquired a share of more than 50% of the open satellite mar-
ket, a position that the company has succeeded in maintaining despite increas-
ingly severe competition.

Ariane Launch Site No. 2 (ELA 2)

France decided to construct a launch range in French Guiana in April 1964, after
the deciding to discontinue launch operations from the Hammaguir range in
southern Algeria. The French Guiana site was chosen as a result of a compar-
ative study of a number of possible locations. Paradoxically, if we compare the
1964 situation with that of today, equatorial launches, if they were even men-
tioned, did not initially constitute a priority criterion. However, this view was
quick to change, and in July 1966, the European launcher organization accepted
the French proposal to contribute to constructing an equatorial launch base in
French Guiana, initially intended for Europa 2. It should be noted that at that
time, 33 years ahead of the Sea Launch project, the French Guiana site was in
competition with a floating marine platform project proposed by Italy, similar to
the San Marco platform which it was then operating offshore from Kenya.

A decision was quickly made in favor of the Kourou site (the population of
the village of Kourou was 660 in 1964) on the Atlantic seaboard 70 km northwest
of Cayenne in a sparsely populated region. The exceptional geographical char-
acteristics of this site combined a wide launch arc over the ocean and favorable
climatic conditions (infrequent storms, no cyclonic or seismic activity, and tem-
peratures varying only slightly round a mean figure of 25°C). All types of mission
(polar and equatorial orbits in the range — 10.5° to + 93.5°) could be planned in
complete safety, an advantage that no other operational base possessed then. The
closeness of Kourou to the equator (5°2' N) is ideal for placing telecommunica-
tions satellites into geostationary orbit. At this latitude, the slingshot effect in-
duced by the rotation of Earth is near its maximum, and propellant consumption
for adjusting the plane of the geostationary orbit is minimum. In global terms,
the mass gain achieved with a launch from Kourou is approximately 17% com-
pared with a launch from the Cape Canaveral, using an identical launcher.

The Guiana Space Centre (CSG) facilities were first operationally tested in
April 1968 with the launch of a Véronique sounding rocket, and the Centre was
inaugurated officially in 1969. The first satellite was launched on 10 March 1970
with the French Diamant B launcher. The first Europa 2 flight was in November
1971, using the new CSG launch pad. The failure of this launch had a series
of consequences already mentioned at the beginning of this article. For both
economic and political reasons, it was essential for the Ariane 1 launcher to make
the best possible use of the heavy investments made in Europa 2. Nevertheless,
certain facilities were unsuitable for launch operations with Ariane because of
insufficient capacity and lack of operational flexibility and due to an absence of
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any growth potential. This made these facilities largely incompatible with the
Ariane performance enhancements already under study. After proposals from
the French Space Agency (CNES), the European Space Agency (ESA) decided to
construct Ariane launch site No. 2 (ELA 2) in July 1980. This new facility was
required to meet the following specifications:

- provision for 10 launches per year (Ariane 2, 3, or 4) and execution of two
launches within an interval of less than one month;

- provision for replacing a launcher already on the pad, in case of need, by the
launcher scheduled for the next flight;

- provision for preparing larger payloads with improved facilities for payload/
launcher integration.

The design of the new launch site differed from that of ELA 1. The time
spent by the launcher on the pad had to be reduced to a minimum to allow for
executing launch operations and postlaunch rehabilitation of the pad within a
maximum 1 month. This assumed locating a launcher preparation zone on the
edge of the safety perimeter.

Following their arrival from Europe, the stages are erected, assembled, and
tested in the rear preparation zone. Then, the launcher on its mobile launch table
is transferred to the pad via a dual rail track (Fig. 5). There it is connected to the
propellant and fuel circuits and undergoes a launch rehearsal procedure, in-
cluding filling of the third stage with liquid hydrogen and liquid oxygen to check
the absence of ground and onboard leakage. The success of this operation au-
thorizes assembly of the upper part (payloads, adaptors, and fairing were inte-
grated beforehand in a dedicated building) with the launcher. The principles of
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Figure 5. ELA 1 and ELA 2 launch sites. ELA 1 site (foreground): Ariane 3 launcher
during third-stage fueling tests on day D — 9. At rear: Ariane 4 launcher recently arrived
on the ELA 2 pad. Note the double rail track between the pad and the preparation zone
(background). The white circle midway down the rail track is a turntable, used to allow
two launchers to pass each other if necessary. This figure is available in full color at http:/
www.mrw.interscience.wiley.com/esst.
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the launch sequence qualified on the ELA 1 site have been retained. The ELA 2
pad uses many of the support facilities previously used for ELA 1.

Ariane 4 Program

Ariane 3 represented a short-term response that enabled the Ariane launcher to
position rapidly vis a vis its two American competitors, Thor Delta and Atlas-
Centaur. The arrival of the Space Shuttle at the end of the 70s and the policy
adopted by NASA of marketing Shuttle flights at extremely attractive prices
required a more comprehensive response from the Ariane program.

It was obvious that the NASA price policy would lead to a profound change
in satellite design, broadly on the following lines:

- increase in Delta class satellite size and mass, up to the point of occupying, in
a vertical position, the maximum volume available in the Shuttle cargo bay.
This led to satellites of between 1400 and 1500 kg for injection into geosta-
tionary transfer orbit;

- appearance of a family of satellites installed in a longitudinal position in the
Shuttle cargo bay, designed to take advantage of the large diameter available
and reduce launch cost (dependent on the height of the satellite). Corre-
sponding changes, that involved problems of both mass and diameter were
more difficult to predict.

As regards satellite mass, there were some projects for TV satellites of 2500 kg.
However, these were rare and still only moderately credible at the end of 1980, in
particular among those who predicted a reduction in satellite mass values from
miniaturization of satellite electronics. However, things moved in 1981, and the
objective of 2500 kg was finally adopted.

The diameter problem was even more delicate. The Ariane program team
foresaw major aerodynamic problems if the fairing diameter exceeded by too great
an extent the 2.6 m diameter of the third stage on which it was mounted. However,
determination of this value required aerodynamic tests that were too lengthy to
conduct before making the decision. The diameter of 3.65m finally available for
payloads was in fact the result of a compromise between what the program team
considered possible at the least risk and the sacrifice which satellite customers
were prepared to accept for the advantage of a second launch service source.

Competitiveness requirements dictated the pursuit of the dual-launch pol-
icy implemented for Ariane 3. The GTO performance objective assigned to Ariane
4 was consequently an ability to execute simultaneous orbit injection of two
payloads, one of 1400kg and the other of 2500kg, giving a total of 4300kg,
including the mass of the dual-launch structure. (Note that this objective had
increased from 3400 to 4300kg in 1981 and that the maximum performance
demonstrated in 1999 exceeded 4900 kg.)

This program was to be regarded as a continuation of the Ariane family, in
other words as a complementary performance enhancement phase, taking full
advantage of work carried out for Ariane 2 and 3, and innovating as little
as possible in propulsion. This was decided to take the fullest advantage of
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experience already acquired and to improve the reliability target from 0.90 to
0.92. Given the ambitious performance objective that had been set, the config-
uration adopted was required to embody a certain degree of flexibility with
regard to lower mass payloads to apply an attractive pricing structure for a
wide range of satellites. Single launches of heavier satellites like Intelsat
6—3600kg—had to be possible, of course.

These performance objectives were achieved on the basis of Ariane 3 by
introducing the following modifications:

— First stage propellant load increased from 147 to 227 tons, while retaining
the same operating point for the Viking engines as qualified for the Ariane
3 program. Stage 1 burn-time was increased to 205 s.

— Development of a liquid propellant booster, corresponding to a reduced
scale copy of the first stage as it uses the same engine with an appropri-
ately adapted pressure ratio, and the same tank pressurization system.
Identical stainless steel tanks carry 39 tons of propellant.

— Adaptation of the Ariane 3 solid propellant boosters. Carrying 9.5 tons of
propellant, these boosters burn for 36 s and deliver 650 kN thrust each.

— Development of a new water tank, located on top of the UDMH tank. This
tank is constructed in composite materials, and supplies the first stage and
liquid propellant boosters in blow-down mode.

— Modification of the vehicle equipment bay structure, to achieve better pay-
load integration flexibility and easier transition to the new fairing diameter.

— Development of an external Ariane dual-launch carrier structure (SPEL-
DA), providing for dual launches of large-diameter satellites.

— Development of a new fairing with a useful diameter of 3.65 m.

This program was proposed by France to the European Space Agency and
formally accepted in January 1982. The same program management principles
were adopted as those for Ariane 1 and 3.

Launcher Development. The development phase did not introduce any ma-
jor innovations in propulsion. First, the first-stage propulsion bay had performed
extremely satisfactorily on the test bed in the Ariane 3 development program for
burn-times very close to those required for Ariane 4. Furthermore, the booster
propulsion system was based on a configuration already used to develop the
Viking engine. Consequently, insofar as propulsion was concerned, the task was
one of optimization or of demonstrating new operating margins because the
burn-time for the Viking engine had been increased substantially. On the other
hand, work relating to the launcher system was substantially more complicated
than first thought. It was found necessary to adopt the complete system approach
for each lower composite configuration. Furthermore, the increase in the height
of the launcher and the size of the upper composite were reflected in a consid-
erable increase in general loads that required substantial modification of a
number of structures, including connecting flanges, in particular. Furthermore,
first-stage in-flight stability was a major source of concern during the first few
years of the program. Digital control was adopted to introduce a large degree of
flexibility in the development time schedule and also with actual operation of the



Vol. 1 ARIANE ROCKET PROGRAM 125

launcher by making it possible to finalize the configuration of each launcher only
2 months before lift-off. Today, Ariane 4 can place from 2.1 to 4.9 tons in a typical
GTO orbit, depending on the number of liquid (L) or solid (P) propellant boosters
fitted on the first stage (AR 40,42P,421.,44P,441.P,44L.). Nine different configu-
rations of SYLDA, SPELDA, and fairings were available for payload accommo-
dation. The Ariane 4 maiden flight, initially planned for late 1985, took place
successfully on 15 June 1988.

The Birth of Ariane 5

Initial reflection at CNES on Ariane 5 dates back to 1978. At that time, the
Ariane 5 launcher was regarded more as a means to access low-orbit, manned-
flight missions. Nevertheless, the launching of application satellites into geosta-
tionary transfer orbit continued as an objective, in particular in triple-launch
mode, to pursue the Ariane scale effect competitiveness approach. The two mis-
sions rapidly acquired identical importance.

In contrast to the approach adopted for the American Space Shuttle, the
primary principle adopted was that priority should be given to competitiveness for
commercial flights. Manned spaceflight induces substantial costs that it is absurd
to impose on operations that can be conducted by an unmanned vehicle. The
system proposed had to be capable of manned flight and unmanned flight missions
without increasing the cost of the latter. Consequently, the new launcher had to be
regarded and optimized as a single entity at the design stage to ensure optimum
use of available resources, and the manned flight aspect had to benefit from les-
sons learnt from unmanned missions, while also providing for substantially dis-
sociated use when the operational phase was reached. The manned module was
consequently designed as a “special payload” mounted on top of the launcher. The
capsule and spaceplane concepts were then analyzed in parallel. The latter pre-
sented the advantage of a considerable reentry cross-range and a high degree of
orbit return flexibility that provided for a soft landing and consequent reuse. The
onboard intelligence provided launcher “brain” functions during the ascent phase
and thus eliminated the need for a vehicle equipment bay required for unmanned
flight. This, then, was the Ariane 5 - Hermes concept at the end of 1979.

At that time, Ariane 5 comprised the Ariane 4 first stage, and a new second
stage burning liquid hydrogen and liquid oxygen (H 55), carrying Hermes for
manned missions or the Ariane 4 third stage (H 10), the vehicle equipment bay,
and fairing for unmanned flight. This study, which emphasized the need for a large
cryogenic engine for future Ariane improvements, made it possible to propose and
obtain funding for a 3-year French national program in 1980 and to commence
work on the basis of design for an engine to deliver 600kN thrust. Germany,
Sweden, and Belgium joined this project under the terms of bilateral agreements.
Partially Reusable Concept Studies. In 1980, the impact of the Space
Shuttle and its price policy led to strong criticism of the conservative charac-
teristics of the Ariane 5 configuration. As a matter of principle, reusable concepts
were regarded as more economical, the more so because the maintenance costs
for such systems were ignored and operating costs were substantially underes-
timated. Considerable attention was then paid during that year to improving the
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cost levels and analyzing the operating costs announced for the Space Shuttle
and those observed for the early stages of the Ariane operational phase. In par-
allel, the problems induced by the rehabilitation of equipment used during the
Ariane 1 development phase demonstrated the importance of the corresponding
work and the complementary qualification cost that would be required.

A number of concepts were considered:

- recovery of the first stage by parachutes. This was tried unsuccessfully with
the first stage of the Ariane launcher used for flight 14. The liquid propellant
boosters for Ariane 4 were also initially designed to facilitate this type of
recovery.

- design of a first stage comprising a stack of several H 55 stages, recovered
individually using a delta wing;

- consideration of a winged first stage, etc.

This line of approach failed to produce any attractive, realistic solutions, and was
abandoned early in 1982.
Comparative Configuration Studies. A systematic review of all possible
concepts that matched the performance objectives was then undertaken. More
than 24 different configurations were drawn and assessed for performance and
cost. A configuration involving a large cryogenic core stage flanked by two large
solid propellant boosters was examined and then abandoned because it was im-
possible to identify a derivative solution, with reduced performance, which would
have made it possible to adapt a launcher configuration to the mission model in
the same way as with Ariane 4. This configuration was looked at again, when the
desired degree of flexibility had been introduced by offering the choice of an
Ariane 4 third stage (H 10), or alternatively a highly simplified storable propel-
lant stage, and after further studies had made it possible to set an acceptable
price objective for manufacturing the solid propellant.

Finally, these three configurations were selected for more detailed compar-
ative analysis in mid-1983:

- a solution that corresponded to direct continuity with Ariane 4 but intro-
duced a cryogenic second stage. This solution was derived directly from ex-
perience acquired from Ariane 4 and made it possible to evaluate cost and
performance extremely precisely.

- a solution based on the above, replacing the Ariane 4 first stage with a
cryogenic stage equipped with four or five engines identical to that used for
the second stage. This solution had the advantage of requiring only devel-
opment of a single propulsion engine, namely a high-thrust LOX/LHj engine.

- a solution involving a large cryogenic core stage, flanked by two large solid
propellant boosters. This basic composite carried a simple storable propellant
upper stage for low-performance missions or a cryogenic stage that carried
10 tons of LOX/LH, (Ariane 4 third stage) for high-performance missions.

All three configurations required developing of a new LOX/LHjy engine This
conclusion led France to propose the development of an engine of this type, based
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on the project commenced in 1980, to the European Space Agency. A further year
was then devoted to a detailed comparative study of the three configurations.
The configuration that had large solid propellant boosters was finally se-
lected on the basis of intrinsic reliability, recurrent cost, greater potential, and
development time schedule control criteria. Only the safety criterion remained
questionable. Compared with the abrupt failure of solid propellant boosters, their
liquid propellant counterparts are always presented as easy to control. Neverthe-
less, in-depth analysis of the complete system demonstrates that this is not always
the case, and that even in this favorable situation, there are still flight phases
where the spaceplane (in contrast to a capsule) simply cannot accomplish its true
rescue mission. (Long after this choice had been made, this frequently impas-
sioned discussion was stimulated once more following the Challenger failure.)
Therefore, the configuration that incorporated two solid propellant boosters
was finally presented in 1985 and adopted as a European Space Agency program
in 1986 and 1987. Further optimization led to incorporating the following aspects:

- abandonment of the triple-launch concept in a basic mission context due to
the excessive operational constraints relating to the satellites (availability);
- increase in payload mass values: the nominal performance objective was then
dual launches into geostationary transfer orbit for satellites of 2950 kg each;

- mass problems encountered with the Hermes program. This led to an in-
crease in the performance of the lower composite and abandonment of the
cryogenic upper stage.

Ariane 5 Specifications. Final specifications for the Ariane 5 program were
as follows:

- simultaneous launch of two satellites of 2950 kg and a diameter of 4.53 m into
geostationary transfer orbit under environmental conditions and with a de-
gree of precision, etc., comparable with Ariane 4 launches, representing a
single-launch performance equivalent of 6800 kg;

- launch of an 18-ton payload into a circular orbit of 550 km, inclined at 28°5’;

- Hermes launch: this mission was not to introduce constraints liable to pe-
nalize unmanned flight. Consequently, performance requirements for this
mission were deduced from those specified for unmanned flight, taking due
account of safety constraints;

- Reliability of unmanned flight was set at 0.98, almost 10 times higher than
the initial specification for Ariane 1. This ambitious target was justified by
the high cost of insurance for both launcher and satellites (over 20% in 1988)
and the major consequences of a flight failure. The safety of the crew was
consequently provided forby ejection of the Hermes spaceplane on detection
of an operating anomaly. The safety objective for the crew was set at a figure
of 1-102.

- Cost objective per launch, on the basis of eight launches per year, was set at
90% of the figure for an Ariane 44 L. Given the respective performance of the
two launchers, this corresponded to a reduction of 45% in the cost per kilo-
gram in orbit for an equivalent fill factor.
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- The target for a maiden flight was initially set for April 1995. It was sub-
sequently put back by one year due to a number of economic constraints.

As for earlier Ariane programs, management was delegated to the French
Space Agency (CNES) by the European Space Agency. The conditions for this
delegation of authority were more restrictive in this case, however, due to the
need for close coordination with the Hermes program and the now powerful
image of the Ariane program.

The three main management principles stated at the beginning of this ar-
ticle with regard to Ariane 1 were retained and in fact strengthened in two areas:

- Management specifications incorporated a design-to-cost objective.

- The safety/reliability approach was further emphasized through systematic
integration of past experience, both from incidents and accidents that oc-
curred during testing, in the course of previous Ariane flights, or in the
context of other programs (Challenger, etc.).

Furthermore, faced with an identified failure mode, the principle of a dual ap-
proach, involving simultaneous reduction of the probability of that failure and
improvement of system tolerance was imposed.

Ariane 5 Launcher

The Ariane 5 launcher stands approximately 51. 5m high; the actual figure
depends on the upper composite configuration, and the lift-off mass is 740 tons.
Lift-off thrust is 11,660 kN. On the ground, the central core vehicle that has an
outside diameter of 5.46 m is suspended at the level of the first-stage forward
skirt between two solid propellant boosters. This connection, through which the
thrust of each booster is introduced in the core stage, is made of alternate el-
astomer and metallic shims, designed to provide a damping effect on vibrations
induced by booster combustion (Fig. 6).

The cryogenic main stage, developed under Aérospatiale as the prime con-
tractor, is 30.5m, and its dry mass is 12.2 tons. This stage contains 158 tons of
liquid hydrogen and liquid oxygen. The Vulcain engine (Fig. 7) is mounted on a
thrust cone that distributes thrust evenly at the base of the liquid hydrogen tank.
The engine can be oriented along two orthogonal axes by hydraulic actuators
operating on the lost fluid principle. This fluid is stored in tanks operating in
the blowdown mode. Connecting struts between the main stage and the solid
propellant boosters provide rigidity for the rear part. The light alloy propellant
tanks have a common bulkhead, insulated with expanded polyurethane. The
hydrogen tank has a volume of 390 m® and is pressurized at values that vary
according to the flight phase (between 2.15 and 2.35 bar), using hydrogen tapped
at the outlet from the engine regenerative circuit. The oxygen tank (120 m®) is in
the upper position and is pressurized with helium gas (3.5 dropping to 2.85 bar),
obtained by heating liquid helium in a heat exchanger located in the oxygen
turbine exhaust line. This helium (1.15m?®) is stored in a superinsulated tank
mounted on the thrust frame. The engine control system is supplied with helium
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Figure 6. This is a cutaway drawing of Ariane 5. The core is the Vulcain Engine with a
payload of two satellites shown above the fuel tanks. The two solid strap-on motors are
shown on either side of the core. This figure is available in full color at http:/www.mrw.
interscience.wiley.com/esst.
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gas stored under pressure in separate tanks. A thrust frame, secured to the
upper part of the oxygen tank, receives the thrust of the solid propellant boost-
ers, which is then distributed evenly toward the upper composite.

Europropulsion (joint subsidiary of SNECMA/SEP and FIAT/BPD) was the
prime contractor for development of the Ariane 5 solid propellant boosters.

Each booster is 31.16 m high, with a diameter of 3.05m and a post-com-
bustion mass of 39.3 tons. It contains 238 tons of solid propellant grain, a com-
posite with an ammonium perchlorate and polybutadiene base charged with
aluminum. The booster casing is made of a high-strength low-alloy carbon steel
and comprises seven cylindrical sections and two bulkheads. The sections are
flowturned to a thickness of 8 mm from forged preforms and then assembled
using a tang and clevis connection. The sections and bulkheads are assembled to
form three segments, each of which is loaded independently with propellant.
Internal thermal insulation, made of rubber-based, silica or fiber-filled material,
protects the structure from hot combustion gasses. The forward segment is load-
ed with a 20 tons, star-shaped solid propellant block in Italy. In view of the mass
and size of the boosters, a dedicated plant has been constructed in French Guy-
ana for fuelling the central and rear segments (approximately 110tons of pro-
pellant each).

The nozzle, with a flexible bearing made of alternate elastomer and metallic
shims, can be steered up to 6° to control the thrust vector. The hydraulic ac-
tuators are driven by fluid stored within high pressurized, carbon-fiber vessels
operating in blow-down. This fluid is ejected at the nozzle exit. The nozzle, which
is highly integrated with the motor, represents a prudent extrapolation of the
nozzles developed and qualified for defense applications. The throat in carbon/
carbon material ensures minimum erosion during flight. The exit cone is com-
posed of a light alloy housing, with phenolic carbon and silica insulation.

<
<

Figure 7. ARIANE 5—Vulcain flow diagram. The Vulcain engine delivers 1140 kN
thrust in vacuum and has a specific impulse of 432 sec. It uses conventional gas generator
cycle technology. The propellants are delivered by two independent turbopumps. The lig-
uid hydrogen unit operates at 34,000 rpm and comprises a two-stage centrifugal pump,
preceded by an inducer that ensures favorable intake characteristics. This pump is driven
by a 12-MW, two-stage turbine. The pump delivers up to 560 L/s of liquid hydrogen at a
pressure of 17 MPa. The single-stage liquid oxygen turbopump operates at 13,400 rpm and
delivers 177 L/s of propellant at 13 MPa (3.7 MW). The two turbines are driven in parallel
by a single radial injection gas generator, that operates at a combustion pressure of 8 MPa.
The generator is supplied with propellant tapped off at the pump outlet. The combustion
chamber pressure is 110 bar. The liquid hydrogen enters the propulsion chamber via an
annular distributor. Most of this flow is routed through channels integrated in the double-
walled structure of the combustion chamber and throat assembly. The nozzle is cooled by a
simple process known as dump cooling: the remaining hydrogen flow is routed through
460 spirally welded iconel tubes, whose diameters increase to give a continuous, bell-
shaped surface, then escapes through micronozzles set along the bottom rim of the main
nozzle. Although these gases do not undergo combustion, they are heated during the trip
and contribute to overall thrust. The turbopumps, gas generator, and combustion chamber
ignitions are started by pyrotechnic cartridges. The mixture ratio (mean value 5.25) is
adjusted by a two-way valve, used to modify this ratio to terminate combustion on quasi-
simultaneous depletion of the two propellants. This figure is available in full color at
http://www.mrw.interscience.wiley.com/esst.
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The boosters are jettisoned from the core stage by means of pyrotechnic
cords. Solid fuel thrusters located in the rear part and in the forward cone are
used to distance the boosters from the launcher in a radial plane.

The booster thrust evolves in flight in order to limit general loads, with a
maximum of 6,700kN and an average value of 4,900kN in vacuum. It must
remain within very tight tolerances to limit any thrust differential between the
two boosters at any moment. The maximum combustion pressure is 60 bar, and
the specific impulse in vacuum is 270s.

The vehicle equipment bay is 1.56 m high and constitutes a linkage struc-
ture between the first stage, second stage, and fairing.

Developed under the prime contractorship of DASA, the second stage is
fitted inside the vehicle equipment bay. This is an internal and relatively com-
pact stage, with a diameter of only 3.94 m and a height of 3.36 m. The dry mass is
about 1,250 kg. This second stage carries the payload adaptor (Fig. 8).

The propulsion system comprises an “Aestus” engine, burning storable
hypergolic propellants (MMH and N204), loaded in helium-pressurized tanks
and consequently requiring no turbopump. This technological solution was
adopted for its reliability, and its simple operation and re-ignition. A total of
6,550 kg of N204 and 3,200 kg of MMH (maximum load mass) are contained in
two pairs of identical cylindrico-spherical tanks, arranged axisymmetrically two
by two. The lift-off mass is 11 tons.

The engine combustion chamber, extended by a nozzle in refractory steel,
is cooled by an MMH circuit. The mixture ratio is adjusted to a value of 2.05
by calibration on acceptance testing. The engine can be oriented through an
arc of +4.8° on two axes, using electrical servo actuators. The Aestus engine

Figure 8. Ariane 5 second stage. This figure is available in full color at http:/
www.mrw.interscience.wiley.com/esst.
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develops 29.1 kN thrust and has a specific impulse of 324 s. The burn-time is
about 19 min.

Other details of Aestus engine are as follows:

Propellant feed rate: 8.77

Nozzle expansion ratio: 84

Mass: 111 kg.

The bay carries all functional electrical equipment used throughout the
mission and a hydrazine attitude control system operating in the “blowdown”
mode. This system is used to control roll throughout the propulsive flight, except
during the solid booster burn phase, and during the attitude control phase after
shutdown of the second-stage engine. By comparison with the Ariane 1 to 4
programs, the functional electrical systems have been fully duplicated and op-
erate in the full active redundancy mode. This might allow for progressive in-
corporation of standard electrical components.

The vehicle equipment bay is separated from the main stage by dilation of a
sealed pyrotechnic tube, which causes a fragile flange to rupture. The upper
composite is then distanced by pyrotechnic actuators.

The assembly sequence and facilities in French Guiana (Launch site N° 3 :
ELA3) are based totally on experience with Ariane 4, taking due account of the
new mass and dimensional values involved, and carrying the policy of stripping
the pad down to the bare minimum a step further.

As for the previous Ariane launchers, the synchronized sequence com-
mences at time T —6min, 30s. It is subdivided into two separate automatic
procedures that involve the fluid systems, on the one hand, and the electrical
systems, on the other. At T —4.5s, an execution command signal is sent to the
onboard computer, which then activates the inertial guidance systems and au-
thorizes ignition of the Vulcain engine at time T. Following verification of correct
engine combustion at T+ 6.2s, the solid propellant boosters are ignited at
T+ 7s. The boosters burn for about 130s. They are jettisoned after burnout,
when an acceleration limit of about 5.2ms? is detected. For a typical GTO
launch, booster separation occurs at an altitude of approximately 60 km at about
T + 140 s. By this time the launcher relative speed has reached approximately
2000 m/s. The fairing is jettisoned on the basis of a thermal flux calculation, at
about T+ 3 min 10s. Shutdown of the Vulcain engine is initiated by measuring
propellant depletion at about T+ 9min 46s. Launcher speed is then approxi-
mately 7600 m/s. After separation, fallback of the main stage is controlled so
that the stage hits the ocean approximately 1800 km from the Colombian coast.
The upper stage is ignited at about T + 10 minutes. During the launch, onboard
telemetry is transmitted to Kourou via ground stations located at Natal (Brazil),
Ascension Island, Libreville (Gabon), Hartebeesthoek (South Africa) and Mali-
ndi (Kenya). The upper stage is fully passivated after separation of the payloads
to minimize orbital pollution.

The first Ariane 5 flight was a failure due to a software fault. The second
flight (502) took place on 3 October 1997. During the second flight, the only
anomaly observed was an excessive roll torque at the limit of acceptability,
following jettisoning of the solid propellant boosters and during the Vulcain en-
gine burn phase. This fault was corrected very simply by a minor modification to
the orientation of the turbine exhaust nozzles.
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The third flight demonstrated the exceptional flexibility of the launcher,
based on the simultaneous execution of two largely different missions. The
first involved placing a reentry capsule into a suborbital trajectory. The pre-
cision of the point of impact in the Pacific was excellent. The other
mission involved injecting a payload into a geostationary transfer orbit, again
achieved with excellent precision and followed by a second-stage maneuver.
This mission involved several successive reignitions and shutdowns of the
second stage.

Comparison Between Ariane 44 L And Ariane 5

Unquestionably, Ariane 5 marks a technical break with earlier members of the
Ariane family. However, continuity in human resources, management princi-
ples, and industrial organization ensured that the Ariane 5 program benefited
from all experience previously acquired and made it possible to improve the
intrinsic reliability by one order of magnitude. The Ariane 5 launcher has four
active stages, whereas Ariane 44 L has seven. The number of separation se-
quences has thus been reduced. Ariane 5 does not have a launch table that is
active in positive time, as is the case with Ariane 4. Nor does Ariane 5 have
cryogenic fuelling arms that retract at the last moment before ignition and lift-
off. Ariane 5 fluid connections are passive and are pulled free on lift-off. The
aborted launch case, which requires extremely complex revalidation operations
for Ariane 4, is thus simplified to the extreme. Vulcain engine ignition on the
ground was deliberately chosen (following ignition failures observed on Ariane 3
flights 15 and 18), as was also the decision to wait to establish a stationary
regime for the complete stage (following the flight 36 failure) before checking the
engine and authorizing ignition of the solid propellant boosters. The price of this
option is a loss of performance (Vulcain engine thrust was set to ensure min-
imum acceleration of the launcher after boosters were jettisoned. On the other
hand, the Vulcain nozzle could have been adapted more efficiently in the case of
in-flight ignition). The production of hydraulic power required to operate the
booster and first-stage attitude control actuators is obtained from simple pres-
surized tanks on Ariane 5, compared with the hot-gas-fed engines used for Ar-
iane 4. This list, which covers only simplifications visible at launcher system
level, can be extended for each subsystem and component.

Ariane 5 and Hermes

It has frequently been said or written that the Hermes project led to the
design of a launcher which was too large, or nonoptimum, in stage configura-
tion. The need to improve performance yet again, to face up to the competi-
tion and remain competitive, clearly demonstrates that the first criticism was
foundless.

No choice was made to the detriment of optimization for GTO launches. On
the other hand, where a number of possibilities were equivalent for this opti-
mization, choices were based on a Hermes criterion. Speaking in 1999, one can be
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thankful that this approach was adopted for at least three reasons:

- The Ariane 5 launcher is fully adapted for all types of missions, from con-
stellations to heavy GEO spacecraft and servicing of the Space Station. The
503 flight demonstrated a high degree of flexibility during a single mission.

- The growth potential of Ariane 5 is very substantial, including replacement
of the existing upper stage by a cryogenic stage.

- Manned spaceflight represented an excellent stimulus for the construction of
launcher reliability. In this area again, the approach adopted was in no way
unfavorable for unmanned missions. Abandonment of the Hermes program
changed none of the choices made before this decision.

Ariane 5 Evolution Program

The increase in individual mass values of satellites in the Arianespace order book
continued steadily throughout the 1980s. Extrapolation of this growth demon-
strated that Ariane 5 performance was likely to be insufficient by about one ton
shortly after qualification of the new launcher. However, this demonstration
failed to convince at the beginning of the 1990s. The Hermes spaceplane program
was encountering difficulties, including mass-related problems, and the proposal
to increase the performance of the Ariane 5 lower composite was consequently
regarded as a subterfuge for increasing the size of a launcher, still regarded as
too big for launching commercial satellites. Furthermore, the multiplication of
constellation projects involving small satellites in LEO and the increased cred-
ibility of plasma propulsion techniques for satellite orbit control provided am-
munition for those who supported stopping further increases in the mass of
geostationary satellites. When the decision to go ahead with the proposed en-
hancement program was finally made in 1995, this was based more on the desire
to preserve cryogenic propulsion expertise than on a genuine need to enhance
Ariane 5 performance, even with no change in production costs. The new en-
hancement program, designated “Ariane 5 Evolution” is aimed at achieving ca-
pacity for simultaneous launch of two 3300-kg-class satellites into geostationary
transfer orbit.
The following modifications were adopted to meet this specification:

- Increase in Vulcain engine thrust from 1140 to 1350 kN, while changing the
mixture ratio from 5.3 to 6, but without modifying the external dimensions of
the first-stage tank (although the position of the intermediate bulkhead
changed). First-stage mass is increased up to 170 tons of liquid hydrogen and
liquid oxygen.

- To recover the specific impulse lost through this modification of the mixture
ratio, the turbine exhaust gases are injected into the nozzle, whose expansion
ratio area is increased. This technical solution, not adopted for the basic
Vulcain program to avoid excessive integration of elements supplied by
different contractors, was validated by a technological program in parallel
with the main development program.
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- Replacement of connections within the three main segments of the solid
propellant boosters by welds. In addition to a substantial booster mass gain
and lower costs, this simplifies application of internal thermal protection.

- Adaptation of the dual-launch system (SYLDA) used with Ariane 2, 3, and 4
to the dimensions of Ariane 5.

In parallel with the Ariane 5 Evolution program, Arianespace is proceeding
with a number of optimization actions (lightening of the vehicle equipment bay,
increasing the solid propellant loading of the booster forward segment) based on
experience acquired during the development phase. Combined with Ariane 5
Evolution, this will increase the performance in GTO up to 8tons in single-
launch configuration. These enhancements should be operational late mid 2002.

New Phase: Ariane 5 Plus

Changes in the launch service supply situation due to the upcoming availability
of Atlas 3, Delta 3, and the American EELVs (Delta 4 and Atlas 5) will further
intensify competition and induce a new trend in satellite mass values toward 5
tons for multimedia spacecraft.
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Figure 9. The Ariane rocket family. This figure is available in full color at http:/
www.mrw.interscience.wiley.com/esst.
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To preserve the competitive advantage achieved with dual launches, the
performance of Ariane 5 must exceed 10 tons for GTO injection. This objective
will be achieved in two phases:

+ For mid 2002 horizon, a second stage will be developed with a propellant load
of 14 tons LH, and LOX, using the current Ariane 4 third-stage propulsion
system. This, combined with Ariane 5 evolution, will take payload capacity
up to 10.4 tons in single-launch configuration.

- For a late 2005 horizon, the HM 7 engine will be replaced by the new Vinci
motor that delivers 15 tons of thrust and designed for repeated reignition.
Tank capacity will be increased to 23 tons of LHy and LOX.

This will provide geostationary transfer orbit performance of 11.9 tons in
single-launch configuration.

The existing storable liquid propellant upper stage will also be retained but
will be adapted to be capable of multiple ignition, with long ballistic phases, to
have the flexibility required for all type of missions.

Phase 1 and 2 of this evolution program were decided in the European
Space Agency Council in 1998 and 1999. Work on the new engine has been
authorized so that the relevant decision can be made in 2001.

Conclusion

Figure 9 briefly summarizes the successive changes in the Ariane launcher and the
policy of addressing each new phase takes fullest advantage of experience acquired
in the preceding phases. Indeed, Ariane 5 shows a break in this process, and has
more the air of the start of a new family. However, the actual break is substantially
less pronounced than appears to be the case because the same teams, strengthened
by working together for 20 years, have developed and will manufacture Ariane 5.

The technical solutions adopted have frequently been criticized for a lack of
initiative because there is sometimes a tendency to confuse efficiency with the
technologies applied. But a launcher provides a service, and the only thing that
counts is the quality of service provided to the satellite owner. This service is
judged in performance, operating cost, reliability, availability, appropriateness of
satellite preparation facilities, etc. These are the criteria on which the program’s
efforts primarily were focused.
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ARTIFICIAL GRAVITY

Definition

Artificial gravity (AG) is not gravity at all. It is not a field force or a “force at a
distance.” Neither does its strength obey the inverse square law of attraction that
determines the orbital motion of planets. However, in terms of its action on any
mass, it is indistinguishable from “real gravity.” Instead of gravitational pull, it
exerts a centrifugal force, proportional to the mass that is being accelerated
centripetally in a rotating device. Although the effect of AG on an extended body
differs from that of true gravity, the effects on any given mass are equivalent.
Thus AG is simply the imposition of acceleration on a body to recover the forces
that are eliminated by the free fall of orbital flight. (Of course, real gravity is not
eliminated in orbit. The pull toward Earth in Earth orbit and toward the Sun in
interplanetary orbit is balanced by the “free fall” acceleration of the spacecraft
and its contents toward Earth or the Sun. To an observer or instrument onboard
the spacecraft, it feels as though the pull of gravity were removed.)

Provision of AG

In principle, AG could be provided by various means. A continuously thrusting
rocket that accelerated a spacecraft halfway to Mars would generate AG equal to
the acceleration level. Intermittent impulsive AG would be imposed on an as-
tronaut who jumps back and forth between two opposing trampolines or even
between two stationary walls in a spacecraft. However, the term artificial gravity
is generally reserved for a rotating spacecraft or a centrifuge within the space-
craft. Every stationary object within the centrifuge is forced away from the axis
of rotation toward the outer “floor” by a force proportional to the mass of the
object, its distance from the center of rotation, and the square of the angular
velocity of the device.

Why AG May Be Necessary

Probably the most serious health threat to humans during interplanetary flight
comes from radiation exposure en route and on some extraterrestrial surface.
Beyond that, prolonged exposure to weightlessness itself can result in decondi-
tioning many of the body’s systems. For space voyages of several years, such as
those envisioned for exploration of Mars, the human requires some sort of
“countermeasure” to reduce or eliminate this deconditioning. Intensive and sus-
tained exercise on a treadmill, bicycle, or rowing machine was used on the U.S.
and Russian spacecraft to minimize the problems of weightlessness. The proce-
dure is uncomfortable and excessively time-consuming for most astronauts.
Furthermore, its effectiveness is not proven for all users. Other kinds of coun-
termeasures, including diet, fluid loading before reentry, lower body negative
pressure, or wearing a “penguin suit” to force joint extension against a resistive
force are either marginally effective or present an inconvenience or hazard.
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The physiological effects of weightlessness are generally adaptive to
space flight and present a hazard only upon return to Earth or landing on an-
other planet (1). However, they may present hazards in flight in the event of a
bone fracture, a vigorous muscle contraction, or alterations in the heart’s
rhythm.

Aside from the severe danger of space radiation, the principal physiological
risk of long flight is deterioration of the skeleton. Bones are living tissue, con-
stantly being strengthened by calcium extracted from the blood and destroyed by
returning calcium to the blood. Bone maintenance requires a compressive load
along the axis of the bone and some high-force impulsive loading. In the absence
of these loads that are normally provided by gravity and walking, the major
bones that support body weight begin to deteriorate, and a net loss of body
calcium occurs, independent of the amount taken in with food or supplements.
The long bones in the legs and the vertebrae in the spine lose crucial size and
strength during prolonged bed rest. Similarly, they lose strength in spaceflight.
Calcium is lost at a rate of about 1/2% per month, and the losses are reflected in
the density and size of weight-bearing bones. For a spaceflight of two years, a
25% decrease in bone size might occur (unless the process reaches a plateau),
thus increasing the risk of fracture and severely hampering the bone’s ability
to mend.

Muscles involved in weight bearing, as well as bones, begin to weaken with
disuse in weightlessness. The major muscle groups in the legs and back that
normally support weight lose mass and are also “reprogrammed,” so that fibers
previously devoted to slow steady tension are used for brief bursts instead. The
shifting of fluid from the legs and lower trunk to the head and chest that pro-
duces the first symptoms of head-fullness discomfort on orbit initiates an early
loss of body fluid, including blood plasma. The relative excess of red blood cells is
countered by stopping their production in the bone marrow and additionally by
destroying young red blood cells. The cardiovascular regulating system that acts
to maintain adequate blood pressure when we stand up, is no longer needed in
space and shows signs of deterioration. Neither the fluid loss and resulting
“space anemia,” nor the loss of cardiovascular regulation and tone normally
cause any difficulty in orbit. During reentry and back on Earth, however, the
renewed exposure to gravity can cause weakness and fainting.

The balance system that keeps humans from falling depends on the detec-
tion of gravity by the otolith organs in the inner ear. Because the only stimulus to
the organs in weightlessness is linear acceleration, considerable reinterpretation
of vestibular signals takes place. A consequence of this process is the common
occurrence of space sickness early in flight and postural disturbances and vertigo
after return.

The immune system that fights infection may also be compromised by
space flight, although it is unclear whether weightlessness alone is the major
factor.

In addition, a variety of human factor problems arise in weightlessness,
including the constant need for handholds or footholds for stabilization and the
possibility of disorientation within a spacecraft. However, these problems are
often balanced by the ease of moving heavy objects, the use of three-dimensional
space, and the shear pleasure of floating in weightlessness.
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History of AG

The notion of creating a substitute for gravity through centrifugation was in-
troduced early in the conception of human space travel. Tsiolkovsky, the influ-
ential Russian space visionary, discussed the idea in 1911, and his concepts were
picked up 50 years later by Korolev, who designed a flexible tether system for the
Voskhod manned missions (2). It was, however, never built. A detailed engineer-
ing proposal for an AG station was introduced by Noodhung in 1927, a full 50
years before the first satellite was launched. When Von Braun described his
vision of space exploration in 1953, he included a large rotating torus to deal with
weightlessness (Fig. 1) (3).

The popularization of AG, however, is attributable to the science fiction
community. The large rotating torus in Clarke and Kubrick’s 2001: A Space
Odyssey presented an idealized version of life in space, free of health problems
and the negative effects usually associated with transiting from the rotating to
the stationary parts of the station. By 1965, preliminary tests on a short-radius
centrifuge first showed that subjects who were deconditioned by bed rest could be
protected against cardiovascular deconditioning by periodic centrifugation (4).

Experience with AG in space has been quite limited. Rats were centrifuged
continuously at 1g for several days and showed no deconditioning. Human ex-
periments, however, have not been conducted to date. Early attempts to test AG
by tethering a Gemini spacecraft to an Agena rocket were inconclusive and
nearly led to disaster when the thruster nozzle stuck on Gemini 8, sending the
pair of space vehicles into an uncontrollable spin. The 2.5-m-radius centrifuge on
the International Space Station should afford the opportunity to examine the
adequacy of various levels of AG in protecting rodents during spaceflight.

Design Boundaries

The envelope of operation for AG is limited by several factors, as pointed out by
Von Braun and adapted by others. The “comfort zone” for AG with a rotational
radius of up to 1000 feet is bounded by several constraints (5). In one presen-
tation, the nominal design point was for a 734-foot radius architecture, spinning

Figure 1. Von Braun’s rotating space station (reprinted from Reference 3). This figure is
available in full color at http:/www.mrw.interscience.wiley.com/esst.
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at approximately 1.8 rpm. This large radius creates less than a 1% gravitational
gradient from head to foot under a 4% ratio of Coriolis force to apparent weight
for a crew moving at 3ft/s. The rim velocity would exceed 200 ft/s. The basic
design space is normally shown on a graph of rotational rate versus radius; the
acceleration level appears as a derived parameter according to the equation
A =rw? The design boundaries have generally been stated for continuous rota-
tion but are also shown here for intermittent centrifugation (Figs. 2a,b).
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Figure 2. (a) Comfort zone for continuous AG (adapted from Reference 5). (b) Centrifuge
zone for intermittent AG (adapted from Reference 5).



142 ARTIFICIAL GRAVITY Vol. 1

The minimum gravitational level, normally measured at the rim of a cen-
trifuge, is the key parameter in the design space. The limited animal tests in
orbit confirm that continuous rotation to yield 1 g at the feet of a small rodent is
sufficient to maintain normal growth. However, it remains to be determined
whether a lesser g level will suffice. Based on centrifuge studies of long duration,
Russian scientists suggest that the minimum level of effective AG is about 0.3 g
and recommend a level of 0.5g to increase a feeling of well-being and normal
performance.

The maximum gravitational acceleration level is also a factor if short-radius
intermittent AG is used. Levels up to 2g are probably useful, especially if com-
bined with exercise, but a level as high is 3g’s is likely to produce ill effects if
maintained for more than 20 minutes.

The maximum angular velocity of the AG device is limited by the Coriolis
forces encountered when walking or when moving objects, and by the motion
sickness and disorientation experienced with certain kinds of head movements.
Coriolis accelerations are real inertial accelerations that occur when moving
within a rotating framework. Any movement in a straight line with respect to the
rotating frame, except for one parallel to the axis of rotation, is in fact a curved
motion in inertial space. The curve reflects acceleration sideways and entails a
sideways inertial reaction force (Fig. 3).

People trying to walk radially outward on a spinning carousel will feel a
surprising force pushing them sideways, parallel to the circumference. As seen
by an observer stationed outside the carousel, the walker’s path is really curved
in the direction of the carousel’s spin. The sideward inertial acceleration requires
a sideward force (Coriolis force), according to Newton’s second law, and the sub-
jects need to apply that unexpected force to avoid walking a path that is curved
relative to the carousel. They also must apply an unexpected postural reaction to
avoid falling over.

Additionally, anyone trying to walk along the rim of the AG spinning vehicle
in the direction of the spin is subject to an unexpected radial inertial acceleration
inward, which entails a downward Coriolis force, making the space walker feel
heavier. If the astronaut were to turn around and walk along the rim in the
direction opposite to the spin, the Coriolis force would be upward and the ap-
parent weight of the astronaut would be reduced. The magnitude of the Coriolis
force is given by the equation |F.|=|mwxv|. From considerations of human fac-
tors, the Coriolis accelerations should be kept to less than some fraction of the
AG gravity level. Stone (5,6) suggests that this be no higher than one-fourth. For
radial movement at velocity v, this is given by

Coriolis acceleration /artificial gravity = wUmax/ r®w? = Umax /Urims

where v, is o times r and is the speed of the outer rim of the AG centrifuge. The
minimum rim velocity is limited only by the need to maintain enough friction for
locomotion when walking against the direction of spin. For walking, v,,.x is about
1m/s, and it has been assumed that the estimated minimum rim velocity is 6 m/s.

The most disturbing aspect of AG rotation is probably the Coriolis cross-
coupling accelerations detected by the semicircular canals in the vestibular
systems of the inner ear. The organs function to detect angular velocity of the
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(a)
(

Gravity gradient. (a) Object of mass M “weighs” MRw? on the rim. (b) Object of mass M “weighs” Mrc)? at radius r.

(d)
*Cross-coupled acceleration. Yaw head velocity *Tangential Coriolis forces. Forces push sideways
produces acceleration about the naso-occiputal axis. on an astronaut moving radially in the spinning spacecraft.

*Radial Coriolis forces during locomotion.
(e) Standing.
(f) Moving in direction of spin.
(g) Moving in direction opposite of spin.

*Adapted from Fig. 8,"Influences of artificial gravity on locomotion."
(caption), in R.W. Stone,"An overview of artificial gravity,"

5th Symposium on the Role of Vestibular Organs in Space Exploration,
Pensacola, FL, Aug. 1970 (NASA SP = 314 :28).

Figure 3. Coriolis forces (adapted from Reference 5).
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head relative to inertial space for most normal head movements. However, be-
cause of their mechanical structure, they fail to register long-lasting constant
velocity motion and, instead, indicate that one is stationary in a turn that lasts
more than 10-20s. In AG, these vestibular signals are apparently inconsistent
with what one sees in the spacecraft and also with the linear acceleration reg-
istered by the otolithic organs in the labyrinth. This conflict, before adaptation,
produces both motion sickness and spatial disorientation.

When subjects in AG suddenly move their heads about an axis that is not
parallel to the spin axis, two unexpected angular accelerations occur. First, dur-
ing the head movement a “cross-coupled acceleration” occurs, equal to the prod-
uct of the spin rate and the head angular velocity that produces transient
acceleration about a third orthogonal axis. This is given by the equation
A =w, x w;. Second, when the head is turned, the spin angular velocity is moved
from one head plane to another, producing a sensation of deceleration about the
first axis and acceleration about the second one. A sensation of rotation with
components around both axes usually occurs for up to 10 sec, as the semicircular
canals return to their neutral position. The directions of both the Coriolis force
and the cross-coupled accelerations depends on the direction the subject is facing
in the rotating spacecraft, as well as the direction of head movement, thereby
complicating the process of general adaptation to the unusual environment.

All of the unexpected Coriolis sensations are proportional to the AG spin
rate. Although further adaptative schedules might increase the tolerable rate,
the maximum spin rate for continuous rotation has been estimated at 6 rpm, with
possible elevation to 10 rpm. Almost all subjects can adapt quickly to work in a
2-rpm rotating environment. It is believed that most could tolerate increased
rotational rates to 6-10 rpm, providing that they are built up slowly in steps of
1-2rpm with a period of 12-24 h at each increment (7).

The gravitational gradient refers to the change in AG level with radius and
can affect both physiological function and the ease of handling materials in space.
Since the “g level” is proportional to the radius, the gravitational gradient from
head to foot is simply the ratio of height to radius: Gradient = h/R. For contin-
uous rotation at smaller radii, comparable to the astronaut’s height, the grav-
itational gradient may become more of a problem. For a 2-m astronaut, the
radius would be at least 4 m for a 50% maximum gradient.

Experimental Results

Space Experiments. Despite the long-standing interest in artificial gravity,
experimental evidence from space is very limited. Only two space missions early
in the space program were devoted to animal studies, and all of the human in-
flight results were anecdotal.

Flight Animal Experiments. The Soviet space research community ex-
pressed an early and intense interest in AG and, in 1961, began testing rats
and mice in the 25-s weightless periods of parabolic flight. Animals showed nor-
mal appearing locomotion during these brief periods if they were housed in a
centrifuge producing at least 0.3 g, thus setting this as a minimum g requirement
(8). The first animals to be centrifuged in space were on the Cosmos 782 mission
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in 1975, when fish and turtles centrifuged at 1 g were found indistinguishable
from their ground controls. Furthermore, turtles centrifuged at levels as low as
0.3 g showed none of the muscle wasting typical of weightlessness. A much more
extensive investigation was carried out on rats centrifuged during the 20-day
mission of Cosmos 936 in 1977. These animals, housed in a small-radius (32-cm),
high-speed (53.5-rpm) 1-g centrifuge, showed deficits in equilibrium and postural
control postflight, consistent with the observed reduction in vestibular sensitiv-
ity. Faring less well than their ground controls, they also failed to counter fully
the usual effects of weightlessness on loss of muscle and bone, circumstances that
may have been the result of the small cage size and the high-g gradient. The
large animal centrifuge planned for the International Space Station is designed
to provide a range of AG levels, above and below 1g, to a large variety of fish,
plants, and small animals.

Human Space Experience with AG. No formal human AG experiments
were performed in space during the first 40 years of the space age. During the
earliest years of human spaceflight, the major physiological disturbances involved
“space adaptation syndrome” and were of concern only for the first few days in
orbit. The debilitating effects of weightlessness on the bone, muscle, and cardi-
ovascular system were demonstrated on the Skylab missions in the early 1970s
and later on the long-duration Salyut and Mir flights. However, it was believed
that in-flight exercise, augmented by resistance training and fluid loading, would
solve the problem. As time passed, the opportunities for human centrifuges or
rotating spacecraft in orbit disappeared. During a 1966 Gemini mission, an or-
biting Agena rocket casing was tethered to the spacecraft, and the two were put
into a slow spin. No data were taken. On Gemini 8, when Gemini was docked to
the Agena, a planned slow rotation got out of control because of a stuck thruster,
and the crew was saved only by the skillful use of an orbital maneuvering engine.
No further spacecraft AG tests have been conducted. Since then, the only oppor-
tunities for investigation have come from uncontrolled, anecdotal reports.

During the Skylab missions, the crew took advantage of the large open
compartment to run around the curved circumference. They produced a self-
generated AG by running. The crew reported no difficulty with either locomotion
or motion sickness.

Although no specific AG human experiments have been performed, some
centrifugation for other purposes has produced a measure of centripetal accel-
eration. During the Spacelab International Microgravity Laboratory (IML-1)
mission, subjects were spun on a rotator in which the head was 0.5 m off center,
experiencing an acceleration of —-0.22 g,, and the feet were on the other side of the
axis, experiencing an acceleration of +0.36g, (9). No unusual inversion phe-
nomena were reported. Similarly, in the Neurolab Spacelab mission, four sub-
jects received periodic rotation in a similar situation without reorientation. In
that case, however, those subjects seemed to have achieved some measure of
resistance to postflight orthostatic instability and did not show the usual de-
crease in vestibular sensitivity to tilt (10).

Ground Centrifuge Experiments. Despite the absence of flight-test oppor-
tunities, several laboratories worldwide have continued ground-based studies of
the efficacy and acceptability of human horizontal centrifugation. Of course, all of
these investigations are hampered by the presence of the steady gravitational
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pull. Gravity adds to the centrifugal force vectorially and produces a net specific
gravitoinertial force F =g — a directed between vertical and horizontal.

The earliest of the extensive tests of sustained rotation were conducted in
Pensacola (11), beginning in 1958. The “slow rotating room” (SRR) exposed vol-
unteers to prolonged rotation (12). This 3-m-radius room that has a horizontal
floor permitted subjects to adapt to rotation during several days (13,14). Initially,
most subjects developed motion sickness symptoms when they made head move-
ments at room rotational rates in excess of 3rpm and, through that experience,
learned to restrict them. Incremental increase in the speed of the room was
employed. After several days, most subjects were able to make head movements
without symptoms at rotational rates up to 6rpm. Only some of the subjects
could go further to move comfortably at 10 rpm. When the rotation was stopped,
subjects felt an aftereffect and an erroneous motion sensation during head
movements. They were maladapted to rotation in the opposite direction.

Beginning in the 1960s a major ground research program on AG was con-
ducted at the Institute for Biomedical Problems in Moscow (IBMP). Their earliest
tests in the MVK-1 small rotating chamber at speeds up to 6.6 rpm allowed ro-
tating one or two subjects for up to a week. It was followed by the roomier 10-m-
radius “Orbita” centrifuge, capable of rotating two to three people for several
weeks at speeds up to 12rpm. The longest tests were for 25 days at 6 rpm. The
initial exposures produced the expected disturbance of equilibrium and coordi-
nation. Within an hour, the usual pattern of motion sickness symptoms occurred,
including vomiting in some cases (15). In 4-5 hours, subjects also complained of
listlessness, sleepiness, and headache—similar to the Sopite syndrome identified
by Graybiel. Three periods of vestibular adaptation were distinguished for these
long-duration exposures. The first 1-2 days were characterized by severe motion
sickness. This was followed by a week during which the nausea and related acute
symptoms disappeared, but listlessness and headache remained. Finally, after the
first 7-10 days, subjects showed immunity to motion sickness, even when addi-
tional vestibular stimulation was imposed. The generalizability of this adaptation
has not been determined. The Soviet centrifuge tests indicated an absence of any
motion sickness symptoms at 1 rpm, moderate symptoms at 1.8 rpm, and marked
symptoms at 3.5 rpm. Head movements brought on discomfort in all cases.

More recent investigations have assessed the ability of subjects to avoid
motion sickness during head movements while rotating at the high speeds as-
sociated with short-radius centrifugation. Antonutto and colleagues in Udine,
Italy, found that subjects who were pedaling on a bicycle-powered short centri-
fuge were able to make head movements without acute motion sickness while
rotating at 19-21 rpm. Young, Hecht, and colleagues used the 2-m-radius cen-
trifuge at MIT to show that most subjects could adapt both their eye movements
and their motion sickness symptoms to accommodate head movements while
rotating at 23 rpm (16). Both the Udine and the MIT studies were conducted at
speeds sufficient to produce 1g of horizontal centripetal acceleration or a net
gravitoinertial acceleration of 1.4 g’s. In the Udine centrifuge, it was aligned with
the subject’s, head-to-foot axis, whereas in the more provocative MIT studies, the
subject remained horizontal.

The Coriolis forces associated with limb movements, head movements, and
walking in a rotating environment are initially both surprising and disturbing.
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However, in almost all cases, appropriate new motor control strategies are devel-
oped, so that subjects can adapt to the new environment and no longer are even
aware of the unusual forces. Extensive experiments in the Brandeis University
rotating room demonstrate the remarkable ability to adapt to unusual environ-
ments (17). A measure of dual adaptation apparently exists, so that subjects can
switch from the rotating to the nonrotating environment with minimal relearning.

The adequacy of artificial gravity in stimulating the cardiovascular system
has been investigated in ground studies. In most studies, the debilitating effects of
weightlessness are simulated by sustained bed rest, often at 6° of head-down tilt
and occasionally by partial submersion in water to approximate the fluid shift
better that occurs in space. In a pioneering study in 1966, White and his col-
leagues at Douglas (18) showed that intermittent exposure to 1g or 4g’s on a
1.8-m-radius centrifuge was effective in alleviating the usual decrease in tolerance
to standing (orthostatic intolerance). Exercise produced little additional benefit.
The principal cardiovascular reactions of interest for centrifugation are the venous
tone, especially in the legs, and the baroreflex regulation of blood pressure. For a
short-radius centrifuge small enough to accommodate a subject only in a squatting
position, the centrifugation does little to encourage venous return by stimulating
the muscles. The IBMP ground centrifuge tests (19) demonstrated that subjects
who were deconditioned by 2 weeks of water immersion could increase their post-
immersion tolerance to + 3g, by intermittent acceleration on a 7-m-radius cen-
trifuge. For some time, it was debated whether the intermittent centrifugation
conditioned only the passive motor tone or whether the body’s active baroreflex to
counter the effects of gravity on blood pressure was also affected. Burton and
Meeker (20), using a 1.5-m-radius centrifuge intermittently, showed that the bar-
oreceptors are adequately stimulated during AG. Their slow compensation for the
hydrostatic pressure drop during rotation permits the g tolerance to gradual onset
acceleration to exceed that to rapid onset acceleration. Beyond even the benefit of
intermittent acceleration on cardiovascular responses is the effect on blood vol-
ume. Normally, weightlessness or head-down bed rest produces a fluid shift to-
ward the head that in turn leads to fluid loss, including plasma, and a resulting
increase in hematocrit. However, Yajima and his colleagues from Nihon University
School of Medicine in Tokyo (21) showed that 1 hour per day of 2g, exposure of
their subjects, using a 1.8-m-radius centrifuge, was sufficient to prevent hem-
atocrit from increasing during a 4-day bed rest period. In other studies, they
confirmed the effectiveness of intermittent centrifugation on maintaining barore-
flex and parasympathetic activity (22). To prevent motion sickness, the Nihon
investigators stabilized the head during these centrifuge runs.

The interaction between the cardiovascular fitness enhancement of regular
exercise and the tolerance built up during centrifugation remains unclear. Cer-
tainly the two countermeasures are individually effective, but whether they
contribute more in combination is still under study (23,24).

Artificial Gravity Design Options

The choice of AG design depends on a basic decision whether the crew is to be
transported with continuous AG, requiring a large-radius device, or exposed to
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intermittent AG, in which case a small rotator can be employed. The classical
large spinning space station, as epitomized by the von Braun torus, was the basis
for early designs in the Apollo era (25). At one time, a large toroid 150 feet in
diameter and constructed of six rigid modules joined by an inflatable material,
was envisioned. The large mass and excess volume of a torus or hexagon forced
consideration of other ways of generating centrifugal forces at large radii. The
two that emerged are the rigid truss, or boom, and the tether concept. A rigid
truss design typically would have the crew quarters and operations module at
one end and a large counterweight at the other end. The counterweight might be
an expended fuel tank or an active element such as a nuclear power source. In
most cases a counterrotating hub is present at the center of rotation to provide
both a nonspinning docking port and to allow for a zero-g workspace for exper-
iments. A variation on the rigid truss is the extendable or telescoped boom con-
cept, in which the radius of the AG systems could be varied more easily than with
a fixed truss and slider. However, both of these designs imply considerably more
mass and power requirements than a tether system. A variable length tether that
could be unreeled in orbit and used to connect a spacecraft to a counterweight
has emerged as the most acceptable design for a large AG system. As envisioned
for a Mars mission (26), it would consist of a 80,000 kg habitat module 225 m from
the center of mass, with a 44,000 kg counterweight 400 m beyond. The two are
connected by a tether, weighing 2400 kg, reeled out by a deployer weighing
1700 kg. All told, the additional weight for accommodating a tethered AG system
for a human Mars mission is about 21,000 kg, or about 5% of the 0-g weight, plus
about 1400 kg of propellant (Fig. 4).

One of the obvious concerns about a tethered AG system is its vulnerability
to tether breakage. For the Mars mission design, a tether in the form of a band
0.5cm x 46 cm x 750 m would provide a dynamic load safety factor of 7, offering a
working strength of (630,000 N). That concern has otherwise been addressed by
using webbing or braided cable to maintain tether integrity, even in the event of
a meteoroid collision. (The probability of tether impact with a micrometeoroid of
mass greater than 0.1 gm was calculated as .001 for a mission of 420 days.) A
second concern about a tethered system lies in its dynamic stability, especially
during unreeling and during spin up and spin down. The interaction with orbital
maneuvers is complex, whether the spin axis is inertially fixed or tracking the
Sun to facilitate the use of solar panels.

The alternative approach to AG is to use a short-arm centrifuge intermit-
tently. In this case, the exposure would not be limited to less than 1g, but might
be as high as 2 or 3 g’s to deliver adequate acceleration in exposures of perhaps
1h daily or several times per week. Of course, such a short device would have to
spin much faster than the 6 rpm limit envisioned for a large continuous system—
and would produce significant Coriolis forces and motion sickness stimuli if the
head is moved, at least until adaptation occurs. The short-radius centrifuge be-
comes particularly attractive when its dimensions shrink to the point that in-
termittent centrifugation could be carried out within the confines of a spacecraft,
rather than entailing rotation of the entire complex. A 2-m-radius AG device
permits subjects to stand upright and even walk within its limited confines. Of
course, the head is then close to the center of rotation, and a significant grav-
itational gradient appears as one goes from head to toe. Many of the ground
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Configuration at initial development/
final retrieval

Figure 4. Tether design. (Reference 26).

studies of intermittent short-radius centrifugation have been conducted with
rotators of radius from 1.8-2.0 m. As the radius shrinks even further to less than
1.5m, the taller subjects can no longer stand erect but must assume a squatting
or crouching posture. For many such designs, the subject would also provide the
power to turn the device and perform valuable exercise by bicycling the centri-
fuge into rotation (Fig. 5).

Figure 5. Bicycle-driven centrifuge courtesy of Dava Newman (photo by William Litant,
Massachusetts Institute of Technology). This figure is available in full color at http:/
www.mrw.interscience.wiley.com/esst.
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Although the power saving may be trivial, or not even used, the importance

of active exercise while exposed to intermittent centrifugation might lie in its
protection against syncope, or fainting, as the body is exposed to the unaccus-
tomed footward forces that tend to pool blood in the lower extremities.
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ASTEROIDS

Asteroids are small members of the solar system in heliocentric orbits concen-
trated between Jupiter and Mars. Since most of them have orbits that are
roughly similar to those of the planets (low inclination and eccentricity), they
have sometimes been called minor planets, although this term is no longer in
common use. More important is the distinction between asteroids and comets,
where the primary difference is one of composition. Most asteroids are rocky
objects, composed of the same sorts of materials as the inner planets. Comets, in
contrast, contain a substantial quantity of water ice and other frozen volatiles
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in addition to silicates and organic compounds. However, there are ambiguities
in terminology. Comets that make frequent passes around the Sun may lose their
volatiles and become indistinguishable from rocky asteroids. In addition, there
are many volatile-rich objects being discovered in the outer solar system (beyond
Neptune) that resist classification as either asteroids or comets. These are the
Kuiper Belt Objects (KBOs), discussed in this Encyclopedia in the entry for
Comets.

The most comprehensive references for asteroids are the large multiauthor
textbooks published in the Space Science Series of the University of Arizona
Press. See especially Asteroids II (1989) edited by R. Binzel and others, and
Hazards Due to Comets and Asteroids (1994) edited by T. Gehrels. Soon to be
published in the same series is Asteroids III (2002), edited by W. Bottke and
others.

Discovery of Asteroids

Asteroids are too faint to be visible to the unaided eye, so their discovery belongs
to the era of telescopic astronomy. On New Year’s Day in 1801, Giuseppe Piazzi at
Palermo Observatory found the first asteroid, which he named Ceres for the
Roman patron goddess of Sicily. This faint object (now known as the largest
asteroid) orbited the Sun at a distance of 2.8 astronomical units (AU). It was at
first hailed as the “missing planet” in the large gap between the orbits of Mars
and Jupiter. In the following few years, three more asteroids—Pallas, Juno, and
Vesta—were found, also orbiting between Mars and Jupiter. These were even
smaller than Ceres, although Vesta is slightly brighter due to its more reflective
surface. Even combined, the masses of these four objects came nowhere near that
of a real planet. Most of the asteroids are located in what is defined as the main
asteroid belt, at distances from the Sun are between 2.2 and 3.3 AU, corre-
sponding to orbital periods between 3.3 and 6.0 years.

The next asteroid was not discovered until 1845, but from then on, they
were found regularly by visual observers who scanned the sky looking for them.
By 1890, the total number had risen to 300. At that time, photographic patrols
began, and the number of known objects rapidly increased and reached 1000 in
1923, 3000 in 1984, 5000 in 1990, and 20,000 in 2001. To be entered on the official
list of asteroids, an object must be well enough observed to establish its orbit and
permit its motion to be accurately calculated many years into the future. The
responsibility for cataloging asteroids and approving new discoveries is assigned
to the International Astronomical Union Minor Planet Center in Cambridge,
Massachusetts (1). It is an interesting indication of growing interest that 198
years were required to find the first 10,000, but only two years were needed to
find the second 10,000. Most recent discoveries are a by-product of the Space-
guard Survey, a concerted search for near-Earth Asteroids (NEAs) that will be
discussed in detail at the end of this article.

In addition to numerical designations (e.g., 4 Vesta, 1000 Piazzia), which
are given in chronological order of determination of an adequate orbit, most
asteroids have names, usually suggested by the discoverer. Initially, these were
the names of Greek and Roman goddesses, such as Ceres and Vesta, and later
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expanded to include female names of any kind. When masculine names were
applied, they were given the feminine Latin ending. More recently, the require-
ment of female gender has been dropped, and today asteroids are named for a
bewildering variety of persons and places, famous or obscure. This article uses
names rather than numbers to refer to specific asteroids.

Basic Asteroid Statistics

Our census of the larger asteroids is fairly complete by now, based primarily on
ground-based surveys, complemented by infrared space observations, such as
those from the Infrared Astronomy Satellite (IRAS) in 1983. It is likely that we
have discovered all main-belt asteroids 25 km or more in diameter, and discovery
should be more than 50% complete for diameters down to 10km. Ceres, the
largest, has a diameter just under 1000 km. The next largest asteroids are about
half this size (see Table 1 for a listing of the dozen largest asteroids). The total
mass of all of the asteroids amounts to only 1/2000 of the mass of Earth (less than
1/20 the mass of the Moon). Our knowledge is better for the closer asteroids in
the inner part of the asteroid belt, and most of the larger undiscovered bodies are
probably beyond 3 AU from the Sun.

There are many more small than large asteroids. An estimate of the relative
numbers of objects of each size is interesting as a characterization of the asteroid
population, and it is also closely related to the distribution of craters caused by
the collision of asteroids with the planets and satellites in the inner solar system.

As a rule, many processes in nature, including those of fragmentation, re-
sult in approximately equal masses of material in each size range. Applying such
a power law to the asteroids, we would find that there should be 1000 times more
10-km objects than 100-km ones, and a million more at 1km than 100km. In
other words, the number of objects of a given diameter is inversely proportional
to the cube of their diameter. However, measurements of the asteroids indicate
that the numbers do not rise this fast as size declines but increase more nearly as
the inverse square of the diameter, resulting in a distribution where most of the

Table 1. The Largest Asteroids

Name Year of discovery Distance from Sun, AU Diameters, km Class
Ceres 1801 2.77 940 C
Pallas 1802 2.77 540 C
Vesta 1807 2.36 510 v
Hygeia 1849 3.14 410 C
Ineramnia 1910 3.06 310 C
Davida 1903 3.18 310 C
Cybele 1861 3.43 280 C
Europa 1868 3.10 280 C
Sylvia 1866 3.48 275 C
Juno 1804 2.67 265 S
Psyche 1852 2.92 265 M
Patientia 1899 3.07 260 C
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mass is in the larger objects. This is why we are relatively certain of the total
mass of the asteroids, even without having counted all of the small ones.

From the observed distribution of sizes, we can estimate that there are more
than 100,000 asteroids down to a diameter of 1 km. Although 100,000 sounds like
a lot of objects, space in the asteroid belt is still empty. The belt asteroids occupy
a very large volume, roughly doughnut shaped, about 100 million km thick and
nearly 200 million km across. Typically the asteroids 1km or larger are sepa-
rated from each other by millions of kilometers. They pose no danger to passing
spacecraft. In fact, it was challenging to locate asteroids near enough to the
trajectory of outward-bound spacecraft (such as Galileo and Cassini) to allow
close asteroid flybys on the way to Jupiter.

Physical and Chemical Properties

As seen through a telescope without special image compensation (adaptive op-
tics), an individual asteroid is an unresolved starlike point. The word asteroid
means starlike. Before about 1970, almost nothing was known about the physical
nature of asteroids, and research was confined to discovering and charting orbits
and determining rotational rates from observations of periodic variations in
brightness. In the past 30 years, however, new observing techniques used with
large telescopes have revealed a great deal about the physical and chemical
nature of the asteroids (2). These astronomical observations have been supple-
mented by key studies of meteorites and by close-up spacecraft observations of a
few asteroids, including Gaspra, Ida, Mathilde, and Eros—the latter involved
both orbital and landed investigations.

Asteroid sizes and shapes are determined directly from imaging with mod-
ern adaptive optics or from the Hubble Space Telescope (although the resolution,
even with the largest telescopes, leaves much to be desired). High-precision radar
imaging is also a powerful tool if the object comes sufficiently close to Earth. Size
can also be measured by timing the passage of an asteroid in front of a star.
Because we know exactly how fast the asteroid is moving against the stellar
background, measuring how long the star is obscured yields a chord length for
the asteroid that can be accurate to a few kilometers. If timings of the same event
made from different locations on Earth are combined, the profile of the asteroid
can be derived. Unfortunately, however, suitable events are rare, and only a
dozen asteroids have been measured successfully by this method.

Most asteroid sizes have been estimated indirectly from their visible or
infrared brightness. Given only the apparent visible-light brightness of the ob-
ject, we can roughly estimate its size by assuming a reflectivity or albedo that is
characteristic of average asteroids. Such diameters are typically uncertain by a
factor of 2, implying an order-of-magnitude uncertainty in mass. Much more
accurate are reflectivities determined by combining visible-band measurement of
reflected light with infrared-band measurement of emitted heat radiation. Such
diameters are good to 10% or better, and they require no arbitrary assumptions
about reflectivity.

It is clear that the asteroids have a variety of surface compositions, as
discussed further later. This variety leads to a wide range of surface reflectivity.
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The majority of the asteroids are very dark, roughly the brightness of charcoal.
Other types can have reflectance as high as white terrestrial rocks. To make
sense of this diversity of material, one must add information on the spectral
reflectance of the asteroids. It is particularly useful to compare the asteroids with
extraterrestrial samples that reach Earth as meteorites. A few meteorites come
from the Moon or Mars, but the great majority of them are fragments from
asteroids. Unfortunately, the chaotic dynamic processes that deliver meteorites
to our planet do not include traceable return addresses. One of the major chal-
lenges of meteoritics is to connect the samples we have to their parent bodies (or
class of parent bodies) among the asteroids.

The use of spectral data to characterize asteroids has yielded preliminary
determinations of composition for approximately 1500 objects. These include a
few asteroids that have metallic surfaces, presumably representing the surviving
cores of objects that melted, differentiated chemically, and subsequently lost
their stony crusts and mantles. Most, however, have rocky surfaces, that com-
pare to the majority of meteorites, which are also rocky. Exact identifications are
difficult, however, and usually we cannot specify the unique properties that
identify an individual. With some notable exceptions, contemporary asteroid re-
search, therefore, tends toward broad statistical studies rather than detailed
investigation of particular objects. The exceptions are the handful of asteroids
that have been visited by spacecraft or imaged at close range by radar, to be
discussed further later.

Most of the well-observed asteroids fall into one of two classes based on
their reflectivity (3). They are either very dark (reflecting only 3-5% of incident
sunlight) or moderately bright (15-25% reflectivity). A similar distinction exists
in their spectra. The dark asteroids are fairly neutral reflectors and do not have
major absorption bands in the visible range to reveal their compositions, al-
though some of them show spectral evidence of chemically bound water in the
infrared. Most of the lighter asteroids are reddish and have the spectral signa-
tures of common silicate minerals such as olivine and pyroxene. The dark gray
asteroids have spectra similar to the carbonaceous meteorites, so they are called
C-type asteroids. The lighter class is named the S-type, indicating silicate or
stony composition. A third major group appears to be metallic (like the iron
meteorites) and is called the M-type. There is also a variety of subclasses based
on spectra and reflectivity, especially among the dark C-type objects. It is also
increasingly clear that some process of “space weathering” alters the optical
properties of surface materials; it partially masks identification with specific
meteorite types on Earth and blurs the distinctions that might otherwise be seen
among asteroids of different subgroups.

Using the classification of the asteroids, we can look at the distribution in
space of the broad C, S, and M types. At the inner edge of the belt, the S asteroids
predominate. Moving outward, the fraction of C-type objects increases steadily,
and in the main asteroid belt as a whole, the dark, carbonaceous objects make up
75% of the population, compared to 15% S and 10% of M and other types.

Beyond the main belt, all asteroids are very dark, but their colors are red-
der than the belt objects, and they do not look like any known carbonaceous
meteorite (4). Because these objects are not represented in our meteorite collec-
tions, scientists hesitate to commit themselves concerning their composition. It is
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generally thought, however, that they are primitive objects and that a fragment
from one of them would be classed as a carbonaceous meteorite, although of a
kind different from those already encountered.

If the asteroids are still near the locations where they formed, we can use the
distribution of asteroid types to map out the composition of the solar nebula, the
original circumsolar assemblage of gas and dust from which the planetary system
formed (5). Carbonaceous meteorites formed at lower temperatures than the other
primitive stones, so we infer that the concentration of similarly composed C-type
asteroids in the outer belt is consistent with their formation farther from the Sun,
where the nebular temperatures were lower. It is also possible, however, that the
asteroids formed elsewhere and were herded into their present positions by the
gravity of Jupiter and the other planets. In that case, the C-type asteroids could
have formed far beyond Jupiter and subsequently diffused inward to their present
positions in the outer part of the asteroid belt. Similarly, the S-type asteroids near
the inner edge of the belt could either have formed where we see them today, or
they could have been gravitationally scattered to their present locations from still
closer to the Sun. The solar nebula temperatures that we would deduce by ap-
plying these two alternative models are quite different. So far, however, we have
not been able to settle on which model is preferred for the origin of the asteroids.

Orbits

The orbits of the belt asteroids are for the most part stable, their eccentricities
are less than 0.3, and inclinations are below 20°. In the past, when presumably
there were more asteroids, collisions may have been common, but by now the
population has thinned to the point where each individual asteroid can expect to
survive for billions of years between collisions. Still, with 100,000 objects 1 ki-
lometer or more in size, a major collision somewhere in the belt is expected every
few tens of thousands of years. Such collisions, as well as lesser cratering events,
presumably yield some of the fragments that develop Earth-crossing orbits and
eventually reach Earth as meteorites. In contrast, Earth-approaching NEAs
have unstable orbits and typical dynamic lifetimes of only about 100 million
years. Their numbers represent an equilibrium between inward scattering from
the main belt and elimination either by colliding with the terrestrial planets or
the Sun or by gravitational ejection from the solar system.

Given their history of collisions, there is no reason to expect that most
asteroids are monoliths. Many may be rubble piles, consisting of loosely bound,
low-density accumulations of debris that has reaccreted after a catastrophic dis-
ruption (6). In general, the energy required to disperse such debris completely is
substantially greater than the energy needed to break up a target. One line of
evidence for the existence of rubble piles comes from the highly elongated shapes
of some small, rapidly spinning asteroids. These shapes are nearly what one
might expect for an equipotential fluid and suggest such a reaccretion process.
However, conclusive evidence of rubble piles awaited the first close-up spacecraft
investigations, as recounted later.

The orbits of asteroids within the main belt are not evenly distributed.
As shown in Fig. 1, some orbital periods are preferred, and others are nearly
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Figure 1. Histogram of orbital periods of the known asteroids. The deep minima are the
Kirkwood gaps that correspond to periods that are in resonance with Jupiter (courtesy of
Jet Propulsion Laboratory and NASA). Source: <{http:/ssd.jpl.nasa.gov/a_histo.html).
This figure is available in full color at http:/www.mrw.interscience.wiley.com/esst.

unpopulated. These unpopulated sections of the belt are resonance gaps, also
known as the Kirkwood gaps for the nineteenth-century astronomer who dis-
covered them. These gaps occur at orbital periods that correspond to resonances
between these periods and the orbital period of Jupiter. Resonance takes place
when the orbital period of one body is an exact fraction of the period of another.
In this case, the underpopulated asteroid orbits correspond to periods that are
one-half, one-third, one-quarter, etc., that of the 12-year orbital period of Jupiter.
The Kirkwood gaps provide a clue to the origin of the asteroids or rather to the
absence of a single large planet in the region between Mars and Jupiter. Pre-
sumably the dominant gravitational presence of Jupiter interrupted the accre-
tionary process and dispersed the planetesimals in this part of the solar system.
Most of the material ended up striking the inner planets or was ejected from the
system, and only a small remnant remains in the asteroid belt today.
Asteroidal orbits display other patterns in addition to the resonance gaps.
An asteroidal family is defined as a group of objects that have similar orbits that
suggest a common origin. These were first identified by Kiyotsuga Hirayama
early in the twentieth century. About half of the known belt asteroids are mem-
bers of families, nearly 10% belong to just three: the Koronos, Eos, and Themis
families. Although not clustered together in space at present, the members of an
asteroid family were all at the same place at some undetermined time in the
past. Members of the same family tend to have similar reflectivities and spectra.
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Apparently, the family members are fragments of broken asteroids, shattered in
some ancient collision, and still follow similar orbital paths. According to some
estimates, almost all asteroids smaller than about 200km in diameter were
probably disrupted in earlier times, when the population of asteroids was larger.
The families we see today may be remnants of the most recent of these inter-
asteroidal collisions.

Asteroids up Close

Radar Studies. One of the most powerful tools for investigating asteroids is
radar. There are two major planetary radar facilities, both of which were up-
graded in the late 1990s. NASA operates the Goldstone (California) planetary
radar facility as part of the Deep Space Net, and the 1000- foot Arecibo dish in
Puerto Rico is operated by the National Astronomical and Ionospheric Center
with NSF and NASA support. The two facilities are complementary —Arecibo has
greater sensitivity, but Goldstone has greater sky coverage. Radar allows meas-
uring range and velocity and permits us to define the rotational state precisely
and to constrain the object’s internal density distribution. In addition, radar as-
tronomers used measurements of echo power in time delay (range) and Doppler
frequency (radial velocity) to construct geologically detailed three-dimensional
models that sometimes rival the resolution of spacecraft imaging systems (7).

By 2001, radar had detected more than 120 asteroids, whose sizes are as
small as 30 m. These include large objects in the main belt as well as more than
80 of the smaller NEAs. One of the early radar contributions was to search for
direct evidence of metallic surfaces for a few asteroids from their high microwave
reflectivity. Observations of M asteroids Psyche and Kleopatra provide the best
evidence linking the M class to metallic composition. However, these two aster-
oids have provided numerous surprises. In spite of its apparently metallic sur-
face, Psyche has a density of only about 2g/cm?® suggesting that its interior
has extremely high porosity if composed of metal. Kleopatra is even stranger; it
has a remarkable “dog-bone” shape that suggests reaccretion of material after a
catastrophic impact. There is also evidence of a low-density surface of uncon-
solidated rubble on Kleopatra—again not what we would have expected by com-
parison with the lumps of iron-nickel in our meteorite collections (8).

The highest-resolution imaging has been achieved for asteroids that come
very close to Earth. The largest of these is Toutatis, an elongated lumpy asteroid
that provided early evidence that asteroids might not be monolithic (Fig. 2). At

Figure 2. Shape model from radar images of Toutatis. Analysis of the delay-Doppler
imaging sequence established that Toutatis is in a non-principal-axis spin state, and ac-
curate determination of the asteroid’s rotation required inverting of the image sequence
with a realistic physical model. These four views of the Toutatis computer model show
shallow craters, linear ridges, and a deep topographic “neck” whose geologic origin is not
known. It may have been sculpted by impacts into a single, coherent body, or this asteroid
might actually consist of two separate objects that came together in a gentle collision.
Toutatis is about 5 km long (images courtesy of Steve Ostro, NASA Jet Propulsion Lab and
Scott Hudson, Washington State University). Source: four images labled as “computer
model” at (http://echo.jpl.nasa.gov/asteroids/4179_Toutatis/toutatis.html ).
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5km long, Toutatis is among the largest of the NEAs. Toutatis is also one of three
asteroids found so far that are in slow, non-principal-axis spin states—perhaps
evidence that they have received recent impacts (9). Among the interesting re-
sults of radar has been the discovery of three bifurcated objects (Castalia, Mi-
thra, and Bacchus) that appear to be contact binaries. In several other cases,
there is evidence of satellites orbiting asteroids. Satellites provide a way to cal-
culate densities of the primary objects. Since the late 1990s, several asteroidal
satellites (including the large C-type main-belt asteroids Eugenia and Antiope)
have been discovered by using ground-based optical telescopes, and densities
have also been measured for three of the asteroids visited by spacecraft. Most of
the densities turn out to be surprisingly low (less than 2g/cm?®), suggesting
rather high interior porosity.

Spacecraft Flybys. Table 2 summarizes the four detailed spacecraft studies
of asteroids. The main-belt asteroids Gaspra and Ida were flyby targets for Gal-
ileo on its way to Jupiter, and Mathilde was visited by the NEAR-Shoemaker
spacecraft on its way to its primary target, Eros. The NEAR studies of Eros are
discussed in the next subsection. Figure 3 illustrates these spacecraft targets on
the same scale.

The Galileo flybys of two main-belt S-type asteroids revealed that both are
highly irregular in shape, heavily cratered, and have only slight differences in
color or reflectivity across their surfaces. Gaspra is undersaturated with craters,
indicating a relatively young age (where age is the time since the last global-scale
impact). In contrast, Ida is saturated with craters, and it appears to have a
broken-up surface layer (a regolith) that is tens of meters thick (similar to that of
the Moon). The discovery of a small satellite (Dactyl) in orbit around Ida per-
mitted measuring its mass and density. The density is 2.6 g/cm?, similar to that of
primitive rocks. Partly on this basis, it appears that these two S-type asteroids
are probably coherent and are composed of materials similar to ordinary chond-
rite primitive meteorites. However, the spectral mismatch between these objects
and known chondrites in our meteorite collections continued to baffle investiga-
tors after these two flybys. In addition, the presence of large families of grooves
or lineaments on both asteroids suggested that they had global-scale cracks re-
sulting from past impacts.

Mathilde was the first main-belt C-type asteroid to be examined at close
range. NEAR-Shoemaker found a unique shape for this asteroid, dominated by
several apparent craters whose diameters are greater than the radius of the
asteroid. Such a configuration is not possible for a “normal” rocky target because
the formation of the most recent of these craters would have been expected to
destroy preexisting giant craters or perhaps even to disrupt the target entirely.

Table 2. Spacecraft Encounters with Asteroids

Asteroid Class Date Dimensions, km Density, g/cm? Best resolution, m
Gaspra S 1991 18x11x9 — 50

Ida S 1993 60 x 25 x 19 2.6 25
Mathilde C 1997 66 x 48 x 46 1.3 160

Eros S 2000 31x13x13 2.67 0.1
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Figure 3. Family portrait of spacecraft images of asteroids Gaspra, Ida, Mathilde, and
Eros, shown to scale. Gaspra and Ida (both main-belt asteroids) were imaged by the
Galileo spacecraft. Mathilda (main-belt) and Eros (near-Earth) were imaged by NEAR-
Shoemaker (Images courtesy of NASA, the Caltech Jet Propulsion Laboratory, and the
JHU Applied Physics Laboratory.) Source: {http://junior.apk.net/~matto/comparison_mat-
hild_ida_gaspra_eros.jpg ).

Only a “soft” target that has a less competent interior can absorb great shocks
without internal disruption. This interpretation was reinforced by the measured
density of 1.3 g/cm?®, indicative of about 50% porosity. Thus, Mathilde became the
first confirmed rubble-pile asteroid.

The NEAR-Shoemaker Mission to Eros. The most ambitious and successful
spacecraft investigation of the asteroids was carried out by a small (Discovery-
class) NASA spacecraft called the Near Earth Asteroid Rendezvous (NEAR) mis-
sion. It was further christened NEAR-Shoemaker in honor of Eugene Shoemaker,
the father of asteroid geology. NEAR-Shoemaker missed its original rendezvous
date with Eros in December 1998 due to a malfunction, but it recovered after one
more trip around the Sun and finally arrived in February 2000. It achieved an
initial high orbit, then gradually lowered its altitude during the next year, and
studied Eros with a variety of instruments. The spacecraft obtained thousands of
multispectral images and more than 10 million laser altimetry measurements,
making Eros one of the best-mapped objects in the solar system (10,11).

After 1 year in orbit, NEAR-Shoemaker began a staged descent to the sur-
face, taking pictures of ever-increasing resolution (Fig. 4). It landed on 12 Feb-
ruary 2001 at an impact velocity of 1.6 m/s. Fortunately, the spacecraft was not
damaged, even though it had not been designed for such a maneuver. Using its
low-gain antenna, it continued radioing data from the surface for more than a
week, providing the best measurements of elemental composition. The mission
ended on 28 February when a command from Earth turned off the spacecraft (12).

The quantitative measurement of radioactivity from K, Th, and U, as
well as gamma-ray lines of Fe, O, Si, and Mg, demonstrated that Eros has a
primitive composition equivalent to the low-iron group of ordinary chondrite me-
teorites. Eros is a normal class-S asteroid, so this in situ result finally settled
questions that had remained open for decades concerning the nature (primitive or
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Figure 4. Close-up of near-Earth asteroid Eros as seen from the NEAR-Shoemaker
cameras at a range of just 7km. Most of the scene (about 350 meters across) is covered by
rocks of all sizes and shapes, but the floors of some craters are smooth, suggesting ac-
cumulation of fine mobile material. The smallest visible features are about 1 meter across.
(Image courtesy of NASA and the JHU Applied Physics Laboratory.) Source: (http:/
photojournal.jpl.nasa.gov/cgi-bin/PIAGenCatalogPage.pl?PIA03118 >.

differentiated) of the S asteroids. The density of Eros (2.67 g/lem®) is also generally
consistent with this meteorite identification, although it still implies a substantial
bulk porosity of about 25%. Evidently asteroids, like many terrestrial sediments,
are consistently less dense than the individual rocks of which they are composed.

Long ridges seen in some of the images demonstrate that Eros is a consol-
idated and coherent body that has global-scale tectonics. As suspected for several
other asteroids, Eros is a solid collisional fragment of a larger parent body (not a
rubble pile), but it is also not a monolith because its interior has been heavily
fractured. The surface is cratered, but there is a surprising deficiency of small
craters, combined with an excess of boulders up to the 100-m size. There are
actually more boulders than craters in the tens-of-meters sizes. Some measured
slopes are greater than the angle of repose. Dark material has flowed down-slope,
exposing underlying bright material. The effects of space weathering are evident
in the different spectral reflectivity of exposures of differing age. Apparently Eros
has a complex, mobile regolith, whose small-scale surface roughness is similar to
that of lunar regolith (somewhat surprising because the gravity is so much less).

As noted in summer 2001 by MIT scientist Richard Binzel, “We’re getting to
know asteroids as tangible objects, on the same scale and geologic sense that we
know mountains on Earth.” And like terrestrial mountains, their interiors can be
highly fragmented.

Trojan Asteroids

A particularly interesting group of dark, distant asteroids is orbitally associated
with Jupiter. Although the gravitational attraction of this giant planet generally
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makes nearby asteroidal orbits unstable, exceptions exist for objects of the same
orbital period as Jupiter, while leading or trailing it by 60°. These two stable
regions are called the leading and trailing Lagrangian points, named for the
mathematician who demonstrated their existence in 1772. While he was math-
ematically examining the possible motions of three mutually gravitating bodies,
Lagrange found two regions where a small object could occupy a stable orbit
within the gravitational fields of two larger objects. If the larger objects are
Jupiter and the Sun, a small object in one of the Lagrangian points occupies one
corner of an equilateral triangle, and the Sun and Jupiter are at the other two
points.

The regions of stability around the two Lagrangian points are quite large:
each contains several hundred known asteroids. The first of these Lagrangian
asteroids was named Hektor when it was discovered in 1907. All of them are
named for the heroes of the Iliad who fought in the Trojan War, and collectively
they are known as the Trojan asteroids. Their spectra are distinctive, suggesting
that they represent a group of special, primitive objects that have been trapped
in this region of space since the birth of Jupiter. If we could detect the fainter
members of these Trojan clouds, we might find that the Trojan asteroids are
nearly as numerous as those in the main asteroid belt.

Near-Earth Asteroids

Asteroid populations that can impact Earth are of special interest to us. They are
generally referred to as Near-Earth Asteroids (NEAs) or Earth-crossing asteroids
(ECAs). Because of their unstable, planet-approaching orbits, the NEAs have
impacted the surfaces of the planets in the inner solar system (including Earth)
and have influenced both geologic and biological evolution. There is reason to
expect further impacts in the future, so the NEAs are a topic that has profound
political and societal overtones. The impact hazard represents the intersection of
asteroid science and public welfare and governmental policy (13).

It is highly improbable that a large (diameter > 1km) NEA will hit the
Earth within our lifetimes, but such an event is entirely possible. In the absence
of specific information, such a catastrophe is equally likely at any time, including
next year. Recognition that Earth (and Moon) are impacted by asteroids and
comets is less than a century old, and it was not even securely proven that the
prominent Meteor Crater (Arizona) was of impact origin until the work of Eu-
gene Shoemaker in 1960. The fortunate fact that the atmosphere protects us
from impacting bodies smaller than a few tens of meters in diameter (except for
the rare iron meteorites) has the perhaps unfortunate consequence that we have
almost no direct experience with cosmic impacts.

Tunguska and Meteor Crater. On the timescale of a human lifetime, the
1908 Tunguska impact in Siberia is the most notable. It was estimated (primarily
from barographic and seismic records) that it had an explosive energy of ~15
megaton (TNT equivalent) when it disintegrated about 8 km above the ground.
The impactor had the force of a large contemporary nuclear weapon. The explo-
sion affected an unusually remote part of the world, and the first expedition to
study Tunguska was delayed by two decades. At the time, before the existence of
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an Earth-crossing asteroid population was recognized, it was naturally suggested
that the culprit was a small comet. Other fringe-science explanations included
the impact of a mini black hole and the crash of a UFO spacecraft. Not until the
1990s did numerical modeling of the entry physics clearly indicate that a comet
(low-density, friable material) of this kinetic energy would disintegrate at very
high altitudes and could not penetrate into the troposphere (14). Now we rec-
ognize that the event in Tunguska was simply the most recent example of an
ongoing bombardment of Earth by NEAs.

A better known site of asteroidal impact is Meteor Crater (also called Bar-
ringer Crater) in northern Arizona. In this case, an iron asteroid about 40-50
meters in diameter struck about 50,000 years ago and formed a crater slightly
more than 1km in diameter. The energy of this impact was approximately the
same as that of Tunguska (about 15 megaton), but because of the greater
strength and density of the projectile, the explosion occurred at or below the
surface, and a crater was formed.

Impacts and Extinctions. NEAs entered the scientific and popular main-
stream in the 1980s when they were identified as the possible agents of biological
mass extinctions. Alvarez and others (15) proposed that the dinosaur-killing KT
mass extinction was due to an impact by a comet or asteroid, inferred from the
chemical signature of extraterrestrial material in the boundary layer at the end of
the Cretaceous. This bold hypothesis received general acceptance after the 200-
km- diameter Chicxulub crater in Mexico (still among the largest craters identified
on Earth) was discovered and it was dated exactly to the age of the KT extinction.

The most revolutionary insight of Alvarez and his colleagues was not that
impacts take place on Earth (which was obvious), but that even small impacts (on
a geological or astronomical scale) can severely damage the fragile terrestrial
ecosystem. From the size of the Chicxulub crater, the energy of the KT impact is
estimated at about 100 million megaton, and a consistent value of the size of the
impactor (10-15km in diameter) is derived from the observed extraterrestrial
component in the boundary layer. Immediate effects of the impact included blast
and the generation of a tsunami (because the impact occurred in a shallow sea).
However, the primary agents of global stress appear to have been a short-lived
firestorm from atmospheric heating of ejecta followed by a persistent (months to
years) blackout due to particulates suspended in the stratosphere (16). Large
land animals (such as the dinosaurs) were incinerated within a few minutes of
the impact, and the marine ecosystem collapsed a few weeks later as a result of
the global blackout. Fortunately, impacts of this size are exceedingly rare; they
occur at average intervals of the order of a hundred million years. Today, there is
no NEA comparable to the KT impactor that can hit Earth. However, we have no
such assurance of immunity from smaller impacts.

Impacts from asteroids and comets have influenced the biological history of
our planet in a variety of ways. It is widely thought that carbonaceous asteroids
have been the dominant source of Earth’s water and other volatiles, including
many organic compounds required for originating life. At the same time, the
impact environment of early Earth must have challenged the development of life
and may have led to short episodes in which the oceans boiled away and the
planet was sterilized. The phenomenon has been called the “impact frustration of
life” (17). After the end of the heavy bombardment of Earth about 3.8 billion
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years ago, impact catastrophes of this dimension were not possible. However, the
Earth must have experienced dozens (or more) of impacts of the size of the KT
event that punctuated biological evolution with occasional episodes of dramatic
environmental stress. Impacts have been suspected in several other mass ex-
tinctions besides the KT, but in no other case is the evidence truly compelling.
However, we know that these impacts have happened, and it is entirely plausible
that they played a major role in biological evolution.

The Asteroid Impact Hazard

The average frequency of impacts by NEAs as a function of kinetic energy is
illustrated in Fig. 5, adapted from a graph published in 1983 by Shoemaker (18).
Comparison of this size—frequency distribution with the expected environmental
damage caused by impacts of different energy leads to the conclusion (19) that
the greatest risk is from large impacts, those that create a global ecological
catastrophe. The threshold for global catastrophe is in the vicinity of 1 million
megatons of energy, corresponding to an NEA whose diameter is about 2km.
Below this threshold, impacts create regional or local disasters, but the popu-
lation (and social stability) of the planet are not threatened.

Although impacts below this million-megaton threshold are much more
frequent, the total hazard from the sum of all such smaller impacts is less. Unlike
more familiar natural hazards, the impact risk is primarily from extremely

Terrestrial impact frequency
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Figure 5. Plot of frequency of impacts on Earth vs. impact energy for near-Earth as-
teroids (NEAs). The power law is a long-term average derived primarily from lunar
cratering and the current number and distribution of known NEAs. Shown plotted at their
estimated energies are the Hiroshima nuclear bomb, the Tunguska impact of a small
asteroid in Siberia (1908), and the KT impact that led to the extinction of the dinosaurs (65
million years ago). (Figure courtesy of David Morrison and NASA Ames Research Center.)
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rare events—literally unprecedented in human history. The impact hazard rep-
resents the extreme case of a calamity of low probability but high consequences,
including the possible end of civilization as we know it. It is logical to concentrate
first on mitigating the risk from global catastrophes. Later, it may be desirable to
extend mitigation efforts to smaller impacts that are much more likely to happen
within our lifetimes, although they do not threaten society as a whole.

The preceding discussion treats impacts as if they are random statistical
events, but they are in fact clearly deterministic. There either is or is not an NEA
on a trajectory to collide with the Earth within, say, the next century. Any dis-
cussion of mitigation must recognize that these events can be predicted and even
eliminated by deflecting a threatening NEA. The key requirement is adequate
warning time. This is the philosophy behind the international “Spaceguard Sur-
vey” being carried out by ground-based optical telescopes equipped with state-of-
the-art wide-field detectors and automated search capability (20). The NEAs are
found as they repeatedly fly past Earth at typical distances of tens of millions of
kilometers. If one of them should be on course for a future collision, it should be
discovered decades (or more) in advance. The initial goal of Spaceguard is to
discover and catalog at least 90% of all NEAs larger than 1km in diameter
within 10 years (by 2008). The focus is on NEAs of this size because 1 km is near
the lower bound for an impact that can cause a global catastrophe. However, the
observers continue to discover more NEAs below 1km than above it, and over
time the survey will extend completeness to smaller sizes.

The threat of impacts and the requirement to survey the NEAs have been
recognized by the governments of the United States, the United Kingdom, Japan,
and the Council of Europe, as well as by many ad hoc technical panels. The
current Spaceguard Survey is being carried out by half a dozen observing teams
primarily supported by NASA and the USAF. More than half the discoveries are
being made by the Lincoln Lab/MIT group called LINEAR. As of the end of 2001,
more than 500 of the estimated 1000 NEAs larger than 1km have been found,
and their orbits have been calculated. We can say with assurance that none of the
discovered NEAs poses any threat on the timescale of a human lifetime, but of
course we still cannot speak for the objects not yet discovered (21). How far the
survey will be extended, and what plans will be developed for possible planetary
protection against impacts, are questions for society as a whole, not just the small
number of scientists who are currently studying NEAs.

Glossary

Asteroid. A small (diameter less than 1000 km) rocky or metallic solar system
object in heliocentric orbit, generally of moderate or low orbital eccentricity
and inclination. The majority are located in the asteroid belt between Mars
and Jupiter. Sometimes called minor planet.

Asteroid Belt. The region in the solar system where most asteroids are found,
between Mars and Jupiter. Specifically, objects in the main asteroid belt have
orbital periods between 2.2 and 3.3 years.

Astronomical unit (AU). The mean distance of Earth from the Sun, approxi-
mately 150 million km.
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Megaton (MT). Unit of energy equivalent to one million tons of TNT, 4.3 x 10'°
joule.

Meteorite. Any extraterrestrial material that survives passage through the at-
mosphere and falls to Earth’s surface. Most meteorites are fragments of as-
teroidal parent bodies.

Near-Earth Asteroid (NEA). An asteroid whose an orbit brings it close to Earth
(perihelion distance less than 1.3 AU) or, especially, an asteroid in an Earth-
crossing orbit. Sometimes subdivided into Amor, Apollo, and Aten subgroups.

Regolith. The fragmented, dusty, porous, upper layer of material on a planetary
surface; essentially the equivalent of Earth’s soil for an object like the Moon
that has little or no atmosphere or water.
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ASTROBIOLOGY

Astrobiology is a relatively new term that embraces the multidisciplinary study
of the living Universe. It is the investigation of the origin, evolution, distribution,
and destiny of life in the Universe. Astrobiology addresses some of the most
profound questions of humankind: How did life begin? Are there other planets
like Earth? What is our future as terrestrial life expands beyond the home
planet? These questions are age-old. In the twenty-first century, however, ad-
vances in biological sciences, informatics, and space technology may make it
possible for us to provide some answers.
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Although the term had been used occasionally during previous decades as a
synonym for “exobiology,” astrobiology in its present incarnation was proposed by
NASA Associate Administrator for Space Science Wesley Huntress in 1995.
NASA encouraged this new discipline by organizing workshops and technical
meetings, establishing a NASA Astrobiology Institute, providing research funds
to individual investigators, ensuring that astrobiology goals are incorporated in
NASA flight missions, and initiating a program of public outreach and education.
NASA’s role is derived from its history of studying the origin of life and searching
for evidence of life on Mars or elsewhere in our solar system. Under the umbrella
of astrobiology, these efforts are expanded to include the search for life within
other planetary systems, as well as investigating the response of terrestrial life
to global changes on Earth and to exposure to conditions in space and in other
worlds. Astrobiology addresses our origins and also our aspirations to become a
space-faring civilization.

Science Goals

The NASA Astrobiology road map (1) provides an initial description of the tech-
nical content of astrobiology. This road map was formulated through a series of
workshops and discussions involving more than 400 people, primarily academic
scientists who are interested in this new discipline. The road map represents a
snapshot of a developing science and defines its content as perceived by scientists
in 1998.

Astrobiology addresses three basic questions, which have been asked in
some form for generations.

- How does life begin and evolve? (Where did we come from?)
- Does life exist elsewhere in the Universe? (Are we alone?)
- What is life’s future on Earth and beyond? (Where are we going in space?)

These are very general questions, and no one expects that definitive an-
swers will be found easily. More specific is the analysis of astrobiology in terms of
10 long-term science goals.

1. Understand How Life Arose On Earth. Terrestrial life is the only form of
life that we know, and it appears to have arisen from a common ancestor. How
and where did this remarkable event occur? The question can be approached
using historical, observational, and experimental investigations to understand
the origin of life on our planet. We can describe the conditions on Earth when life
began, use phylogenetic information to study our earliest ancestors, and also
assess the possibility that life formed elsewhere and subsequently migrated to
Earth.

2. Determine the General Principles Governing the Organization of
Matter into Living Systems. To understand the full potential of life in the
Universe, we must establish the general physical and chemical principles of life.
We ask if terrestrial biochemistry and molecular biology are the only such phe-
nomena that can support life. Having only one example, we do not know which
properties of life are general and necessary and which are the result of specific
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circumstances or historical accident. We seek these answers by pursuing labo-
ratory experimental approaches and computational theoretical approaches.

3. Explore How Life Evolves on the Molecular, Organic, and Ecosystemic
Levels. Life is a dynamic process of changes in energy and composition that
occurs at all levels of assemblage from individual molecules to ecosystemic in-
teractions. Modern genetic analysis, using novel laboratory and computational
methods, allows new insights into the diversity of life and evolution at all levels.
Complementary to such studies are investigations of the evolution of ecosystems
consisting of many interdependent species, especially microbial communities.
4. Determine How the Terrestrial Biosphere Has Coevolved with Earth.
Just as life evolves in response to changing environments, changing ecosystems
alter Earth’s environment. Astrobiologists seek to understand the diversity and
distribution of our ancient ancestors by developing technology to read the record
of life as captured in biomolecules and in rocks (fossils), to identify specific chem-
ical interactions between the living components of Earth (its biosphere) and other
planetary subsystems, and to trace the history of Earth’s changing environment
in response to external driving forces and to biological modifications.

5. Establish Limits For Life in Environments That Provide Analogs for
Conditions in Other Worlds. Life is found on Earth anywhere liquid water is
present, including such extreme environments as the interior of nuclear reactors,
ice-covered Antarctic lakes, suboceanic hydrothermal vents, and deep subsurface
rocks. To understand the possible environments for life in other worlds, we must
investigate the full range of habitable environments on our own planet, for what
they can tell us about the adaptability of life and also as analogs for conditions on
other bodies in our solar system, such as Mars or Europa.

6. Determine What Makes a Planet Habitable and How Common These
Worlds are in the Universe. Where should we look for extraterrestrial life?
Based on our only example (life on Earth), liquid water is a requirement. There-
fore, we must determine which sorts of planets are likely to have liquid water
and how common they might be. Studying the processes of planet formation and
surveying a representative sample of planetary systems will determine which
planets are present and how they are distributed, essential knowledge for judg-
ing the frequency of habitable planets.

7. Determine How to Recognize the Signature of Life in Other Worlds.
Astrobiologists need to learn to recognize extraterrestrial biospheres and to
detect the signatures of extraterrestrial life. Within our own solar system, we
must learn to recognize structural fossils or chemical traces of extinct life
that may be found in extraterrestrial rocks or other samples (such as Martian
meteorite ALH84001). To understand remotely sensed information from
planets circling other stars, we should develop a catalog of possible spectral
signatures of life. (See article on Extraterrestrial Life, Searching for in this
Encyclopedia.)

8. Determine Whether There Is (or Once Was) Life Elsewhere in Our
Solar System, Particularly on Mars and Europa. Exciting data have pre-
sented us with the possibility that at least two other worlds in our solar system
have (or have had) liquid water present. On Mars, there is evidence for stable
flowing water early in that planet’s history. Both in situ investigations and the
analysis of returned samples will be necessary to understand Mars’ historical
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climates and its potential for life. Because their surfaces are inhospitable, ex-
ploration of the subsurface probably offers the only credible opportunity to find
extant life on either Mars or Europa.

9. Determine How Ecosystems Respond to Environmental Change on
Timescales Relevant to Human Life on Earth. Research at the level of the
whole biosphere is needed to examine the habitability of our planet over time in
the face of both natural and human-induced environmental changes. To help
ensure that continuing health of this planet and to understand the potential
long-term habitability of other planets, we need to assess the role of rapid
changes in the environment and develop our knowledge base to enable predictive
models of environment—ecosystem interaction.

10. Understand the Response of Terrestrial Life to Conditions in Space
or on Other Planets. All terrestrial life has developed in a one-gravity field,
protected by Earth’s atmosphere and magnetic field. What happens when ter-
restrial life is moved off its home planet and into space or to the Moon or Mars,
where the environment is very different from that of Earth? Can organisms and
ecosystems adapt to a completely novel environment and live successfully for
multiple generations? Are alternative strategies practical, such as bioengineer-
ing organisms for specific environments? The results from attempting to answer
such questions will determine whether Earth’s life can expand its evolutionary
trajectory beyond its place of origin.

Programmatic and Institutional Foundations

Astrobiology began as an effort within NASA to organize its space research pro-
grams around the theme of life in the Universe. It was given impetus by missions
to Mars and Europa, by plans for telescopes in space to detect other planetary
systems and measure the spectra of distant planets, and by the launch of the
International Space Station and its planned suite of experimental facilities for
life science. Within the NASA hierarchy, astrobiology has elements in the Space
Science, Earth Science, and Human Exploration and Development of Space En-
terprises. The lead management and coordination role was assigned to the Office
of Space Science, and the lead NASA Center role was assigned to the Ames
Research Center in California.

One of the early commitments to the development of astrobiology was the
creation of a NASA Astrobiology Institute (NAI). This organization has the
multiple objectives of encouraging commitments to astrobiology in the academic
community, stimulating multidisciplinary research, and providing advice and
technical input to NASA flight missions. Its member institutions are built
around multidisciplinary research teams selected competitively. The central
offices of the Astrobiology Institute are located at Ames Research Center, but
the participating scientists (nearly 400 of them in 2001) remain employed
in their own home institutions. Thus the NAI is a “virtual institute” or “collab-
oratory” in structure, using communications technology, together with an
annual science meeting, postdoctoral fellows, and a number of cross-institution-
al “focus groups” to bind its geographically dispersed teams together. The first
Director of the Astrobiology Institute is Nobel laureate Baruch Blumberg. Eleven
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member institutions were selected in 1998: Harvard University, Marine Biolog-
ical Laboratory at Woods Hole, Carnegie Institution of Washington, Pennsylva-
nia State University, Arizona State University, Scripps Research Institute,
University of California at Los Angeles, University of Colorado, NASA Ames
Research Center, NASA dJet Propulsion Laboratory, and NASA Johnson
Space Center. To these, the following were added in 2001: University of
Rhode Island, Michigan State University, and University of Washington.
Also associated with the NAI are the Center for Astrobiology in Madrid
Spain and astrobiology teams in the United Kingdom and Australia. There
is also a great opportunity for public access, as indicated by such popular
web-sites as <(astrobiology.arc.nasa.gov), <(nai.arc.nasa.govy, and {www.astro-
biology.com).

The NASA astrobiology science goals bear a relationship to the search for
extraterrestrial intelligence (SETI). Indeed, the detection of signals from an in-
telligent civilization on a distant planet would provide one of the most unam-
biguous signatures of extraterrestrial life (Goal 7 above). Historically, however,
the SETI efforts have been separated from NASA since congressional action in
1993 terminated all NASA support for SETI programs. Intellectually, however,
the two efforts represent complementary ways of addressing some of the same
objectives.

Astrobiology is a science that has wide public appeal, as well as potential
public concern. The search for life beyond Earth and the eventual expansion of
terrestrial life to Mars or other planets in our solar system carry responsibility
for protecting planetary ecosystems. Astrobiologists must ensure that these pro-
grams are carried out according to generally understood ethical and scientific
principles. We will not endanger terrestrial life by introducing alien life-forms,
and we will consider the broad ethical and cultural implications before we un-
dertake to change the climate and surface conditions to make another world
more hospitable to terrestrial life. Astrobiologists realize that their research has
implications that are felt beyond the confines of the laboratory. As our under-
standing of living systems and the physical universe increases, we will confront
the implications of this knowledge in more than just the scientific and technical
realms. To understand the consequences will require multidisciplinary consid-
eration of areas such as economics, environment, health, theology, ethics, quality
of life, the sociopolitical realm, and education.

Summary

Astrobiology deals with a broad spectrum of disciplines, working together to
use space technology to answer fundamental questions about life. Recent
developments suggest that astrobiology is here to stay. But its success as a
field will depend primarily on the quality of research carried out and on
its contributions to space missions. If (or when) life is discovered on Mars or
Europa, or the signature of life is detected in the light from an Earth-like planet
circling another star, or commitments are made to human visits to other planets,
then we can anticipate that astrobiology will hold center stage within space
science.
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Glossary

Astrobiology. The multidisciplinary study of the living universe, investigating
the origin, evolution, distribution, and destiny of life in the Universe (term
coined by Wesley Huntress in 1995). The term is somewhat broader than
exobiology and includes studies of terrestrial life as it migrates into space.

Exobiology. The study of the origin, evolution, and distribution of life in the
universe (term coined by Joshua Lederberg in 1960). In the United States, the
term does not include studies of terrestrial life in space, but in Europe, “exo-
biology” sometimes takes on this broader meaning (which is essentially the
same as “astrobiology”).
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ASTRONAUTS AND THE
PEOPLE WHO SELECTED
THEM: A COMPENDIUM

The National Aeronautics and Space Administration’s (NASA) Lyndon B. John-
son Space Center (JSC), located in Houston, Texas, has been responsible for
conducting the astronaut recruiting and selection process. This includes
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- establishing the astronaut staffing and selection requirements.

- issuing and releasing public announcements advertising the qualification
requirements.

- appointing qualified members for rating panels and selection committees
established for each recruiting campaign:

o to review and perform the initial screening of applicants;

o to conduct personal interviews of those applicants who satisfy initial
screening requirements; and

o to make final recommendations for selecting of applicants who qualify for
the astronaut training program.

From the outset of human spaceflight, prospective candidates for the as-
tronaut training program have been recruited on the basis of selection criteria
dictated by the requirements of the missions to which they would be assigned.
These mission requirements have grown in complexity; each follow-on program
is responsible for advancing the state of the art of human space explorations.
Such requirements have evolved from the pioneering effort in Project Mercury to
those of far-reaching ramifications demonstrated in Project Apollo for landing
humans on the Moon and more in the Space Shuttle and International Space
Station Program for sustaining human life and supporting human productivity
for flights of long duration.

In December 1958, President Dwight D. Eisenhower issued an edict lim-
iting the pool of candidates for Project Mercury astronauts to military test pilots.
Critics argued that this requirement excluded women, given the absence of fe-
male test pilots in the armed services to choose from and that the use of all
military personnel in this highly visible position ran contrary to NASA’s status as
a civilian agency. However, Eisenhower’s decision simplified and expedited
NASA’s selection process, eliminated the potential publicity blitz associated with
an open call for applicants, and fit well with the highly technical and classified
nature of certain aspects of the job. Screening boards for the Navy, Air Force, and
Marines and a review by three aviation medicine specialists deemed 110 test
pilots suitably qualified for further evaluation by the NASA Space Task Group,
the organization charged with putting America’s first human in space. Robert R.
Gilruth, the Space Task Group Director, delegated all authority for selecting the
Mercury astronauts to his deputy, Charles J. Donlan, and his handpicked board.
Though rigorous medical and psychological tests provided a wealth of informa-
tion on each potential astronaut, this first selection committee also weighed its
impressions gained through personal interviews with each candidate. The com-
mittee regarded individual initiative and complementary technical expertise
within the group as the deciding factors in March 1959 when they chose the
seven test pilots who would be America’s first men in space. In the following
month, after approval by Gilruth and NASA management, the space agency
publicly announced the names of the Mercury Seven astronauts.

The Original Seven

The initial astronaut selection began in January 1959, before human spaceflight
operations began, when NASA asked the military services to screen personnel
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records for prospective candidates who met the qualifications outlined in Table 1.
This preliminary review produced 508 military test pilots, of whom 110 satisfied
all of the basic requirements. A subsequent examination of military and medical
records reduced the total eligible to 69, all of whom were invited to Washington
for a briefing on Project Mercury and a personal interview. It was on the basis of
these interviews, that 32 men were chosen to undergo detailed physical exam-
ination and stress testing; however, it became apparent during this phase that all
of the candidates surpassed the established medical standards. Consequently,
final screening concentrated on individual engineering and operational perform-
ance, and the seven best technically qualified were selected in April 1959 for the
Mercury Program.

Note: All ranks for military and uniformed services officers referenced in-
dicate the rank held when the individual was selected for the astronaut program.

M. Scott Carpenter, Lt., USN. Born May 1, 1925. B.S. in Aeronautical Engi-
neering from the University of Colorado.

L. Gordon Cooper, Capt., USAF. Born March 6, 1927. B.S. in Aeronautical
Engineering from the Air Force Institute of Technology.

John H. Glenn, Jr., Lt. Col., USMC. Born July 18, 1921. B.S. in Engineering
from Muskingum College.

Virgil I. Grissom, Capt., USAF. Born April 3, 1926. B.S. in Mechanical En-
gineering from Purdue University.

Walter M. Schirra, Jr., Lt. Comdr., USN. Born March 12, 1923. B.S. from the
U.S. Naval Academy.

Alan B. Shepard, Lt. Comdr., USN. Born November 18, 1923. B.S. from the
U.S. Naval Academy.

Donald K. Slayton, Capt., USAF. Born March 1, 1924. B.S. in Aeronautical
Engineering from the University of Minnesota.

An ad hoc selection committee was appointed for each recruiting effort
conducted in the search for candidates who qualified for the astronaut training
program. Participating in the selection of the original seven were Charles
dJ. Donlan, NASA Space Task Group; A. O. Gamble, NASA Headquarters; Robert
R. Gilruth, NASA Space Task Group; and Warren J. North, NASA Headquarters.

Group 2

In April 1962, an announcement was issued from Houston to recruit a second
group of astronauts to train for the Gemini and Apollo Programs. Minimum
qualification standards were published and disseminated to aircraft companies,
government agencies, military services, the Society of Experimental Test Pilots,
and the news media (see Table 1). A total of 250 applications was received from
civilian and military sources. Each candidate who satisfied the five basic stand-
ards was asked to complete a variety of forms describing academic credentials and
flight and work experience in detail. Each was also asked to submit to a thorough
physical/medical examination and to forward the results to the Johnson Space
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Center (then the Manned Spacecraft Center) in Houston, Texas. In June 1962, a
preliminary selection committee reviewed this additional information submitted
by the individual candidates and selected 32 of the most qualified applicants to
participate in further examinations, tests, and personal interviews. Nine pilot
astronauts comprised the group finally selected in September 1962:

Neil A. Armstrong, civilian. Born August 5, 1930. B.S. in Aeronautical En-
gineering from Purdue University and attended graduate school at the
University of Southern California.

Frank Borman, Maj., USAF. Born March 14, 1928. B.S. in Aeronautical En-
gineering from the U.S. Military Academy and M.S. in Aeronautical Engi-
neering from the California Institute of Technology.

Charles Conrad, Jr., Lt., USN. Born June 2, 1930. B.S. in Aeronautical En-
gineering from Princeton University.

James A. Lovell, Jr., Lt. Comdr., USN. Born March 25, 1928. B.S. from the U.S.
Naval Academy.

James A. McDivitt, Capt., USAF. Born June 10, 1929. B.S. in Aeronautical
Engineering from the University of Michigan.

Elliot M. See, Jr., civilian. Born July 23, 1927. B.S. from the U.S. Merchant
Marine Academy and M.S. in Engineering from the University of California
at Los Angeles.

Thomas P. Stafford, Capt., USAF. Born September 17, 1930. B.S. from the U.S.
Naval Academy.

Edward H. White II, Capt., USAF. Born November 14, 1930. B.S. from the U.S.
Military Academy and M.S. in Aeronautical Engineering from the Univer-
sity of Michigan.

John W. Young, Lt. Comdr., USN. Born September 24, 1930. B.S. in Aeronau-
tical Engineering from Georgia Institute of Technology.

The committee for the selection of Group 2 included Warren J. North, NASA
JSC; Alan B. Shepard, Jr., NASA JSC; and Donald K. Slayton, NASA JSC.

Group 3

A third call for applications for the astronaut process was issued in June 1963.
For this group, the requirement for test pilot school was optional (see Table 1),
and the required jet pilot time was reduced to 1000 hours. With this decrease in
actual flying requirements, increased emphasis was given to academic areas. A
total of 720 applications was received —228 from civilians and 492 from military
personnel. Of the 490 certified eligibles, 136 were referred for final screening by
the NASA selection board. Fourteen new astronauts were named in October
1963. Two civilians, seven Air Force pilots, four Navy aviators, and one Marine
Corps aviator comprised this third group of trainees:

Edwin E. Aldrin, Jr., Maj., USAF. Born January 20, 1930. B.S. from the U.S.
Military Academy and Sc.D. in Astronautics from Massachusetts Institute
of Technology.
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William A. Anders, Capt., USAF. Born October 17, 1933. B.S. from U.S. Naval
Academy and M.S. in Nuclear Engineering from the Air Force Institute of
Technology.

Charles A. Bassett II, Capt., USAF. Born December 30, 1931. B.S. in Electrical
Engineering from Texas Technological University.

Alan L. Bean, Lt., USN. Born March 15, 1932. B.S. in Aeronautical Engineer-
ing from the University of Texas.

Eugene A. Cernan, Lt., USN. Born March 14, 1934. B.S. in Electrical Engi-
neering from Purdue University and M.S. in Aeronautical Engineering
from the U.S. Naval Postgraduate School.

Roger B. Chaffee, Lt., USN. Born February 15, 1935. B.S. in Aeronautical
Engineering from Purdue University.

Michael Collins, Capt., USAF. Born October 31, 1930. B.S. from the U.S. Mil-
itary Academy.

R. Walter Cunningham, civilian. Born March 16. 1932. B.A. and M.A. in
Physics from the University of California at Los Angeles.

Donn F. Eisele, Capt., USAF. Born June 23, 1930. B.S. from the U.S.
Naval Academy and M.S. in Astronautics from the Air Force Institute of
Technology.

Theodore C. Freeman, Capt., USAF. Born February 18, 1930. B.S. from the
U.S. Naval Academy and M.S. in Aeronautical Engineering from the
University of Michigan.

Richard F. Gordon, Lt. Comdr., USN. Born October 5, 1929. B.S. in Chemistry
from the University of Washington.

Russell L. Schweickart, civilian. Born October 25, 1935. B.S. in Aeronautical
Engineering and M.S. in Aeronautics and Astronautics from Massachusetts
Institute of Technology.

David R. Scott, Capt., USAF. Born June 6, 1932. B.S. from the U.S. Military
Academy, and M.S. and M.E. in Aeronautics and Astronautics from Mas-
sachusetts Institute of Technology.

Clifton C. Williams, Jr., Capt., USMC. Born September 26, 1932. B.S. in Me-
chanical Engineering from Auburn University.

The selection committee members for Group 3 were John H. Glenn, Jr.,
NASA JSC; Warren J. North, NASA JSC; Walter M. Schirra, Jr., NASA JSC;
Alan B. Shepard, Jr., NASA JSC; and Donald K. Slayton, NASA JSC.

Group 4 (Scientist-Astronauts)

NASA began recruiting for its first group of scientist-astronauts in October 1964.
For this group, flying status was desirable but not a mandatory prerequisite for
selection (see Table 1). However, each of those selected was required to pass a
Class I military flight physical examination before acceptance to the training
program. Emphasis was on graduate work in the natural sciences, such as
physics, medicine, engineering, or comparable occupational experience. A total
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of 1492 letters of interest was received in Houston by January 1965. Some were
informal inquiries, but 909 were formal applications. Of the latter, 424 qualified
under the minimum criteria established and were forwarded to the National
Academy of Sciences in Washington DC for evaluation. The Academy evaluated
these applications for conformity with scientific criteria developed cooperatively
with the NASA Office of Space and Applications and recommended 16 candidates
for final consideration. These 16 applicants underwent thorough physical exam-
inations and stress testing, and six were selected in June 1965 for training as
scientist-astronauts. One geologist, two physicians, and three physicists com-
prised the group, and two in the group were qualified jet pilots. Those without jet
pilot experience underwent one year’s flight training before entering the regular
astronaut training program. The following were selected:

Owen K. Garriott, civilian. Born November 22, 1930. B.S. in Electrical En-
gineering from the University of Oklahoma and M.S. and Ph.D. in Electrical
Engineering from Stanford University.

Edward G. Gibson, civilian. Born November 8, 1936. B.S. in Engineering from
the University of Rochester and M.S. in Engineering and Ph.D. in Engi-
neering and Physics from California Institute of Technology.

Duane E. Graveline, civilian. Born March 2, 1931. Ph.D./M.D. from the Uni-
versity of Vermont and M.S. in Public Health from Walter Reed Army
Medical Center.

Joseph P. Kerwin, Lt. Comdr., USN. Born February 19, 1932. B.A. in Philos-
ophy from the College of the Holy Cross and M.D. from Northwestern Uni-
versity Medical School.

F. Curtis Michel, civilian. Born June 5, 1934. B.S. and Ph.D. in Physics from
California Institute of Technology.

Harrison H. Schmitt, civilian. Born July 3, 1935. B.S. in Science from Cal-
ifornia Institute of Technology and Ph.D. in Geology from Harvard Uni-
versity.

The selection committee for Group 4 consisted of the following members
from the National Academy of Sciences Board: Dr. Allan H. Brown, Department
of Biology, Joseph Leidy Laboratory of Biology, University of Pennsylvania; Pro-
fessor L.D. Carlson, Department of Physiology, University of California Medical
School; Professor Frederick L. Ferris, Jr., Educational Services, Inc.; Dr. Thomas
Gold, Chairman, Astronomy Department, Director, Center for Radio, Physics and
Space Research, Cornell University; Dr. H. Keffer Hartline, Rockefeller Univer-
sity; Dr. Clifford T. Morgan, Department of Psychology, University of California;
Dr. Eugene M. Shoemaker, Astrogeology Branch, U.S. Geological Survey; Dr.
Robert Speed, Department of Geology, Northwestern University; and Professor
Aaron C. Waters, Department of Geology, University of California.

The NASA Board consisted of the following individuals: Charles A. Berry,
M.D., NASA JSC; John F. Clark, NASA Goddard Space Flight Center (GSFC);
Maxime A. Faget, NASA JSC; Warren J. North, NASA JSC; Alan B. Shepard, Jr.,
NASA JSC; and Donald K. Slayton, NASA JSC.
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Group 5

The Johnson Space Center launched its fifth recruiting drive in September
1965. Eligibility requirements were basically the same as those used in
selecting the third group of astronaut trainees (see Table 1). A total of 510
applications was received, of which 158 (100 military and 58 civilians)
met basic requirements. The previously established screening procedures
were followed, yielding 19 pilot-astronauts who were selected in April 1966.
Selectees were:

Vance D. Brand, civilian. Born May 9, 1931. B.S. in Business and Aeronautical
Engineering from the University of Colorado and MBA from the University
of California at Los Angeles.

John S. Bull, Lt., USN. Born September 25, 1934. B.S. in Mechanical Engi-
neering from Rice University.

Gerald P. Carr, Maj., USMC. Born August 22, 1932. B.S. in Mechanical En-
gineering from the University of Southern California, B.S. in Aeronautical
Engineering from the U.S. Naval Postgraduate School, and M.S. in Aero-
nautical Engineering from Princeton University.

Charles M. Duke, Jr., Capt., USAF. Born October 3, 1935. B.S. in Naval Sci-
ences from the U.S. Naval Academy and M.S. in Aeronautics and Astro-
nautics from Massachusetts Institute of Technology.

Joe H. Engle, Capt., USAF. Born August 26, 1932. B.S. in Aeronautical En-
gineering from the University of Kansas.

Ronald E. Evans, Lt. Comdr., USN. Born November 10, 1933. B.S. in Electrical
Engineering from the University of Kansas and M.S. in Aeronautical En-
gineering from the U.S. Naval Postgraduate School.

Edward G. Givens, Jr., Maj., USAF. Born January 5, 1930. B.S. in Naval
Sciences from the U.S. Naval Academy.

Fred W. Haise, Jr., civilian. Born November 14, 1933. B.S. in Aeronautical
Engineering from the University of Oklahoma.

James B. Irwin, Maj., USAF. Born March 17, 1930. B.S. in Naval Sciences from
the U.S. Naval Academy and M.S. in Aeronautical Engineering and In-
strumentation Engineering from the University of Michigan.

Don L. Lind, civilian. Born May 18, 1930. B.S. in Physics from the University
of Utah and Ph.D. in High Energy Nuclear Physics from the University of
California at Berkeley.

Jack R. Lousma, Capt., USMC. Born February 29, 1936. B.S. in Aeronautical
Engineering from the University of Michigan and M.S. in Aeronautical
Engineering from the U.S. Naval Postgraduate School.

Thomas K. Mattingly II, Lt., USN. Born March 17, 1936. B.S. in Aeronautical
Engineering from Auburn University.

Bruce McCandless II, Lt., USN. Born June 8, 1937. B.S. in Naval Sciences
from the U.S. Naval Academy and M.S. in Electrical Engineering from
Stanford University.
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Edgar D. Mitchell, Comdr., USN. Born September 17, 1930. B.S. in Industrial
Management from Carnegie Institute of Technology, B.S. in Aeronautical
Engineering from the U.S. Naval Postgraduate School, and Sc.D. in Aer-
onautics and Astronautics from Massachusetts Institute of Technology.

William R. Pogue, Maj., USAF. Born January 23, 1930. B.S. in Education from
Oklahoma Baptist University and M.S. in Mathematics from Oklahoma
State University.

Stuart A. Roosa, Capt., USAF. Born August 16, 1933. B.S. in Aeronautical
Engineering from the University of Colorado.

John L. Swigert, Jr., civilian. Born August 30, 1931. B.S. in Mechanical En-
gineering from the University of Colorado, M.S. in Aerospace Science from

Rensselaer Polytechnic Institute, and M.S. in Business Administration from
the University of Hartford.

Paul J. Weitz, Lt. Comdr., USN. Born July 25, 1932. B.S. in Aeronautical
Engineering from Pennsylvania State University and M.S. in Aeronautical
Engineering from the U.S. Naval Postgraduate School.

Alfred M. Worden, Capt., USAF. Born February 7, 1932. B.S. from the U.S.
Military Academy and M.S. in Aeronautical/Astronautical Engineering and
Instrumentation Engineering from the University of Michigan.

The selection committee members for Group 5 were Charles Conrad, Jr.,
NASA JSC; L. Gordon Cooper, Jr., NASA JSC; Virgil I. Grissom, NASA JSC;
Warren J. North, NASA JSC; Donald K. Slayton, NASA JSC; Clifton C. Williams,
Jr., NASA JSC; and John W. Young, NASA JSC.

Group 6 (Scientist-Astronauts)

In September 1966, NASA requested the National Academy of Sciences to nom-
inate a second group of scientist-astronauts. NASA encouraged the Academy to
seek experienced scientists of exceptional ability “to conduct scientific experi-
ments in manned orbiting satellites and to observe and investigate the lunar
surface and circumterrestrial space.” The Academy then issued its announce-
ment stating: “The quality most needed by a scientist serving as an astronaut
might be summed up by the single word “perspicacity.” The task requires an
exceptionally astute and imaginative observer but also one whose observations
are accurate and impartial. He must, from among the thousands of items he
might observe, quickly pick out those that are significant, spot the anomalies,
and investigate them. He must discriminate fine detail and subtle insight into a
general pattern, and select and devise key observations to test working hypoth-
eses. The selection criteria and procedures were comparable to those used in
choosing the first group of scientist-astronauts (see Table 1). Nine-hundred ap-
plicants responded, but the Academy recommended only 69 for NASA’s final
consideration. Of this number, 11 were chosen:

Joseph P. Allen IV, civilian. Born June 27, 1937. B.A. in Math-Physics from De
Pauw University and M.S. and Ph.D. in Physics from Yale University.
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Philip K. Chapman, civilian. Born March 5, 1935. B.S. in Physics and Math-
ematics from Sydney University; M.S. in Aeronautics and Astronautics and
Sc.D. in Instrumentation from Massachusetts Institute of Technology.

Anthony W. England, civilian. Born May 15, 1942. B.S. and M.S. in Geology
and Physics from Massachusetts Institute of Technology.

Karl G. Henize, civilian. Born October 17, 1926. B.A. in Mathematics and M.A.
in Astronomy from the University of Virginia and Ph.D. in Astronomy from
the University of Michigan.

Donald L. Holmquest, civilian. Born April 7, 1939. B.S. in Electrical Engi-
neering from Southern Methodist University and doctorates in Medicine
and Physiology from Baylor University.

William B. Lenoir, civilian. Born March 14, 1939. B.S., M.S., and Ph.D. in
Electrical Engineering from Massachusetts Institute of Technology.

John A. Llewellyn, civilian. Born April 22, 1933. B.S. and Ph.D. in Chemistry
from the University College of Cardiff.

F. Story Musgrave, civilian. Born August 19, 1935. B.S. in Mathematics and
Statistics from Syracuse University, M.B.A. in Operations Analysis and
Computer Programming from the University of California at Los Angeles,
B.A. in Chemistry from Mariettta College, M.D. from Columbia University,
and M.S. in Biophysics from the University of Kentucky.

Brian T. O’Leary, civilian. Born January 27, 1940. B.A. in Physics from Will-
iams College, M.A. in Astronomy from Georgetown University, and Ph.D. in
Astronomy from the University of California at Berkeley.

Robert A. R. Parker, civilian. Born December 14, 1936. B.A. in Astronomy and
Physics from Amherst College and Ph.D. in Astronomy from California In-
stitute of Technology.

William E. Thornton, civilian. Born April 14, 1929. B.S. in Physics and M.D.
from the University of North Carolina.

The Group 6 selection committee members from the National Academy of
Sciences Board were Dr. Allan H. Brown, Department of Biology, Joseph Leidy
Laboratory of Biology, University of Pennsylvania; Professor L.D. Carlson, De-
partment of Physiology, University of California Medical School; Dr. Arthur B.
Dubois, Division of Graduate Medicine, Department of Physiology, University of
Pennsylvania; and Dr. H. Keffer Hartline, Rockefeller University.

The Life Sciences Subpanel members were Dr. George V. LeRoy, Medical
Director, Metropolitan Hospital, Detroit, Michigan; Dr. Clifford T. Morgan, De-
partment of Psychology, University of California; and Dr. Norton Nelson, Prov-
ost, University Heights Center, New York University.

The Physical Sciences Subpanel members were Dr. Edward W. Cannon,
Chief, Applied Mathematics Division, National Bureau of Standards; Professor
Frederick L. Ferris, Jr., Educational Services, Inc.; Dr. Harry H. Hess, Department
of Geology, Princeton University; Dr. John D. Hoffmann, Chief, Polymers Division,
National Bureau of Standards; Dr. Phillip Mange, Naval Research Laboratory; Dr.
Eberhardt Rechtin, Assistant Director for Tracking and Data Acquisition, NASA
JPL; Dr. Eugene M. Shoemaker, Astrogeology Branch, U.S. Geological Survey;
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Dr. Shirleigh Silverman, Associate Director of Academics Liaison, National
Bureau of Standards; Professor Philip N. Slater, Research Professor, Stewart
Observatories, University of Arizona; Dr. Robert Speed, Department of Geology,
Northwestern University; Professor Edward C, Stevenson, Professor of Electrical
Engineering, University of Virginia; Professor Aaron C. Waters, Department of
Geology, University of California; and Dr. Arthur H. Waynick, Director, Iono-
sphere Research Laboratory, Pennsylvania State University.

The NASA Board members were Charles A. Berry, M.D., NASA JSC; Max-
ime A. Faget, NASA JSC; Owen K. Garriott, Ph.D., NASA JSC; Wilmot N. Hess,
NASA JSC; Alan B. Shepard, Jr., NASA JSC; Donald K. Slayton, NASA JSC; and
Robert F. Thompson, NASA JSC.

Group 7

This group of seven pilot astronauts, transferred to NASA from the USAF
Manned Orbiting Laboratory (MOL) Program when it was cancelled in August
1969. Although there were 13 in the MOL contingent, NASA absorbed only those
under the age of 35:

Karol J. Bobko, Maj., USAF. Born December 23, 1937. B.S. from the U.S. Air
Force Academy and M.S. in Aerospace Engineering from the University of
Southern California.

Robert L. Crippen, Lt. Comdr., USN. Born September 11, 1937. B.S. in Aer-
ospace Engineering from the University of Texas.

C. Gordon Fullerton, Maj., USAF. Born October 11, 1936. B.S. and M.S. in
Mechanical Engineering from California Institute of Technology.

Henry W. Hartsfield, Maj., USAF. Born November 21, 1933. B.S. in Physics
from Auburn University.

Robert F. Overmyer, Maj., USMC. Born July 14, 1936. B.S. in Physics from
Baldwin-Wallace College and M.S. in Aeronautics from the U.S. Naval
Postgraduate School.

Donald H. Peterson, Maj., USAF. Born October 22, 1933. B.S. from the U.S.
Military Academy and M.S. in Nuclear Engineering from the Air Force
Institute of Technology.

Richard H. Truly, Lt. Comdr., USN. Born November 12, 1937. B.S. in Aero-
nautical Engineering from Georgia Institute of Technology.

Group 8—Space Shuttle Astronauts

In 1978, NASA selected 35 astronaut candidates as the first group to support
the Space Shuttle program. One of the 15 pilots was African-American. Six
females, two African-Americans, and one Asian-Pacific Islander were among
the 20 mission specialists. The candidates reported to the Johnson Space
Center on July 1, 1978 to begin a challenging training and evaluation pro-
gram that included Orbiter Systems training, science and enrichment brief-
ings, and T-38 flight training. After successfully completing this program,
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the following candidates were qualified as astronauts and received technical
assignments within the Astronaut Office to prepare them further for an assign-
ment to a Space Shuttle mission:

Guion S. Bluford, Jr., Maj., USAF. Born November 22, 1942. B.S. in Aerospace
Engineering from Pennsylvania State University, M.S. in Aerospace Engi-
neering from the Air Force Institute of Technology, and Ph.D. in Aerospace
Engineering from the Air Force Institute of Technology.

Daniel C. Brandenstein, Lt. Comdr., USN. Born January 17, 1943. B.S. in
Mathematics and Physics from the University of Wisconsin-River Falls.
James F. Buchli, Lt. Col., USMC. Born June 20, 1945. B.S. from U.S. Naval
Academy and M.S. in Aeronautical Systems from the University of West

Florida.

Michael L. Coats, Lt. Comdr., USN. Born January 16, 1946. B.S. from the U.S.
Naval Academy, M.S. in the Administration of Science and Technology from
George Washington University, and M.S. in Aeronautical Engineering from
the U.S. Naval Postgraduate School.

Richard O. Covey, Maj., USAF. Born August 1, 1946. B.S. in Engineering
Science from the U.S. Air Force Academy and M.S. in Aeronautics and
Astronautics from Purdue University.

John O. Creighton, Lt. Comdr., USN. Born April 28, 1943. B.S. from the U.S.
Naval Academy and M.S. in the Administration of Science and Technology
from George Washington University.

John M. Fabian, Maj., USAF. Born January 28, 1939. B.S. in Mechanical En-
gineering from Washington State University, M.S. in Aerospace Engineer-
ing from the Air Force Institute of Technology, and Ph.D. in Aeronautics/
Astronautics from the University of Washington.

Anna L. Fisher. Born August 24, 1949. B.S. in Chemistry from the University
of California, Los Angeles and M.D. from the University of California, Los
Angeles, School of Medicine.

Dale A. Gardner, Lt., USN. Born November 8, 1948. B.S. in Engineering
Physics from the University of Illinois.

Robert L. Gibson, Lt., USN. Born October 30, 1946. B.S. in Aeronautical En-
gineering from California Polytechnic State University.

Frederick D. Gregory, Maj., USAF. Born January 7, 1941. B.S. from the U.S.
Air Force Academy and M.S. in Information Systems from George Wash-
ington University.

Stanley D. Griggs. Born September 7, 1939. B.S. from U.S. Naval Academy and
M.S.A. in Management Engineering from George Washington University.

Terry J. Hart. Born October 27, 1946. B.S. in Mechanical Engineering from
Lehigh University, and M.S. in Mechanical Engineering from Massachu-
setts Institute of Technology.

Frederick H. Hauck, Comdr., USN. Born April 11, 1941. B.S. in General
Physics from Tufts University and M.S. in Nuclear Engineering from Mas-
sachusetts Institute of Technology.
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Steven A. Hawley. Born December 12, 1951. B.A. in Astronomy and Physics
from the University of Kansas, and Ph.D. in Astronomy from the University
of California, Santa Cruz.

Jeffrey A. Hoffman. Born November 2, 1944. B.A. in Astronomy from Amherst
College, and Ph.D. in Astrophysics from Harvard University.

Shannon W. Lucid. Born January 14, 1943. B.S. in Chemistry from
the University of Oklahoma, M.S. in Biochemistry from the University
of Oklahoma, and Ph.D. in Biochemistry from the University of
Oklahoma.

Jon A. McBride, Lt. Comdr., USN. Born August 14, 1943. B.S. in Aeronautical
Engineering from the U.S. Naval Postgraduate School.

Ronald E. McNair. Born October 21, 1950. B.S. in Physics from the North
Carolina A&T University and Ph.D. in Physics from Massachusetts
Institute of Technology.

Richard M. Mullane, Capt., USAF. Born September 10, 1945. B.S. from the
U.S. Military Academy and M.S. in Aeronautical Engineering from the Air
Force Institute of Technology.

Steven R. Nagel, Capt., USAF. Born October 27, 1946. B.S. in Aeronautical/
Astronautical Engineering from the University of Illinois.

George D. Nelson. Born July 13, 1950. B.S. in Physics from Harvey Mudd
University, M.S. in Astronomy from the University of Washington, and
Ph.D. in Astronomy from the University of Washington.

Ellison S. Onizuka, Capt., USAF. Born June 24, 1946. B.S. in Aerospace
Engineering from the University of Colorado and M.S. in Aerospace
Engineering from the University of Colorado.

Judith A. Resnik. Born April 5, 1949. B.S. in Electrical Engineering from
Carnegie-Mellon University and Ph.D. in Electrical Engineering from the
University of Maryland.

Sally K. Ride. Born May 26, 1951. B.S. in Physics from Stanford University,
B.A. in English from Stanford University, and Ph.D. in Physics from Stan-
ford University.

Francis R. Scobee, Maj., USAF. Born May 19, 1939. B.S. in Aerospace Engi-
neering from the University of Arizona.

Margaret R. Seddon. Born November 8, 1947. B.A. in Physiology from the
University of California, Berkeley, and M.D. from the University of Ten-
nessee College of Medicine.

Brewster H. Shaw, Capt., USAF. Born May 16, 1945. B.S. in Engineering
Mechanics from the University of Wisconsin and M.S. in Engineering Me-
chanics from the University of Wisconsin.

Loren J. Shriver, Capt., USAF. Born September 23, 1944. B.S. from
the U.S. Air Force Academy and M.S. in Astronautics from Purdue
University.

Robert L. Stewart, Maj., U.S. Army. Born August 13, 1942. B.S. in Mathe-
matics from the University of Southern Mississippi and M.S. in Aerospace
Engineering from the University of Texas, Arlington.
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Kathryn D. Sullivan. Born October 3, 1951. B.S. in Earth Sciences from the
University of California, Santa Cruz, and Ph.D. in Geology from Dalhousie
University.

Norman E. Thagard. Born July 3, 1943. B.S. in Engineering Science from
Florida State University, M.S. in Engineering Science from Florida State

University, and M.D. from the University of Texas Southwestern Medical
School.

James D. van Hoften. Born June 11, 1944. B.S. in Civil Engineering from the
University of California, Berkeley, M.S. in Hydraulic Engineering from
Colorado State University, and Ph.D. in Fluid Mechanics from Colorado
State University.

David M. Walker, Lt. Comdr., USN. Born May 20, 1944. B.S. from the U.S.
Naval Academy.

Donald E. Williams, Lt. Comdr., USN. Born February 13, 1942. B.S. in Me-
chanical Engineering from Purdue University.

The following individuals were on the rating and selection board for
Group 8: George W.S. Abbey, Joseph D. Atkinson, Jr., Ph.D.; Vance D. Brand;
Edward Gibson, Ph.D.; Carolyn Huntoon, Ph.D.; Joseph P. Kerwin, M.D.;
Jack R. Lister; Glynn S. Lunney; Robert A. Parker; Robert O. Piland; Martin L.
Raines; Duane L. Ross; Donald K. Slayton; James H. Trainor, Ph.D.; and John W.
Young. Dr. James Tainor was from the NASA GSFC; the remainder were from
NASA JSC.

Group 9

NASA selected 19 astronaut candidates for the Space Shuttle program in 1980.
The eight pilots and 11 mission specialists included the first Hispanic mission
specialist and the first candidate selected from the U.S. Army. The candidates
reported to the Johnson Space Center on July 7, 1980 to begin their training and
evaluation program. The 1980 astronaut candidate class included:

James P. Bagian. Born February 22, 1952. B.S. in Mechanical Engineering
from Drexel University and M.D. from Thomas Jefferson University.

John E. Blaha, Lt. Col., USAF. Born August 26, 1942. B.S. in Astronautical
Engineering from the U.S. Air Force Academy and M.S. in Astronautical
Engineering from Purdue University.

Charles F. Bolden, Jr., Maj., USMC. Born August 19, 1946. B.S. in Electrical
Engineering from the U.S. Naval Academy and M.S. in Systems Manage-
ment from the University of California.

Roy D. Bridges, Jr., Maj., USAF. Born July 19, 1943. B.S. in Engineering
Science from the U.S. Air Force Academy and M.S. in Astronautics from
Purdue University.

Franklin R. Chang. Born April 5, 1950. B.S. in Mechanical Engineering from
the University of Connecticut and Ph.D. in Physics from Massachusetts
Institute of Technology.
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Mary L. Cleave. Born February 5, 1947. B.S. in Biology from Colorado State
University, M.S. in Botany from Utah State University, and Ph.D. in Civil
Engineering from Utah State University.

Bonnie J. Dunbar. Born March 3, 1949. B.S. in Ceramic Engineering from the
University of Washington and M.S. in Ceramic Engineering from the Uni-
versity of Washington.

William F. Fisher. Born April 1, 1946. B.S. in Psychology from Stanford Uni-
versity, M.S. in Engineering Science from the University of Houston and
M.D. from the University of Florida College of Medicine.

Guy S. Gardner, Maj., USAF. Born January 6, 1948. B.S. in Aeronautical
Engineering from the U.S. Air Force Academy and M.S. in Aeronautical
Engineering from Purdue University.

Ronald J. Grabe, Maj., USAF. Born June 13, 1945. B.S. in Engineering Science
from the U.S. Air Force Academy and M.S. in Aeronautics from the Tech-
nishe Hochschule, Darmstadt, Germany.

David C. Hilmers, Capt., USMC. Born January 28, 1950. B.S. in Mathematics
from Cornell College and M.S. in Electrical Engineering from the U.S. Na-
val Postgraduate School.

David C. Leestma, Lt. Comdr., USN. Born May 6, 1949. B.S. in Aeronautical
Engineering from the U.S. Naval Academy and M.S. in Aeronautical En-
gineering from the U.S. Naval Postgraduate School.

John M. Lounge. Born June 28, 1946. B.S. in Mathematics from the U.S. Naval
Academy and M.S. in Astrophysics from the University of Colorado.

Bryan D. O’Connor, Maj., USMC. Born September 6, 1946. B.S. in Naval Sci-
ence from the U.S. Naval Academy and M.S. in Aeronautical Systems from
the University of West Florida.

Richard N. Richards, Lt. Comdr., USN. Born August 24, 1946. B.S. in Chemical
Engineering from the University of Missouri and M.S. in Aeronautical
Systems from the University of West Florida.

Jerry L. Ross, Capt., USAF. Born January 20, 1948. B.S. in Mechanical En-
gineering form Purdue University and M.S. in Mechanical Engineering
from Purdue University.

Michael J. Smith, Lt. Comdr., USN. Born April 30, 1945. B.S. in Aeronautical
Engineering from the U.S. Naval Academy and M.S. in Aeronautical En-
gineering from the U.S. Naval Postgraduate School.

Sherwood C. Spring, Maj., U.S. Army. Born September 3, 1944. B.S. in En-
gineering from the U.S. Military Academy and M.S. in Aerospace Engi-
neering from the University of Arizona.

Robert C. Springer, Maj., USMC. Born May 21, 1942. B.S. in Naval Science
from the U.S. Naval Academy, and M.S. in Operations Research from the
U.S. Naval Postgraduate School.

The following individuals served on the rating panel and the astronaut can-
didate selection board for Group 9: George W.S. Abbey; Joseph D. Atkinson, Jr.,
Ph.D.; Joseph P. Allen, IV, Ph.D.; Vance D. Brand; Harvey L. Hartman; Gregory W.
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Hayes; Jay F. Honeycutt; Carolyn L. Huntoon Ph.D.; William B. Lenoir, Ph.D.;
Robert O. Piland; James H. Trainor, Ph.D.; Paul J. Weitz; and John W. Young. Dr.
Trainor was from NASA GSFC, and the remainder were from NASA JSC.

Group 10

In 1984, NASA selected 17 astronaut candidates for the Space Shuttle program.
One of the seven pilots was Hispanic, and three of the 10 mission specialists were
female. The astronaut candidates who began training at the Johnson Space
Center on July 1, 1984 included:

James C. Adamson, Maj., U.S. Army. Born March 3, 1946. B.S. in Engineering
from the U.S. Military Academy and M.S. in Aeronautical and Mechanical
Engineering from Princeton University.

Mark N. Brown, Capt., USAF. Born November 18, 1951. B.S. in Aeronautical
and Astronautical Engineering from Purdue University and M.S. in Engi-
neering from the Air Force Institute of Technology.

Kenneth D. Cameron, Maj., USMC. Born November 29, 1949. B.S. in Aero-
nautics and Astronautics form Massachusetts Institute of Technology and
M.S. in Aeronautics and Astronautics from Massachusetts Institute of
Technology.

Manley L. Carter, Jr., Comdr., USN. Born August 15, 1947. B.A. in Chemistry
from Emory University and M.D. from Emory University.

John H. Casper, Lt. Col., USAF. Born July 9, 1943. B.S. in Astronautics and
Engineering Science from the U.S. Airforce Academy and M.S. in Astro-
nautics from Purdue University.

Frank L. Culbertson, Jr., Lt. Comdr., USN. Born May 15, 1949. B.S. in Aer-
ospace Engineering from the U.S. Naval Academy.

Sidney M. Gutierrez, Capt., USAF Born June 27, 1951. B.S. in Aerospace
Engineering from the U.S. Air Force Academy and M.A. in Management
from Webster College.

Lloyd B. Hammond, Jr., Capt., USAF. Born January 16, 1952. B.S. in Engi-
neering Mechanics from the U.S. Air Force Academy and M.S. in Engi-
neering Mechanics from Georgia Institute of Technology.

Marsha S. Ivins. Born April 15, 1951. B.S. in Aerospace Engineering from the
University of Colorado.

Mark C. Lee, Capt., USAF. Born August 14, 1952. B.S. in Civil Engineering
from the U.S. Air Force Academy and M.S. in Mechanical Engineering from
Massachusetts Institute of Technology.

George D. Low. Born February 19, 1956. B.S. in Physics from Washington and
Lee University, B.S. in Mechanical Engineering from Cornell University
and M.S. in Aeronautics and Astronautics from Stanford University.

Michael J. McCulley, Lt. Comdr., USN. Born August 4, 1943. B.S. in Metal-
lurgical Engineering from Purdue University and M.S. in Metallurgical
Engineering from Purdue University.
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William M. Shepherd, Lt. Comdr., USN. Born July 26, 1949. B.S. in Aerospace
Engineering from the U.S. Naval Academy, M.S. in Mechanical Engineering
from Massachusetts Institute of Technology, and M.S. in Ocean Engineering
from Massachusetts Institute of Technology.

Ellen L. Shulman. Born April 27, 1953. B.A. in Geology from the State Uni-
versity of New York at Buffalo and M.D. from Cornell University.

Kathryn C. Thornton. Born August 17, 1952. B.S. in Physics from Auburn
University, M.S. in Physics from the University of Virginia, and Ph.D. in
Physics from the University of Virginia.

Charles L. Veach. Born September, 18, 1944. B.S. in Engineering Management
from the U.S. Air Force Academy.

James D. Wetherbee, Lt., USN. Born November 27, 1952. B.S. in Aerospace
Engineering from the University of Notre Dame.

The members of the rating panel and selection committee for Group 10
included George W.S. Abbey; Joseph D. Atkinson, Jr., Ph.D.; Joseph P. Allen IV,
Ph.D.; Gregory W. Hayes; Jay F. Honeycutt; Carolyn L. Huntoon, Ph.D.; Robert
A.R. Parker, Ph.D.; Duane L. Ross; Paul J. Weitz; and John W. Young. All were
from NASA JSC.

Group 11

An additional 13 candidates were selected to train for the astronaut corps in
1985. This group of six pilots and seven mission specialists included two females.
They reported to the Johnson Space Center on August 1, 1985. The astronaut
candidates were:

Jerome Apt. Born April 28, 1949. B.S. in Physics from Harvard College and
Ph.D. in Physics from the Massachusetts Institute of Technology.

Michael A. Baker, Lt. Comdr., USN. Born October 27, 1953. B.S. in Aerospace
Engineering from the University of Texas.

Robert D. Cabana, Maj., USMC. Born January 23, 1949. B.S. in Mathematics
from the U.S. Naval Academy.

Brian Duffy, Capt., USAF. Born June 20, 1953. B.S. in Mathematics from the
U.S. Air Force Academy and M.S. in Systems Management from the Uni-
versity of Southern California.

Charles D. Gemar, Capt., U.S. Army. Born August 4, 1955. B.S. in Engineering
from the U.S. Military Academy.

Linda M. Godwin. Born July 2, 1952. B.S. in Mathematics from Southeast
Missouri State, M.S. in Physics from the University of Missouri, and Ph.D.
in Physics from the University of Missouri.

Terence T. Henricks, Maj., USAF. Born July 5, 1952. B.S. in Civil Engineering
from the U.S. Air Force Academy and M.S. in Public Administration from
Golden Gate University.
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Richard J. Hieb. Born Sept 21, 1955. B.S. in Mathematics and Physics from
Northwest Nazarene College and M.S. in Aerospace Engineering from the
University of Colorado.

Tamara E. Jernigan. Born May 7, 1959. B.S. in Physics from Stanford Uni-
versity, M.S. in Engineering Science from Stanford University, and M.S. in
Astronomy from the University of California at Berkeley.

Carl J. Meade, Capt., USAF. Born November 16, 1950. B.S. in Electronics
Engineering from the University of Texas and M.S. in Electronics Engi-
neering from California Institute of Technology.

Stephen S. Oswald. Born June 30, 1951. B.S. in Aerospace Engineering from
the U.S. Naval Academy.

Stephen D. Thorne, Lt. Comdr., USN. Born February 11, 1953. B.S. in Engi-
neering from the U.S. Naval Academy.

Pierre J. Thuot, Lt., USN. Born May 19, 1955. B.S. in Physics from the U.S.
Naval Academy and M.S. in Systems Management from the University of
Southern California.

The Group 11 rating panel and selection committee members were George
W.S. Abbey; Joseph D. Atkinson, Jr., Ph.D.; Karol J. Bobko; Daniel C. Branden-
stein; Mary L. Cleave, Ph.D.; Richard O. Covey; Anna L. Fisher, M.D.; David C.
Leestma; George D. Nelson, Ph.D.; Ellison S. Onizuka; Sally K. Ride, Ph.D.;
Duane L. Ross; Loren J. Shriver; Paul J. Weitz; Donald E. Williams; and John W.
Young. All were from NASA JSC.

Group 12

The 15 astronaut candidates selected in 1987 consisted of seven pilots and eight
mission specialists, including the first African-American female and the first
candidate from the U.S. Coast Guard. The following astronaut candidates re-
ported to Johnson Space Center on August 17, 1987, to begin training:

Thomas D. Akers, Capt., USAF. Born May 20, 1951. B.S. in Applied Math-
ematics from the University of Missouri-Rolla and M.S. in Applied Math-
ematics from the University of Missouri-Rolla.

Andrew M. Allen, Capt., USMC. Born August 4, 1955. B.S. in Mechanical
Engineering from Villanova University.

Kenneth D. Bowersox, Lt., USN. Born November 14, 1956. B.S. in Aerospace
Engineering from the U.S. Naval Academy and M.S. in Mechanical Engi-
neering from Columbia University.

Curtis L. Brown, Capt., USAF. Born March 11, 1956. B.S. in Electrical En-
gineering from the U.S. Air Force Academy.

Kevin P. Chilton, Maj., USAF. Born November 3, 1954. B.S. in Engineering
Science from the U.S. Air Force Academy and M.S. in Engineering Me-
chanics from Columbia University.
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Jan D. Dozier. Born November 1, 1953. B.S. in Biology from the Georgia
Institute of Technology, B.S. in Mechanical Engineering from Auburn Uni-
versity, M.S. in Mechanical Engineering from the University of Alabama
and Ph.D. in Mechanical Engineering from the University of Alabama.

C. Michael Foale. Born January 6, 1957. B.A. in Physics from Cambridge
University, M.A. in Physics from Cambridge University and Ph.D. in Phys-
ics from Cambridge University (England).

Gregory J. Harbaugh. Born January 15, 1956. B.S. in Aeronautical and
Astronautical Engineering from Purdue University and M.S. in Physical
Science from the University of Houston-Clear Lake.

Mae C. Jemison. Born October 17, 1956. B.S. in Chemical Engineering from
Stanford University and M.D. from Cornell University.

Donald R. McMonagle, Maj., USAF. Born May 14, 1952. B.S. in Astronautical
Engineering from the U.S. Air Force Academy and M.S. in Mechanical En-
gineering from California State University-Fresno.

Bruce E. Melnick, Lt. Comdr., USCG. Born December 5, 1949. B.S. in Ocean
Engineering from the U.S. Coast Guard Academy and M.S. in Aeronautical
Systems from the University of West Florida.

William F. Readdy, Lt. Comdr., USN. Born January 24, 1952. B.S. in Aero-
nautical Engineering from the U.S. Naval Academy.

Kenneth S. Reightler, Jr., Lt. Comdr., USN. Born March 24, 1951. B.S. in
Aerospace Engineering from the U.S. Naval Academy, M.S. in Systems
Management from the University of Southern California, and M.S. in Aero-
nautical Engineering from the U.S. Naval Postgraduate School.

Mario Runco, dJr., Lt. Comdr., USN. Born January 26, 1952. B.S. in Meteor-
ology from City College of New York and M.S. in Meteorology from Rutgers
University.

James S. Voss, Maj., U.S. Army. Born March 3, 1949. B.S. in Aerospace En-
gineering from Auburn University and M.S. in Aerospace Engineering from
the University of Colorado.

The following individuals served on the rating panel and selection board for
Group 12: George W.S. Abbey; Joseph D. Atkinson, Jr., Ph.D.; Daniel C. Bran-
denstein; Anna L. Fisher, M.D.; Carolyn L. Huntoon, Ph.D.; David C. Leestma;
George D. Nelson, Ph.D.; Duane L. Ross; Loren J. Shriver; Paul J. Weitz; and
John W. Young. All were from NASA JSC.

Group 13

The 23 astronaut candidates selected in 1990 included 7 pilots and 16 mission
specialists. Among the candidates was the first female selected as a pilot and the
first Hispanic female selected as a mission specialist. The following astronaut
candidates began training at the Johnson Space Center on July 15, 1990:

Daniel W. Bursch, Lt. Comdr., USN. Born July 25, 1957. B.S. in Physics from
the U.S. Naval Academy.
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Leroy Chiao. Born August 28, 1960. B.S. in Chemical Engineering from the
University of California-Berkeley, M.S. in Chemical Engineering from the
University of California-Santa Barbara, and Ph.D. in Chemical Engineer-
ing from the University of California-Santa Barbara.

Michael R.U. Clifford, Maj., U.S. Army. Born October 13, 1952. B.S. in Basic
Science from the U.S. Military Academy and M.S. in Aerospace Engineering
from the Georgia Institute of Technology.

Kenneth D. Cockrell. Born April 9, 1950. B.S. in Mechanical Engineering from
the University of Texas and M.S. in Aeronautical Systems from the Uni-
versity of Florida.

Eileen M. Collins, Maj., USAF. Born November 19, 1956. B.A. in Mathematics
from Syracuse University, M.S. in Operations Research from Stanford Uni-
versity, and M.A. in Space Systems Management from Webster University.

William G. Gregory, Capt., USAF. Born May 14, 1957. B.S. in Engineering
Science from the U.S. Air Force Academy, M.S. in Engineering Mechanics
from Columbia University, and M.S. in Management from Troy State.

James D. Halsell, Maj., USAF. Born September 29, 1956. B.S. in Engineering
from the U.S. Air Force Academy, M.S. in Management from Troy State, and
M.S. in Space Operations from the Air Force Institute of Technology.

Bernard A. Harris, Jr. Born June 26, 1956. B.S. in Biology from the University
of Houston and M.D. from Texas Tech University.

Susan J. Helms, Capt., USAF. Born February 26, 1958. B.S. in Aerospace
Engineering from the U.S. Air Force Academy and M.S. in Aeronautics/
Astronautics from Stanford University.

Thomas D. Jones. Born January 22, 1955. B.S. in Basic Science from the U.S.
Air Force Academy and Ph.D. in Planetary Science from the University of
Arizona.

William S. McArthur, Jr., Maj., U.S. Army. Born July 26, 1951. B.S. in Applied
Sciences and Engineering from the U.S. Military Academy and M.S. in
Aerospace Engineering from the Georgia Institute of Technology.

James H. Newman. Born October 16, 1956. B.A. in Physics from Dartmouth
College, M.A. in Physics from Rice University, and Ph.D. in Physics from
Rice University.

Ellen Ochoa. Born May 10, 1958. B.S. in Physics from San Diego State, M.S. in
Electrical Engineering from Stanford University, and Ph.D. in Electrical
Engineering from Stanford University.

Charles J. Precourt, Maj., USAF. Born June 29, 1955. B.S. in Aeronautical

Engineering from the U.S. Air Force Academy and M.S. in Management
from Golden Gate University.

Richard A. Searfoss, Maj., USAF. Born June 6, 1956. B.S. in Aerospace En-
gineering from the U.S. Air Force Academy and M.S. in Aerospace Engi-
neering from the California Institute of Technology.

Ronald M. Sega. Born December 4, 1952. B.S. in Physics and Mathematics
from the U.S. Air Force Academy, M.S. in Physics from Ohio State, and
Ph.D. in Electrical Engineering from the University of Colorado.
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Nancy J. Sherlock, Capt., U.S. Army. Born December 29, 1958. B.A. in Bio-
logical Science from Ohio State and M.S. in Safety Engineering from the
University of Southern California.

Donald A. Thomas. Born May 6, 1955. B.S. in Physics from Case Western
University, M.S. in Materials Science from Cornell University, and Ph.D. in
Materials Science from Cornell University.

Janice E. Voss. Born October 8, 1956. B.S. in Engineering Science from Purdue
University, M.S. in Electrical Engineering from Massachusetts Institute of
Technology, and Ph.D. in Aeronautics/Astronautics from Massachusetts
Institute of Technology.

Carl E. Walz, Capt., USAF. Born September 6, 1955. B.S. in Physics from Kent
State and M.S. in Physics from John Carroll University.

Terrence W. Wilcutt, Maj., USMC. Born October 31, 1949. B.A. in Mathematics
from Western Kentucky University.

Peter J. K. Wisoff. Born August 16, 1958. B.S. in Physics from the University of
Virginia, M.S. in Physics from Stanford University, and Ph.D. in Applied
Physics from Stanford University.

David A. Wolf. Born August 23, 1956. B.S. in Electrical Engineering from
Purdue University and M.D. from Indiana University.

The rating panel and selection board members for the 1990 astronaut can-
didate class were Joseph D. Atkinson, Jr., Ph.D.; Charles F. Bolden; Daniel C.
Brandenstein; Mary L. Cleave, Ph.D.; Michael L. Coats; Richard O. Covey;
Steven A. Hawley, Ph.D.; Jeffrey A. Hoffman, Ph.D.; Carolyn L. Huntoon, Ph.D.;
Robert A.R. Parker, Ph.D.; Donald R. Puddy; Duane L. Ross; Jerry L. Ross; Rhea
Seddon, M.D.; and John W. Young. All were from NASA JSC.

Group 14

In 1992, NASA selected 19 new astronaut candidates in support of the Space
Shuttle program. The group consisted of four pilots and 15 mission specialists,
including nine civilians and 10 military officers. The following astronaut candi-
dates reported to the Johnson Space Center on August 3, 1992 to begin their
training and evaluation program:

Daniel T. Barry. Born December 30, 1953. B.S. in Electrical Engineering from
Cornell University, M.S.E. in Electrical Engineering and Computer Science
from Princeton University, M.A. in Electrical Engineering and Computer
Science from Princeton University, Ph.D. in Electrical Engineering and
Computer Science from Princeton University, and M.D. from the University
of Miami.

Charles E. Brady, Jr., M.D., Comdr., USN. Born August 12, 1951. Premed

at the University of North Carolina at Chapel Hill and M.D. from Duke
University.
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Catherine G. Coleman, Ph.D., Capt., USAF. Born December 14, 1960. B.S. in
Chemistry from Massachusetts Institute of Technology and Ph.D. in Pol-
ymer Science and Engineering from the University of Massachusetts.

Michael L. Gernhardt. Born May 4, 1956. B.S. in Physics from Vanderbilt
University, M.S. in Bioengineering from the University of Pennsylvania,
and Ph.D. in Bioengineering from the University of Pennsylvania.

John M. Grunsfeld. Born October 10, 1958. B.S. in Physics from the Massa-
chusetts Institute of Technology, M.S. in Physics from the University of
Chicago, and Ph.D. in Physics from the University of Chicago.

Scott J. Horowitz, Ph.D., Capt., USAF. Born March 24, 1957. B.S. in Engi-
neering from California State University at Northridge, M.S. in Aerospace
Engineering from Georgia Tech, and Ph.D. in Aerospace Engineering from
the Georgia Institute of Technology.

Brent W. Jett, Jr., Lt. Comdr., USN. Born October 5, 1958. B.S. in Aerospace
Engineering from the U.S. Naval Academy and M.S. in Aeronautical
Engineering from the U.S. Naval Postgraduate School.

Kevin R. Kregel. Born September 16, 1956. B.S. in Astronautical Engineering
from the U.S. Air Force Academy and M.P.A. in Public Administration from
Troy State University.

Wendy B. Lawrence, Lt. Comdr., USN. Born July 2, 1959. B.S. in Ocean En-
gineering from the U.S. Naval Academy and M.S. in Ocean Engineering
from Massachusetts Institute of Technology.

Jerry M. Linenger, Comdr., USN. Born January 16, 1955. B.S. in Bioscience
from the U.S. Naval Academy, M.D. from Wayne State University, M.S. in
Systems Management, M.P.H. from the University of North Carolina, and
Ph.D. in Epidemiology from the University of North Carolina.

Richard M. Linnehan, D.V.M., Capt., U.S. Army. Born September 19, 1957.
B.S. in Zoology from the University of New Hampshire and D.V.M. from
Ohio State University.

Michael E. Lopez-Alegria, Lt. Comdr., USN. Born May 30, 1958. B.S. in Sys-
tems Engineering from the U.S. Naval Academy and M.S. in Aeronautical
Engineering from the U.S. Naval Postgraduate School.

Scott E. Parazynski. Born July 28, 1961. B.S. in Biology from Stanford Uni-
versity and M.D. from Stanford University.

Kent V. Rominger, Lt. Comdr., USN. Born August 7, 1956. B.S. in Civil En-

gineering from Colorado State University and M.S. in Aeronautical Engi-
neering from the U.S. Naval Postgraduate School.

Winston E. Scott, Comdr., USN. Born August 6, 1950. B.A. in Music from
Florida State University and M.S. in Aeronautical Engineering from the
U.S. Naval Academy.

Steven L. Smith. Born December 30, 1958. B.S. in Electrical Engineering from
Stanford University, M.S. in Electrical Engineering from Stanford Univer-
sity, and M.B.A. from Stanford University.

Joseph R. Tanner. Born January 21, 1950. B.S. in Mechanical Engineering
from the University of Illinois.
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Andrew S.W. Thomas. Born December 18, 1951. B.E. in Mechanical Engi-
neering from the University of Adelaide (Australia) and Ph.D. in Mechan-
ical Engineering from the University of Adelaide (Australia).

Mary E. Weber. Born August 24, 1962. B.S. in Chemical Engineering from
Purdue University and Ph.D. in Chemistry from the University of Califor-
nia-Berkeley.

The following persons served on the rating panel and astronaut candidate
selection board in 1991: Thomas D. Akers; Joseph D. Atkinson, Jr., Ph.D.; Ellen
S. Baker, M.D.; Robert D. Cabana; Franklin R. Chang-Diaz, Ph.D.; Richard O.
Covey; Bonnie J. Dunbar, Ph.D.; Robert L. Gibson; Linda M. Godwin, Ph.D.;
Jeffrey A. Hoffman, Ph.D.; Carolyn L. Huntoon, Ph.D.; Roger L. Kroes, Ph.D.;
David C. Leestma; Paul Lowman, Ph.D.; Donald R. McMonagle; Donald
R. Puddy; Duane L. Ross; Rhea Seddon, M.D.; William M. Shepherd; Loren
dJ. Shriver; Kathryn D. Sullivan, Ph.D.; Kathryn C. Thornton, Ph.D.; James
D. Wetherbee; and John W. Young. Dr. Kroes was from NASA Marshall Space
Flight Center (MSFC) and Dr. Lowman was from NASA GSFC. The others were
from NASA JSC.

Group 15

The 1995 astronaut candidate class consisted of 10 pilot candidates, including
two female pilots, and nine mission specialists. The 19 astronaut candidates were
selected through a highly competitive process that evaluated their education,
experience, and ability to work as members of a team. This was the first astro-
naut class to receive training on both the Space Shuttle and the International
Space Station programs. The 1995 astronaut candidates included:

Scott D. Altman, Lt. Comdr., USN. Born August 15, 1959. B.S. in Aeronautical
and Astronautical Engineering from the University of Illinois and M.S. in
Aeronautical Engineering from the U.S. Naval Postgraduate School.

Michael P. Anderson, Maj., USAF. Born December 25, 1959. B.S. in Physics
and Astronomy from the University of Washington and M.S. in Physics from
Creighton University.

Jeffrey S. Ashby, Comdr., USN. Born June 16, 1954. B.S. in Mechanical En-
gineering from the University of Idaho and M.S. in Aviation Systems from
the University of Tennessee.

Michael J. Bloomfield, Maj., USAF. Born March 16, 1959. B.S. in Engineering
Mechanics from the U.S. Air Force Academy and M.S. in Engineering Man-
agement from Old Dominion University.

Kalpana Chawla. Born July 1, 1961. B.S. in Aeronautical Engineering from
Punjab Engineering College in India, M.S. in Aerospace Engineering from
the University of Texas, and Ph.D. in Aerospace Engineering from the
University of Colorado.

Robert Curbeam, Jr., Lt. Comdr., USN. Born March 5, 1962. B.S. in Aerospace
Engineering from the U.S. Naval Academy, M.S. in Aeronautical Engineering
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from the U.S. Naval Postgraduate School, and Degree of Aeronautical and
Astronautical Engineer from the U.S. Naval Postgraduate School.

Joe F. Edwards, Jr., Lt. Comdr., USN. Born February 3, 1958. B.S. in Aero-
space Engineering from the U.S. Naval Academy and M.S. in Aviation from
the University of Tennessee at Knoxville.

Dominic L. Gorie, Comdr., USN. Born May 2, 1957. B.S. in Ocean Engineering
from the U.S. Naval Academy and M.S. in Aviation Systems from the Uni-
versity of Tennessee at Knoxville.

Kathryn P. Hire. Born August 26, 1959. B.S. in Engineering Management from
the U.S. Naval Academy and M.S. in Space Technology from the Florida
Institute of Technology.

Rick D. Husband, Maj., USAF. Born July 12, 1957. B.S. in Mechanical En-
gineering from Texas Tech University and M.S. in Mechanical Engineering
from California State University.

Janet L. Kavandi. Born July 17, 1959. B.S. in Chemistry from Missouri South-
ern State College, M.S. in Chemistry from the University of Missouri- Rolla,
and Ph.D. in Analytical Chemistry from the University of Washington.

Steven W. Lindsey, Maj., USAF. Born August 24, 1960. B.S. in Engineering
Sciences from the U.S. Air Force Academy and M.S. in Aerospace Engi-
neering from the Air Force Institute of Technology.

Edward T. Lu. Born July 1, 1963. B.S. in Electrical Engineering from Cornell
University and Ph.D. in Applied Physics from Stanford University.

Pamela A. Melroy, Maj., USAF. Born September 17, 1961. B.S. in Physics and
Astronomy from Wellesley College and M.S. in Earth and Planetary Sci-
ences from the Massachusetts Institute of Technology.

Carlos I. Noriega, Maj., USMC. Born October 8, 1959. B.S. in Computer Sci-
ence from the University of Southern California, M.S. in Computer Science
from the U.S. Naval Postgraduate School, and M.S. in Space Systems Op-
erations from the U.S. Naval Postgraduate School.

James F. Reilly. Born March 18, 1954. B.S. in Geosciences from the University
of Texas, M.S. in Geosciences from the University of Texas, and Ph.D. in
Geosciences from the University of Texas.

Stephen K. Robinson. Born October 26, 1955. B.S. in Mechanical and Aero-
nautical Engineering from the University of California, M.S. in Mechanical
Engineering from Stanford University and Ph.D. in Mechanical Engineer-
ing from Stanford University.

Susan L. Still, Lt., USN. Born October 24, 1961. B.S. in Aeronautical Engi-
neering from Embry-Riddle University and M.S. in Aerospace Engineering
from Georgia Institute of Technology.

Frederick W. Sturckow, Capt., USMC. Born August 11, 1961. B.S. in Mechan-
ical Engineering from California Polytechnic State University.

The 1994 rating panel and astronaut candidate selection board members
were Thomas D. Akers; Joseph D. Atkinson, Jr., Ph.D.; Ellen S. Baker, M.D.;
Kenneth D. Cameron; Kevin P. Chilton; Michael R. Clifford; Brian Duffy;
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Michael Foale, Ph.D.; Robert L. Gibson; Estella H. Gillette; Linda M. Godwin,
Ph.D.; Frederick D. Gregory; James F. Harrington; Bernard A. Harris, M.D,;
Steven A. Hawley, Ph.D.; Gregory W. Hayes; Carolyn L. Huntoon, Ph.D.; Tamara
E. Jernigan, Ph.D.; Roger L. Kroes, Ph.D.; Mark C. Lee; David C. Leestma; Paul
D. Lowman, Ph.D.; David H. Mobley; John F. Muratore; Steven R. Nagel; Ellen
Ochoa, Ph.D.; Stephen S. Oswald; Duane L. Ross; Jerry L. Ross; Pierre J. Thuot;
James S. Voss; James D. Wetherbee; and John W. Young. Mr. Harrington was
from the NASA KSC, Dr. Kroes was from NASA MSFC, and Dr. Lowman was
from NASA GSFC. The others were from NASA JSC.

Group 16

In 1996, NASA selected 35 astronaut candidates in support of the Space Shuttle
and Space Station programs. This was the largest astronaut candidate class
since the first group of Shuttle astronauts was selected in 1978. The 10 pilots
and 25 mission specialists included three African-American females and a pair of
identical twins. On 12 August 1996, the candidates began a curriculum includ-
ing extensive Space Shuttle and Space Station training. Upon successful com-
pletion of their training, they were qualified as astronauts and began supporting
long-duration missions on the International Space Station. The 1996 candidates
included:

David M. Brown, Comdr., USN. Born April 16, 1956. B.S. in Biology from the
College of William and Mary and M.D. from Eastern Virginia Medical
School.

Daniel C. Burbank, Lt. Comdr., USCG. Born July 27, 1961. B.S. in Electrical
Engineering from the U.S. Coast Guard Academy and M.S. in Aeronautical
Science from Embry-Riddle Aeronautical University.

Yvonne D. Cagle. Born April 24, 1959. B.A. in Biochemistry from San Fran-
cisco State University and M.D. from the University of Washington.

Fernando Caldeiro. Born June 12, 1958. B.S. in Mechanical Engineering from
the University of Arizona and M.S. in Engineering Management from the
University of Central Florida.

Charles J. Camarda. Born May 8, 1952. B.S. in Aerospace Engineering from
Polytechnic Institute of New York, M.S. in Engineering Science from George
Washington University, and Ph.D. in Aerospace Engineering from Virginia
Polytechnic Institute.

Duane G. Carey, Maj., USAF. Born April 30, 1957. B.S. in Aerospace Engi-
neering and Mechanics from the University of Minnesota-Minneapolis and
M.S. in Aerospace Engineering from the University of Minnesota-Min-
neapolis.

Laurel B. Clark, Lt. Comdr., USN. Born March 10, 1961. B.S. in Zoology from
the University of Wisconsin-Madison and M.D. from the University of Wis-
consin-Madison.

Edward M. Fincke, Capt., USAF. Born March 14, 1967. B.S. in Aeronautics
and Astronautics, and Earth, Atmospheric, and Planetary Sciences from
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Massachusetts Institute of Technology, and M.S. in Aeronautics and Astro-
nautics from Stanford University.

Patrick G. Forrester, Lt. Col., U.S. Army. Born March 31, 1957. B.S. in Applied
Sciences and Engineering from the U.S. Military Academy and M.S. in Me-
chanical and Aerospace Engineering from the University of Virginia.

Stephen N. Frick, Lt. Comdr., USN. Born September 30, 1964. B.S. in Aer-
ospace Engineering from the U.S. Naval Academy and M.S. in Aeronautical
Engineering from the U.S. Naval Postgraduate School.

John B. Herrington, Lt. Comdr., USN. Born September 14, 1958. B.S. in Ap-
plied Mathematics from the University of Colorado and M.S. in Aeronau-
tical Engineering from the U.S. Naval Postgraduate School.

Joan E. Higginbotham. Born August 3, 1964. B.S. in Electrical Engineering
from Southern Illinois, M.S. in Management from Florida Institute
of Technology, and M.S. in Space Systems from Florida Institute of
Technology.

Charles O. Hobaugh, Capt., USMC. Born November 5, 1961. B.S. in Aerospace
Engineering from the U.S. Naval Academy.

James M. Kelly, Capt., USAF. Born May 14, 1964. B.S. in Astronautical En-
gineering from the U.S. Air Force Academy.

Mark E. Kelly, Lt., USN. Born February 21, 1964. B.S. in Marine Engineering
and Nautical Science from the U.S. Merchant Marine Academy and M.S. in
Aeronautical Engineering from the U.S. Naval Postgraduate School.

Scott J. Kelly, Lt., USN. Born February 21, 1964. B.S. in Electrical Engineer-
ing from the State University of New York Maritime College.

Paul S. Lockhart, Maj., USAF. Born April 28, 1956. B.A. in Mathematics from
Texas Tech University and M.S. in Aerospace Engineering from the Uni-
versity of Texas.

Christopher J. Loria, Maj., USMC. Born July 9, 1960. B.S. in General Engi-
neering from the U.S. Naval Academy.

Sandra H. Magnus. Born October 30, 1964. B.S. in Physics from the University
of Missouri-Rolla, M.S. in Electrical Engineering from the University of
Missouri-Rolla, and Ph.D. in Materials Science and Engineering from
Georgia Institute of Technology.

Michael J. Massimino. Born August 19, 1962. B.S. in Industrial Engineering
from Columbia University, M.S. in Mechanical Engineering and Technology
and Policy from Massachusetts Institute of Technology, and Ph.D. in Me-
chanical Engineering from Massachusetts Institute of Technology.

Richard A. Mastracchio. Born February 11, 1960. B.S. in Electrical Engineer-
ing and Computer Science from the University of Connecticut, M.S. in
Electrical Engineering from Rensselaer Polytechnic Institute, and M.S. in
Physical Sciences from the University of Houston-Clear Lake.

William C. McCool, Lt. Comdr., USN. Born September 23, 1961. B.S. in Ap-
plied Science from the U.S. Naval Academy, M.S. in Computer Science from
the University of Maryland, and M.S. in Aeronautical Engineering from the
U.S. Naval Postgraduate School.
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Lee M. Morin, Comdr., USN. Born September 9, 1952. B.S. in Mathematics
and Electrical Science from the University of New Hampshire, M.S. in Bio-
chemistry from New York University, M.D. from New York University,
Ph.D. in Microbiology from New York University, and M.P.H. from the
University of Alabama at Birmingham.

Lisa M. Nowak, Lt. Comdr., USN. Born May 10, 1963. B.S. in Aerospace En-
gineering from the U.S. Naval Academy and M.S. in Aeronautical Engi-
neering from the U.S. Naval Postgraduate School.

Donald R. Pettit. Born April 20, 1955. B.S. in Chemical Engineering from
Oregon State University and Ph.D. in Chemical Engineering from the Uni-
versity of Arizona.

John L. Phillips. Born April 15, 1951. B.S. in Mathematics and Russian from
the U.S. Naval Academy, M.S. in Aeronautical Systems from the University
of West Florida, M.S. in Geophysics and Space Physics from the University
of California, and Ph.D. in Geophysics and Space Physics from the Univer-
sity of California.

Mark L. Polansky. Born June 2, 1956. B.S. in Aeronautical and Astronautical
Engineering from Purdue University and M.S. in Aeronautics and Astro-
nautics from Purdue University.

Paul W. Richards. Born May 20, 1964. B.S. in Mechanical Engineering from
Drexel University and M.S. in Mechanical Engineering from the University
of Maryland.

Piers J. Sellers. Born April 11, 1955. B.S. in Ecological Science from the Uni-
versity of Edinburgh (Scotland) and Ph.D. in Biometeorology from Leeds
University (United Kingdom).

Heidemarie M. Stefanyshyn-Piper, Lt. Comdr., USN. Born February 7, 1963. B.S.
in Mechanical Engineering from Massachusetts Institute of Technology and
M.S. in Mechanical Engineering from Massachusetts Institute of Technology.

Daniel M. Tani. Born February 1, 1961. B.S. in Mechanical Engineering from
Massachusetts Institute of Technology and M.S. in Mechanical Engineering
from Massachusetts Institute of Technology.

Rex J. Walheim, Capt., USAF. Born October 10, 1962. B.S. in Mechanical
Engineering from the University of California-Berkeley and M.S. in Indus-
trial Engineering from the University of Houston.

Peggy A. Whitson. Born February 9, 1960. B.S. in Biology and Chemistry from
Iowa Wesleyan College and Ph.D. in Biochemistry from Rice University.

Jeffrey N. Williams, Maj., U.S. Army. Born January 18, 1958. B.S. in Applied
Sciences and Engineering from U.S. Military Academy and M.S. in Aero-
nautical Engineering from the U.S. Naval Postgraduate School.

Stephanie D. Wilson. Born September 27, 1966. B.S. in Engineering Science
from Harvard University and M.S. in Aerospace Engineering from the
University of Texas.

The 1995 astronaut candidate rating panel and selection board included
the following individuals: Thomas D. Akers; Joseph D. Atkinson, dJr., Ph.D.;
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Ellen S. Baker, M.D.; Robert D. Cabana; Brian Duffy; Michael Foale, Ph.D.; Es-
tella H. Gillette; Linda M. Godwin, Ph.D.; Steven A. Hawley, Ph.D.; Gregory W.
Hayes; Susan J. Helms; Robert K. Holkan; Donald R. McMonagle; David H.
Mobley; John F. Muratore; Bascom W. Murrah III; Duane L. Ross; John A.
Rummel, Ph.D.; James D. Wetherbee; and John W. Young. Mr. Mobley was from
NASA Headquarters, and Mr. Murrah was from NASA KSC. The others were
from NASA JSC.

Group 17

In 1998, NASA selected 25 astronaut candidates to support the Space Station
and Space Shuttle programs. The group of 8 pilots and 17 mission specialists
consisted of 21 males and 4 females, including NASA’s first Educator Mission
Specialist. The astronaut class reported for training at the Johnson Space Center
on August 15, 1998. The candidates were:

Clayton C. Anderson. Born February 23, 1959. B.S. in Physics from Hastings
College and M.S. in Aerospace Engineering from Iowa State University.

Lee J. Archambault, Maj., USAF. Born August 25, 1960. B.S. in Aerospace and
Astronautical Engineering from the University of Illinois-Urbana and M.S.
in Aerospace and Astronautical Engineering from the University of Illinois-
Urbana.

Tracy E. Caldwell. Born August 14, 1969. B.S. in Chemistry from California
State University-Fullerton and Ph.D. in Chemistry from the University of
California-Davis.

Gregory E. Chamitoff. Born August 6, 1962. B.S. in Electrical Engineering
from California Polytechnic State University, M.S. in Aerospace Engineer-
ing from California Institute of Technology, and Ph.D. in Aeronautics and
Astronautics from Massachusetts Institute of Technology.

Timothy J. Creamer, Maj., U.S. Army. Born November 15, 1959. B.S. in Chem-
istry from Loyola College and M.S. in Physics from Massachusetts Institute
of Technology.

Christopher J. Ferguson, Lt. Comdr., USN. Born September 1, 1961. B.S. in
Mechanical Engineering from Drexel University and M.S. in Aeronautical
Engineering from the U.S. Naval Postgraduate School.

Michael J. Foreman, Comdr., USN. Born March 29, 1957. B.S. in Aerospace
Engineering from the U.S. Naval Academy and M.S. in Aeronautical En-
gineering from the U.S. Naval Postgraduate School.

Michael E. Fossum. Born December 19, 1957. B.S. in Mechanical Engineering
from Texas A&M University, M.S. in Systems Engineering from the Air
Force Institute of Technology, and M.S. in Physical Science from the
University of Houston-Clear Lake.

Kenneth T. Ham, Lt. Comdr., USN. Born December 12, 1964. B.S. in Aerospace
Engineering from the U.S. Naval Academy and M.S. in Aeronautical En-
gineering from the U.S. Naval Postgraduate School.
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Patricia C. Hilliard. Born March 12, 1963. B.S. in Biology from Indiana
University of Pennsylvania and M.D. from the Medical College of
Pennsylvania.

Gregory C. Johnson. Born July 30, 1954. B.S. in Aerospace Engineering from
the University of Washington.

Gregory H. Johnson, Maj., USAF. Born May 12, 1962. B.S. in Aeronautical
Engineering from the U.S. Air Force Academy and M.S. in Civil Engineering
from Columbia University.

Stanley G. Love. Born June 8, 1965. B.S. in Physics from Harvey Mudd
College, M.S. in Astronomy from the University of Washington, and Ph.D.
in Astronomy from the University of Washington.

Leland D. Melvin. Born February 15, 1964. B.S. in Chemistry from the Uni-
versity of Richmond and M.S. in Materials Science from the University of
Virginia.

Barbara R. Morgan. Born November 28, 1951. B.S. in Biology from Stanford
University.

William A. Oefelein, Lt., USN. Born March 29, 1965. B.S. in Electrical and
Electronics Engineering from Oregon State University.

John D. Olivas. Born May 25, 1966. B.S. in Mechanical Engineering from the
University of Texas-El Paso, M.S. in Mechanical Engineering from the
University of Houston and Ph.D. in Mechanical Engineering and Materials
from Rice University.

Nicholas J. M. Patrick. Born March 22, 1964. B.A.E. in Engineering from the
University of Cambridge, England, M.A. in Engineering from the Univer-
sity of Cambridge (England), M.S. in Mechanical Engineering from Mas-
sachusetts Institute of Technology, and Ph.D. in Mechanical Engineering
from Massachusetts Institute of Technology.

Alan G. Poindexter, Lt. Comdr., USN. Born November 5, 1961. B.A. in Aero-
space Engineering from Georgia Institute of Technology and M.S. in Aero-
nautical Engineering from the U.S. Naval Postgraduate School.

Garrett E. Reisman. Born February 10, 1968. B.S. in Economics from the
University of Pennsylvania, B.S. in Mechanical Engineering from the Uni-
versity of Pennsylvania, M.S. in Mechanical Engineering from California
Institute of Technology, and Ph.D. in Mechanical Engineering from Cali-
fornia Institute of Technology.

Steven R. Swanson. Born December 3, 1960. B.S. in Engineering Physics from
the University of Colorado-Boulder, M.A.S. in Computer Systems from
Florida Atlantic University, and Ph.D. in Computer Science from Texas
A&M University.

Douglas H. Wheelock, Maj., U.S. Army. Born May 5, 1960. B.S. in Applied
Science from the U.S. Military Academy and M.S. in Aerospace Engineering
from Georgia Institute of Technology.

Sunita L. Williams, Lt. Comdr., USN. Born September 19, 1965. B.S. in
Physical Science from the U.S. Naval Academy and M.S. in Engineering
Management from Florida Institute of Technology.
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Neil W. Woodward III, Lt., USN. Born July 26, 1962. B.S. in Physics from
Massachusetts Institute of Technology and M.A. in Physics from the
University of Texas-Austin.

George D. Zamka, Maj., USMC. Born June 29, 1962. B.S. in Mathematics from
the U.S. Naval Academy.

The members of the 1998 rating panel and astronaut candidate selection
committee were Thomas D. Akers; Joseph D. Atkinson, Jr., Ph.D.; Ellen S. Baker,
M.D.; Jeffrey W. Bantle; Robert D. Cabana; Kenneth D. Cockrell; Brian Duffy;
Estella H. Gillette; Linda M. Godwin; Ph.D.; James D. Halsell; Steven A. Hawley,
Ph.D.; Gregory W. Hayes; Susan J. Helms; James A. Hickmon; Robert K. Holkan;
Ellen Ochoa, Ph.D.; Charles J. Precourt; Duane L. Ross; John A. Rummel; Ph.D.;
Loren J. Shriver; James D. Wetherbee; and John W. Young. Mr. Shriver was from
NASA KSC. The others were from NASA JSC.

Group 18

NASA selected 17 candidates for the astronaut class of 2000. The group consisted
of 7 pilots and 10 mission specialists, including the first candidate selected di-
rectly from the Navy’s submarine community. The following astronaut candi-
dates reported to the Johnson Space Center in August 2000 to begin extensive
training in support of the Space Shuttle and Space Station programs:

Dominic A. Antonelli, Lt., USN. Born August 23, 1967 in Detroit, Michigan.
B.S. in Aeronautics and Astronautics from Massachusetts Institute of Tech-
nology and M.S. in Aeronautics and Astronautics from the University of
Washington.

Michael R. Barrett. Born April 16, 1959. B.S. in Zoology from the University of
Washington and M.D. from Northwestern University.

Robert Behnken, Capt., USAF. Born July 28, 1970. B.S. in Mechanical En-
gineering and Physics from Washington University, M.S. in Mechanical
Engineering from California Institute of Technology, and Ph.D. in Mechan-
ical Engineering from California Institute of Technology.

Eric A. Boe, Maj., USAF. Born October 1, 1964. B.S. in Astronautical Engi-
neering from the U.S. Air Force Academy and M.S. in Electrical Engineer-
ing from Georgia Institute of Technology.

Stephen G. Bowen, Lt. Comdr., USN. Born February 13, 1964. B.S. in Elec-
trical Engineering from the U.S. Naval Academy and Degree in Ocean En-
gineering from Massachusetts Institute of Technology.

B. Alvin Drew, Maj., USAF. Born November 5, 1962. B.S. in Astronautical
Engineering and Physics from the U.S. Air Force Academy, and M.S. in
Aerospace Science from Embry-Riddle Aeronautical University.

Andrew J. Feustel. Born August 25, 1965. B.S. in Solid Earth Sciences from
Purdue University, M.S. in Geophysics from Purdue University, and Ph.D.
in Geological Sciences from Queen’s University (Canada).
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Kevin A. Ford, Lt. Col., USAF. Born July 7, 1960. B.S. in Aerospace Engi-
neering from the University of Notre Dame, M.S. in International Relations
from Troy State University, M.S. in Aerospace Engineering from the Uni-
versity of Florida, and Ph.D. in Astronautical Engineering from the Air
Force Institute of Technology.

Ronald J. Garan, Jr., Maj., USAF. Born October 30, 1961. B.S. in Business
Economics from SUNY College at Oneonta, M.S. in Aeronautical Science
from Embry-Riddle Aeronautical University, and M.S. in Aerospace Engi-
neering from the University of Florida.

Michael T. Good, Maj., USAF. Born October 13, 1962. B.S. in Aerospace En-
gineering from the University of Notre Dame and M.S. in Aerospace En-
gineering from the University of Notre Dame.

Douglas G. Hurley, Maj., USMC. Born October 21, 1966. B.S. in Civil Engi-
neering from Tulane University.

Timothy L. Kopra, Maj., U.S. Army. Born April 9, 1963. B.S. in Computer
Science from the U.S. Military Academy and M.S. in Aerospace Engineering
from Georgia Institute of Technology.

K. Megan McArthur. Born August 30, 1971. B.S. in Aerospace Engineering
from the University of California-Los Angeles.

Karen L. Nyberg. Born October 7, 1969. B.S. in Mechanical Engineering from
the University of North Dakota, M.S. in Mechanical Engineering from the
University of Texas-Austin, and Ph.D. in Mechanical Engineering from the
University of Texas-Austin.

Nicole P. Stott. Born November 19, 1962. B.S. in Aeronautical Engineering
from Embry-Riddle Aeronautical University and M.S. in Engineering Man-
agement from the University of Central Florida.

Terry W. Virts, Jr., Capt., USAF. Born December 1, 1967. B.S. in Mathematics
from the U.S. Air Force Academy, and M.A.S. in Aeronautics from Embry-
Riddle Aeronautical University.

Barry E. Wilmore, Lt. Comdr., USN. Born December 29, 1962. B.S. in Elec-
trical Engineering from Tennessee Technological University, M.S. in Elec-
trical Engineering from Tennessee Technological University, and M.S. in
Aviation Systems from the University of Tennessee-Knoxville.

The following individuals served on the 2000 rating panel and astronaut
candidate selection board: Michael P. Anderson; Ellen S. Baker, M.D.; Jeffrey W.
Bantle; Robert D. Cabana; Franklin R. Chang-Diaz, Ph.D.; Kalpana Chawla,
Ph.D.; Robert L. Curbeam, Jr.; Nancy J. Currie; Estella H. Gillette; Linda M.
Godwin, Ph.D.; Steven A. Hawley, Ph.D.; Tamara E. Jernigan, Ph.D.; Ellen
Ochoa, Ph.D.; Scott Parazynski, M.D.; William W. Parsons; Charles J. Precourt;
James F. Reilly, Ph.D.; Kent V. Rominger; Duane L. Ross; John A. Rummel,
Ph.D.; Loren J. Shriver; James D. Wetherbee; David R. Williams, M.D.; and John
W. Young. Mr. Shriver was from NASA KSC. The others were from NASA JSC.

DUANE L. ROSS
TERESA GOMEZ
NASA Johnson Space Center
Houston, Texas
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ASTRONOMY-INFRARED

Introduction

This article describes the astrophysical questions that can be addressed at in-
frared wavelengths, the advantages of pursuing infrared astronomy from space,
the enabling technologies, and the missions that have been flown and are
planned to exploit the unique potential of this wavelength range. The infrared
band covers three decades—from ~1pum to ~1000 um—that encompass a very
wide range of instrumental techniques and scientific issues. We have confined
our discussion to rocket- and satellite-borne missions aimed primarily at astro-
physical targets and have omitted the infrared instruments that have been car-
ried on planetary probes. We draw the short-wavelength limit of our detailed
discussion at 2.5 um but note that the Near Infrared Camera and Multi-Object
Spectrograph (NICMOS) instrument on the Hubble Space Telescope (HST) have
operated very successfully in the 1 to 2.5-um band; these wavelengths are also
among those studied by the Diffuse Infrared Background Experiment (DIRBE)
on the Cosmic Background Explorer (COBE). Wavelengths longer than ~ 200 pm
have been probed extensively from space only by the highly successful COBE
spacecraft. We discuss COBE observations of the nearby Universe but cannot do
justice to its extraordinary spatial and spectral measurements of the cosmolog-
ically critical cosmic microwave background radiation (CMBR).

The organization of the article is as follows. An introductory section de-
scribes the astrophysical uniqueness of the infrared and the tremendous benefits
to be gained by carrying infrared instrumentation above the atmosphere. The
next section discusses three key technical areas of particular importance for
infrared astronomy—detectors, cryogenics, and optics—and the way they have
been adapted to the space environment. Next, comes a review of previous and
near-term missions for infrared astronomy from space, emphasizing the evolu-
tion of both science and technology since the first rocket experiments of the
1960s. The final mission we discuss in detail is the Space Infrared Telescope
Facility (SIRTF), scheduled for launch in 2003 (1). SIRTF’s advanced technology
and great scientific potential will mark the end of the first phase of exploration of
the Universe in the infrared band. But SIRTF is also a beginning, because it sets
the stage for the missions of the next decade. We conclude with a summary of the
technological challenges and scientific opportunities of these upcoming
programs.

Uniqueness of Infrared

Infrared observations provide the following unique perspectives on the Universe:
The Cold Universe. There is an inverse relationship between the tempera-
ture of an object and the peak wavelength 1 of its intrinsic or blackbody
radiation: 7(/) = 3700/.. Here T is measured in degrees kelvin (K) above absolute
zero, and A in microns (um). Objects with T'<T(l) radiate very little at
wavelengths less than 4. Observations at infrared wavelengths from 1-1000 pm
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are thus uniquely sensitive to astronomical objects whose temperatures are from
~3000K to ~3K. These include the coolest stars, planets and interplanetary
dust, circumstellar and interstellar matter, and, at the longest wavelengths, the
Universe itself.

The Dusty Universe. Interstellar dust—microscopic particles composed of
ices, minerals, and common organic and inorganic materials—is a ubiquitous
constituent of astrophysical environments. The properties of this material are
such that a cloud that is totally opaque in the visible or ultraviolet can be vir-
tually transparent in the infrared; thus infrared wavelengths can probe re-
gions—such as the core of our galaxy—which are inaccessible at shorter
wavelengths. Additionally, the dust particles are heated by the shorter wave-
length radiation they absorb and reradiate the absorbed power at infrared
wavelengths. The majority of the radiant energy from dense, dusty regions such
as star-forming clouds—and in some cases from entire galaxies—lies at infrared
wavelengths because of this efficient downconversion process.

The Distant Universe. In the expanding Universe, the more distant an object
is, the greater the velocity at which it recedes from us. This cosmic expansion
shifts the starlight from distant galaxies into the infrared; the more distant the
object, the farther out into the infrared. This expansion is characterized by
the redshift parameter z: 1 + z = (observed wavelength/emitted wavelength). The
most distant known objects have z>6, so that radiation from the middle of the
visual band is shifted out beyond 3 um. Because 1 + z is also equal to the factor by
which the Universe has expanded between the times of emission and absorption
of the radiation, objects at z=25 are seen as they were at an epoch when the
Universe was only one-sixth of its present size.

The Chemical Universe. The infrared band contains the spectral signatures
of a variety of atoms, molecules, ions, and solid substances—some of which will
be found in any astrophysical environment. Examples range from cool ices in the
interstellar medium to highly excited ions in active galactic nuclei. Infrared
spectroscopy can isolate these features, determine their absolute and relative
strengths, and provide an important and often unique probe of the chemical and
physical conditions in these systems.

The Advantages of Space

The space environment presents powerful advantages for conducting infrared
astronomical observations, which motivate the technological developments dis-
cussed below. First, in space, one is free of the absorption by Earth’s atmosphere,
which—even from the best mountaintop observatories—is totally opaque at
wavelengths from ~30 to ~300um (2). Outside of this region, there are other
bands of high and moderate opacity, and atmospheric absorption remains ap-
preciable at aircraft and balloon altitudes. Only from space do we have access to
the entire infrared band. A second, equally fundamental benefit is that a space
observatory is free of the blackbody radiation of Earth’s atmosphere, and the
space telescope can be cooled to low temperature to minimize its own blackbody
radiation without fear of atmospheric condensation. Infrared observations from
Earth are limited by very bright foreground radiation from the atmosphere and
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the ambient temperature telescope; in space using a sufficiently cold telescope,
the limiting background—set by the faint glow of the interplanetary zodiacal
dust cloud—is some six orders of magnitude fainter. This is about the same factor
by which the night sky at new moon is fainter than the daytime sky at high noon;
note that optical astronomy is practiced at night, not during the day. The impact
of this million-fold background reduction, in space, is impossible to overestimate
because it produces a thousandfold increase in sensitivity, or a millionfold in-
crease in the speed of observations. Thus the first major cryogenic infrared space
observatory, the Infrared Astronomical Satellite (IRAS), revolutionized our
knowledge of the infrared sky, even though it observed each point for less than
about 20 seconds during its 10-month survey of the sky (3).

Complementary Approaches

Infrared astronomy is pursued very successfully from ground-, aircraft-, and
balloon-borne platforms, and these sites present opportunities and capabilities
complementary to the very high sensitivity and spectral access of space. The
current state of the art for ground-based infrared astronomy is a series of 8- to
10-m diameter telescopes in Hawaii and Chile that provide ongoing scientific
opportunities, much higher spatial resolution than achievable from space at
present, and a greater variety of focal plane instrumentation—including complex
spectroscopic instruments—than typically available in space observatories. Air-
borne observatories—exemplified by the imminent ~ 3-m-class Stratospheric
Observatory for Infrared Astronomy (SOFIA)—provide capabilities similar to
those of large ground-based telescopes in most of the wavelength bands that are
inaccessible from the surface of Earth. Balloon-borne instruments have been
successful for specialized measurements, most notably survey observations and
studies of the CMBR, and will have an important niche in the upcoming era of
long-duration balloon flights.

Detectors and Detector Arrays

Modern detectors fall into two classes, bolometers and photoconductors. Bolo-
meters are devices that change resistance when heated by absorbed radiation;
they respond to radiation across a wide wavelength band, as long as they ef-
fectively absorb across this entire band. Bolometer technology has advanced
dramatically in the past few years due to the application of modern semicon-
ductor processing techniques. Photoconductors are solid-state devices in which
incident photons can excite electrons from a bound state—a valence band or an
impurity level—into a conduction band to produce a current in response to an
applied voltage. Because the valence or impurity levels and the conduction bands
are separated by a well-defined energy gap, the energy or wavelength range
within which photoconductors respond to radiation is restricted. To cover a broad
infrared wavelength range, a combination of different photoconductors generally
needs to be employed. The current materials of choice are InSb and HgCdTe
photodiodes for wavelengths shorter than ~10um, extrinsic (doped) silicon
photodetectors (Si:xx) for wavelengths from 5-40 um, and extrinsic Germanium
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(Ge:xx) for ~40-200 um. In this nomenclature “xx” denotes the specific dopant.
The preferred dopants for silicon detectors are As, B, Ga, and Sb; Ga, Be, and Sb
have been used as dopants for germanium. Bolometers are the detectors of choice
for wavelengths longer than 200 ym and for some applications at shorter wave-
lengths as well. Infrared detectors for space astronomy are discussed in detail in
two recent books (4,5).

All detectors are inherently noisy. They register the incidence of arriving
photons, generally referred to as “signal,” and also any number of other types of
events classed as “noise.” Notable among the noise sources are thermally excited
conduction electrons, or “dark current” in photoconductors, and thermal fluctu-
ations in bolometers. Both sources of noise can be reduced by cooling the detec-
tors to temperatures so low that thermal effects become negligible. In real-life
applications, both types of detectors can be degraded by the electronics required
to operate them and read them out, although modern circuit design techniques
and on-chip integration generally allow minimizing these effects. In space, noise
can also be generated by high-energy cosmic rays that traverse the detectors.
Effective shielding against such particles becomes a high priority; in addition,
special fabrication techniques can be used to reduce the susceptibility of the
detectors to this ionizing radiation, as has been done with extrinsic silicon pho-
toconductors of the type to be used on SIRTF.

A recent major advance in infrared detectors is large arrays of many active
elements, or pixels, bonded to a multiplexer that is used to sample and read out
the pixels. The impact of this technology on space infrared astronomy—which is
similar to the CCDs used in the visible band —will be very dramatic. Used with
photoconductors in the low-background space environment, the technology per-
mits on-chip integration, so that the signal can be accumulated on the detector
array and read out only when it is large enough to overcome electronic noise.
Clever schemes involving multiple, nondestructive readouts of the array have
been devised to suppress electronic noise further. Detector arrays are equally
applicable to imaging and to spectroscopic instruments—and to photoconductor
and bolometer technology, and they will certainly be used very extensively, if not
exclusively, for space infrared astronomy in the future. There will continue to be
a push for larger format arrays, and the next generation of infrared space ex-
periments should use arrays of at least 1024 x 1024 pixels, a substantial advance
over the 256 x 256 pixel arrays to be used on SIRTF.

The ultimate performance goal for detectors for infrared astronomy is that
they permit “background-limited” observations, that is, the intrinsic detector and
electronic noise should be less than the noise due to the statistical fluctuations in
the rate of arrival of photons from ambient and astrophysical backgrounds.
Modern infrared detectors achieve this readily in ground-based applications
where the warm telescope and emissive atmosphere produce very high back-
grounds. For space applications using cryogenic telescopes, the infrared back-
ground is that due to the zodiacal dust within the solar system, which is at least a
million times fainter than the ground-based foreground sky. Achieving back-
ground-limited performance in this environment is quite challenging, even with
the benefits of on-chip integration; for example, observations in the 3 to 5um
window require that dark current and electronic noise contribute less (often
much less) than the equivalent of one electron/second/pixel (6). Detector
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technologists and astronomers working together have responded to these chal-
lenges and improved the performance of infrared detectors by many orders of
magnitude in the past two decades. The improvement has come from reducing
the noise and also by improving the “quantum efficiency”—the fraction of inci-
dent photons that is absorbed by the detector. As a result, the arrays to be used
on SIRTF will achieve background-limited performance for both photometry and
low-resolution spectroscopy at all wavelengths.

Cryogenics

Space infrared telescopes invariably require efficient cooling or cryogenic sys-
tems; the telescope and the surrounding structure are cooled to reduce their
background radiation, and the detectors are cooled to reduce their intrinsic noise
and increase their sensitivity. In many applications, these effects together re-
quire cooling below 10 K. In many of the rocket and satellite instruments built to
date, the entire telescope has been cooled to temperatures as low as 2 K, where no
part of the apparatus emits as much radiation as the 2.73 K CMBR. This has
been done by placing the entire telescope structure in direct physical or thermal
contact with a pumped-liquid-helium bath, and the vacuum pump is the natural
vacuum in space. The IRAS and Infrared Space Observatory (ISO) systems used
this architecture, as shown in Fig. 1 (left). Liquid helium is required to achieve
temperatures below ~5K, but other stored cryogens that provide more cooling
power per unit mass are used in applications where higher temperatures are
acceptable. In practice, this is equivalent to reducing the long-wavelength limit
of the instrument. Other cryogens that have been used—and the approximate
temperature that they provide—are solid hydrogen (8 K), liquid neon (30 K), solid
nitrogen (50 K), and liquid nitrogen (75 K).

A primary design problem for the cryogenic engineer is to minimize the heat
load on cooled surfaces of the apparatus. A first step is to shield these surfaces
from the principal heat source, which is solar radiation, and to use suitable com-
binations of low- and high-emissivity materials to reduce heat transfer within the
satellite. A next step is to blanket the container that holds the cryogen with dozens
of layers of aluminized mylar loosely packed within a vacuum jacket to isolate the
entire system from its ambient-temperature surroundings before launch. Such a
vacuum-packed cryogenic system is referred to as a dewar, named for the nine-
teenth-century Scottish scientist J. Dewar. A well-designed cryogenic system also
uses the cold effluent gas generated as the cryogen evaporates or sublimes to cool
the surrounding structures and further reduce the heat load on the cryogen.

A second design challenge is the construction of apparatus sufficiently
sturdy to survive launch and also to maintain optical alignment between the
cooled telescope and the guide telescopes or gyroscopic components that typically
operate at ambient temperature within the spacecraft bus. The mechanical ri-
gidity required tends to go hand in hand with high thermal conductivity, which
the design must avoid; this requires using low-thermal-conductivity materials
that have high strength, such as epoxy-glass composites.

Considerable attention has also focused on minimizing heat loads on the
cryogen by passively radiating intercepted heat into cold space; this is referred to
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Figure 1. This figure compares the cold launch architecture used for the ISO and IRAS
observatories (left) with the warm launch architecture to be used for SIRTF (right). Each
is shown in cutaway view. Certain components, such as the spacecraft (SC), the solar
panel (SP), and the startracker (ST) are common to both systems. In addition, the tel-
escope (T) and instrument package (I) are identical in size for the two. Each also includes a
cryostat (C), containing the liquid helium cryogen in a separate helium tank, which is
shown shaded. In the cold launch system, the telescope is located within the cryostat and
cooled by direct contact with the cryogen tank. In the warm launch system, the cryostat
and cryogen tank can be much smaller, and the telescope is cooled by conduction and by
the cold boil-off helium gas. This architecture works in the solar orbit because the cy-
lindrical thermal shields that surround the telescope cool radiatively to 40 K or below, so
there is very little parasitic heat diffusing inward toward the telescope. The cryostat must
withstand atmospheric pressure, and it is much larger and more massive for the cold
launch than for the warm launch system. In the former, it surrounds the entire telescope
and supports a heavy vacuum cover (VC). In the warm launch system, the telescope is
launched at ambient temperature and pressure, protected only by a lightweight dust cover
(DC). The sawed-off conical sunshade at the top of the cryostat is required in an Earth-
orbiting system by the Sun—Earth-orbit geometry. A much smaller sunshade is need in the
solar orbit system because Earth is not a concern.

as “radiative cooling” (7). The SIRTF telescope, described later, exploits the fa-
vorable thermal environment of its heliocentric orbit by using a hybrid cryogenic
system in which the instruments and detectors are cryogenically cooled, whereas
the telescope is launched warm and is cooled by a combination of radiation,
conduction, and effluent cryogen (Fig. 1 right). This approach has many advan-
tages over that used in earlier missions such as IRAS and ISO, in which the
entire telescope was placed within the cryostat. It leads to a lower mass cryogenic
system for a fixed telescope size and decouples the size of the telescope from that
of the cryostat. Thus this hybrid approach is certain to be adopted for large
infrared telescopes in the future.

In a more extreme application of radiative cooling, it may be possible to
cool the entire telescope to a temperature acceptable for many purposes without



210 ASTRONOMY-INFRARED Vol. 1

using cryogens. Just how low a temperature can be reached in practice is still not
clear, but many designers now assume that equilibrium temperatures as low as
30K could be within reach at 1 astronomical unit (the radius of Earth’s orbit)
from the sun. Lower temperatures might be achieved by a telescope operating in
the outer solar system. At such low temperatures, a well-designed telescope that
has exceptionally low-emissivity mirrors might radiate at such low levels in the
wavelength range shorter than 100 um that the primary and secondary mirrors
require no active cooling at all. Active cooling would be required primarily for the
detector arrays and their immediate housings. The reduced cooling requirements
of such a system might be satisfactorily met by an acceptable, though still sub-
stantial, charge of cryogen, or by closed-cycle refrigerators required only to pump
heat at low rates.

A stored cryogenic system always has a limited lifetime: unless replenished
(an approach which has not been adopted for any astronomical mission), the
cryogen eventually is fully depleted, the system warms up, and the mission
comes to an end. To increase mission life spans, a variety of recyclable cryocool-
ers—both mechanical and electrochemical —have been under intense study (8).
In principle, they could extend lifetimes indefinitely. In practice, a nagging
long-term problem has been the limited reliability of closed-cycle, low-temper-
ature refrigerators designed to operate in the vacuum of space. In the laboratory,
such systems have often failed catastrophically after only a few months.
No refrigerator of this type has ever operated in the laboratory continuously
for a 10-year span. Yet this is the expected mission lifetime of many infrared
astronomical space facilities now on the drawing boards. In 1998, NASA suc-
cessfully tested a particular type of mechanical cooler on a Shuttle mission—a
reverse Brayton-cycle cryocooler that can cool detectors to temperatures as
low as 60-70K. This test showed that operation under weightless conditions
was not a problem for this type of cooler, but long-term reliability is still an
open question, though the same coolers have a good record in the laboratory
and run reliably for many months to a few years. Reliable closed-cycle cryocoolers
are certain to affect critically the design and life spans of future infrared astro-
nomical missions in space. The reverse Brayton-cycle cryocooler described
before has been retrofitted to the NICMOS instrument on HST to extend its
useful lifetime beyond the almost 2 years achieved with the initial charge of solid
nitrogen.

Some types of highly sensitive infrared detectors now being planned for
future missions operate effectively only at temperatures in the millikelvin range.
Additional cooling beyond that achievable with liquid “He must be provided for
them. In the laboratory, a variety of techniques has already been developed to
reach such low temperatures; often, they require a succession of stages that
might employ combinations of thermoelectric, liquid *He, *He/*He dilution, ad-
iabatic demagnetization, or other refrigerators. For long-duration astronomical
space missions, reliable refrigerators will be required to provide these low tem-
peratures continuously or cyclically. Again, these devices are often used in tan-
dem; on the ESA/NASA Planck mission to study the CMBR, a hydrogen sorption
refrigeration provides an 18-K heat station for a mechanical cooler which, in
turn, provides a 4.5K stage for a dilution refrigerator that cools the bolometer
detectors to ~100 mK (9).



Vol. 1 ASTRONOMY-INFRARED 211
Light Collectors

With few exceptions, light collectors for the infrared are all-reflecting telescopes
whose optical components may be aluminized, or gold-coated, depending on the
wavelength range. Conventional telescopes image a portion of the sky onto a
focal plane to provide accurate maps. Occasionally, however, the astronomer is
interested in diffuse radiation that is not localized but arrives from all over the
sky. For such observations, a carefully designed horn, an all-reflecting funnel, is
generally employed to gather radiation from a large but well-defined field of view
in the sky onto the smallest possible detector. These two types of light collectors
were used, respectively, on the ISO/IRAS and COBE spacecraft.

For space applications, there is a premium on lightweight optics because the
mass of the entire satellite scales with the mass of the optical system it must
support, and, in turn, a more massive satellite requires a larger and more ex-
pensive launch vehicle. For an infrared mission, there is the added complication
of the increased thermal conductivity of the beefier structure required to support
the more massive optical system. Both IRAS and SIRTF, as discussed later, used
all-beryllium optical systems because of the favorable strength-to-mass ratio of
this material. The 85-cm diameter SIRTF primary, for example, has a mass of
15kg and an areal density of 26 kg/m?%. By comparison, the Hubble Space Tel-
escope primary mirror has an areal density of 180 kg/m?2. As telescope apertures
beyond ~4m diameter are considered for future missions, another launch ve-
hicle limitation, set by the physical size of the payload shroud, is encountered.
Thus planning for the 8-m diameter Next Generation Space Telescope (NGST) is
based on ultralightweight panels of glass, beryllium, or composite materials,
whose areal density is no greater than 15kg/m?. It would deploy after launch to
achieve the desired aperture (6).

Filters

Filters isolate wavelength ranges of particular interest to the astronomer. For
imaging and photometry, a well-defined, broad wavelength range needs to be
isolated. Carefully designed transmission filters are usually used for this pur-
pose. For spectroscopy, different types of spectrometers that select numerous
narrow-wavelength intervals are inserted between the light collector and the
detector or detector arrays. The most common types of spectrometers for infrared
are prism or grating “dispersive systems” that separate out radiation direction-
ally, according to wavelength, and interferometers. Fabry—Perot interferometers
select one narrow-wavelength range at a time; Michelson and other two-beam,
multiplex interferometers transmit many wavelengths simultaneously but have
to be swept through a range of settings to encode unambiguously and register the
flux detected at each wavelength. Later, we describe spectrometers by their
spectral resolving power R, defined as A/64, where 1 is the operating wavelength
and 04 is the finest discernible spectral detail. The unique requirements placed
on filters and spectrometers for space applications are largely environmental and
have to do with surviving launch or the ionizing radiation in space, or achieving
low mass or volume, rather than with the device’s functionality or performance.
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Early Rocket Instrumentation

In the mid-1960s, a collaborative effort between Cornell University and the
Naval Research Laboratory led to the design of liquid-nitrogen-cooled and even-
tually liquid-helium-cooled, rocket-borne infrared telescopes. Early Cornell de-
signs incorporated a parabolic primary mirror with an 18-cm aperture and focal
ratio length ratio f/0.9. The entire telescope, except for the entrance aperture,
was surrounded by the liquid. Four different types of detectors were flown on
many of these flights to sample the spectral range from 5um to 1.6 mm (10).
Using this apparatus, the total flux in a field of view roughly 1° in diameter was
first successfully measured for the galactic center and four other regions in the
central portions of the Milky Way, at 5, 13, 20, and 100 um. A first spectral
measure of the radiation emitted by the solar system’s zodiacal dust was also
obtained (11).

Some years later, results from a survey conducted in a series of rocket
flights were published by the U.S. Air Force Cambridge Research Laboratories
(now the Air Force Geophysical Laboratories). The group initially flew liquid-
neon-cooled telescopes that had 10-cm apertures and detectors sensitive to ra-
diation at 12-14 pm. Each of six detectors in a linear array surveyed a 10’ x 10’
field of view. Later, the group began all-sky surveys using satellite-borne instru-
mentation and also began observations across wider spectral ranges. Early re-
sults of one of these surveys at 4.2, 11.0, 19.8, and 27 ym were cataloged and
published by Price and Walker (12).

Although rockets have not been extensively used for infrared astronomy in
recent years, large-format infrared detector arrays may enable significant sci-
ence in the limited duration of a rocket flight. For example, a 16.5-cm rocket-
borne telescope instrumented with a 256 x 256 InSb array and cooled by su-
percritical helium has been flown to search for a faint halo of low-mass stars
enveloping a nearby edge-on spiral galaxy (13).

The Infrared Astronomical Satellite

The first true infrared survey of the sky from space was carried out by the
Infrared Astronomical Satellite (IRAS), jointly sponsored by the United States,
the Netherlands, and Great Britain (3). Approximately two-thirds of the 300-day
mission that lasted from January to November 1983 was devoted to an unbiased
survey of the sky that succeeded in charting 98% of the celestial sphere in four
broad wavelength bands. IRAS was launched into a polar orbit at the day-night
terminator which precessed about 1° per day. In this “Sun-synchronous” orbit the
Earth/Sun/spacecraft geometry varied only slowly, so that the survey could be
executed by a simple scanning strategy. Observations were carried out with an
all-beryllium 57-cm aperture, f/79.6 Richey—Chrétien telescope whose focal plane
was cooled to 3K and featured a total of ~60 Si:As, Si:Sb, and Ge:Ga discrete
photoconductors; each had a separate JFET amplifier readout. The detectors
covered, respectively, the 12-, 25-, 60-, and 100-um bands, using Ge:Ga appro-
priately filtered to cover the last two. A low-resolution spectrometer covered the
wavelength range from 7.5-23 um.
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A measure of the mission’s success was the cataloging of some 250,000
celestial sources; the vast majority had never before been detected in the infra-
red. No area of modern astrophysics was untouched by IRAS. A few of the many
scientific highlights include

1. The discovery of galaxies that emit up to fifty times more energy at
far-infrared wavelengths than in the optical domain and also emit from
100 to 1000 times as much total power as our own galaxy, the Milky Way.
The existence of such highly luminous infrared galaxies came as a huge
surprise.

2. The discovery of disks composed of fine dust grains that orbit around a
number of stars that, in many ways, were reminiscent of our own Sun. This
dust, it was conjectured, is the remnant of an originally far more massive
circumstellar cloud of gas and dust from which a system of planets had
already formed and initiated further astronomical searches for signs of
planets around these stars. A sharply defined, though far fainter, set of dust
rings was also found orbiting our own Sun, as were enduring trails of dust
left by the passage of solar system comets.

3. The successful measurement of spectra for planetary nebulae and a variety
of other sources at wavelengths previously inaccessible due to telluric ab-
sorption. IRAS also identified patchy infrared emission from the diffuse
interstellar medium, referred to as “infrared cirrus” because of its similar-
ity to the thin, streaky clouds in Earth’s atmosphere. Infrared cirrus is
important as a tracer of matter within our galaxy and as a potential source
of interference in observations of distant galaxies.

The Cosmic Background Explorer, COBE

COBE, built by NASA and launched into a polar orbit identical to that of IRAS in
1989, was dedicated to the study of the microwave and infrared background
radiation in space (14). It carried three instruments; two of them, the Diffuse
Microwave Radiometer (DMR) and the Far Infrared Absolute Spectrophotometer
(FIRAS) were used to study the CMBR —the isotropic blackbody radiation whose
temperature is ~2.73 K and is believed to be a relic of the Big Bang in which the
Universe was born. The third experiment, the Diffuse Infrared Background Ex-
periment (DIRBE), measured the background at infrared wavelengths from 1-
200 um. DIRBE and FIRAS were cooled by liquid helium and mapped the entire
sky repeatedly during the ~10-month cryogenic lifetime of COBE. The critical
components of DMR were cooled passively to ~140 K; this instrument operated
for about 4 years.

The CMBR carries important cosmological information, and DMR and
FIRAS were extremely successful, respectively, in measuring the spatial struc-
ture in that radiative field and in establishing its blackbody nature at a very high
degree of precision. These important cosmological experiments will not be dis-
cussed further here. Of course, both FIRAS and DMR also measured the fore-
ground radiation from our own galaxy. FIRAS was a polarizing Michelson
interferometer instrumented with helium-cooled bolometers as detectors. It
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obtained spectra of the galactic emission from ~100pum to ~3mm using a
7° field of view. Of particular interest was its detection of emission from oxygen,
carbon, nitrogen, and carbon monoxide from gas in the Galaxy (15).

DIRBE made measurements in ~15 wavelength bands, using a variety of
discrete photodiodes and photoconductors from 1-100 um and helium-cooled
bolometers at 140 and 240 um. All measurements were referenced to an internal
cold, black reference surface so that the absolute sky brightness was determined.

The principal scientific results from DIRBE include (16)

1. An improved determination of the distribution of the infrared radiation from
the zodiacal dust cloud within the solar system, which has led to improved
models of the dust cloud and its infrared emission. DIRBE also confirmed
IRAS’ discovery of a modest enhancement of emission in Earth-trailing di-
rection, which is attributed to temporary gravitational trapping by Earth of
zodiacal dust particles that are spiraling inward towards the Sun.

2. Measurements of the large-scale distribution of infrared radiation from the
Galaxy, including both the far infrared radiation from 25-200um that
samples the distribution of heated dust, and the near-infrared radiation
from 1-25 pm that is indicative of the large-scale distribution of stars in the
Galaxy.

3. Detection of an isotropic background of infrared radiation at 140 and
240 um that arises from outside the Galaxy and may be attributable to the
integrated effects of star-forming galaxies at redshifts z~1 to 2.

The Infrared Space Observatory (ISO)

The Infrared Space Observatory, built and launched by the European Space
Agency (ESA), was the first comprehensive infrared astronomical space observ-
atory. NASA and the Japanese Space Agency (ISAS), provided important techni-
cal, operational, and scientific support. ISO mapped celestial sources and analyzed
them through spectroscopy, photometry, and linear polarization studies (17).

On the night of 16-17 November 1995, an Ariane 4 rocket launched ISO
into a highly elliptical, 24-hour, circumterrestrial orbit, where the observatory
operated with great success until its helium ran out and instruments began
warming up in April 1998. The spacecraft in orbit was 5.3 m long, 2.3 m wide, and
its mass was approximately 2500 kg. At launch, it carried a superfluid helium
charge of 2300 liters, which maintained the Ritchey—Chrétien telescope, the sci-
entific instruments, and the optical baffles at temperatures of 2-8 K. The diam-
eter of the telescope’s fused silica primary mirror was 60cm. A three-axis-
stabilization system provided an absolute pointing accuracy of a few seconds of
arc and stability of a fraction of an arc second in both jitter and long-term drift.
The telescope was diffraction-limited down to wavelengths of roughly 5 um. Four
instruments formed the core of the scientific payload:

1. A camera containing two 32 x 32 pixel arrays: InSb for the wavelength
range 2.5-5.5um, and Si:Ga for the range 4-18 ym. Each array could be
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operated with a selection of filters for broadband spectrophotometry or
continuously variable filters (CVF) for low-resolution (R~40) imaging
spectroscopy and could view sources through three linear polarizers ori-
ented relative to each other at angles of 60°.

2. A photometer covered the entire wavelength range from 2.5-240pum. It
employed Si:Ga detectors that gave peak response at 15 um, Si:B detectors
that gave peak response at 25 um, unstressed Ge:Ga detectors that gave
peak response at 100 um, and stressed Ge:Ga detectors that gave peak
response at 180 um. Stressed detectors are mounted in a miniature clamp
or vise that applies high mechanical pressure to the crystal, thereby ex-
tending their wavelength response. At 100 and 200 pm, the instrument
housed, respectively, 3 x3 and 2 x 2 arrays of unstressed and stressed
Ge:Ga to facilitate mapping. Multiple apertures, multiple filters, and po-
larizers were used for photometric and photopolarimetric measurements in
each range. Scanning and mapping operations were carried out at all
wavelengths. Two grating spectrophotometers, each with a 64-element lin-
ear Si:Ga detector array, provided spectra with resolving power R~ 100 at
2.5-5 and 6-12 pm.

3. A short-wavelength spectrometer included both grating and Fabry-Perot
(FP) instruments. Grating spectra were available for the entire wavelength
range from 2.38 to 45.2 um, with resolving power R~ 1000-2000. The FP
mode covered the 11.4- to 44.5-uym range and gave resolving power
of a factor of 20 higher. For the grating mode, the detectors were InSb at
2.38-4.08 ym, Si:Ga at 4.08-29 um, and Ge:Be at 29-45.2 ym. For the FP
mode, Si:Sb was used out to 26 um, and Ge:Be from 26-44.5 um.

4. A long-wavelength spectrometer provided coverage from 43-196.9 um. A
grating provided resolving power R ~150-200. A FP mode permitted ob-
servations at R ~6800-9700. The 10 detectors, arranged in a linear array

on a curved surface, were Ge:Be at 43-50um, unstressed Ge:Ga at
50-100 pum, and stressed Ge:Ga beyond 110 pm.

Among the scientific highlights of ISO were

1. The detection of water vapor throughout the interstellar medium of the
Galaxy. Before ISO, the infrared emission from interstellar water vapor
could not be detected because telluric water vapor absorbs at precisely the
emission wavelengths. Water vapor, however, can be one of the primary
coolants of interstellar clouds, and the extent of this cooling needed to be
understood to assess the extent to which it facilitates protostellar collapse.

2. Detection of polycyclic aromatic hydrocarbons in the spectra of galaxies.
These large molecules were well known in our galaxy, but ISO had the
sensitivity needed to show that their emission dominates the 5- to 12-pm
emission from nearby spiral galaxies as well. The emission from these
molecules is due to radiative fluorescence: a molecule is excited by optical or
ultraviolet radiation, quickly rereadiates the energy of a single absorbed
photon, in the infrared and returns to the ground state.
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3. Inventories of extragalactic source-counts at wavelengths ranging from 4-
175 um. These are of particular value in understanding the origins of the
extragalactic diffuse infrared radiation detected by the COBE mission.
Many of the randomly observed galaxies appear to be ultraluminous, in-
dicating that they contain substantial regions of massive star formation or
that they harbor an active galactic nucleus that possibly surrounds a mas-
sive central black hole.

The Space Infrared Telescope Facility (SIRTF)

NASA is developing SIRTF for launch in 2003; it has a projected cryogenic life-
time greater than 5 years (1). SIRTF will be an observatory for infrared astron-
omy from space and will complete NASA’s family of Great Observatories (the
other members are the Hubble Space Telescope, the Compton Gamma Ray Ob-
servatory, and the Chandra X-ray Observatory).

SIRTF culminates the four decades of technology development and scien-
tific progress described above. SIRTF will be the first space mission to use ex-
clusively the imaging and spectroscopic power of large format infrared detector
arrays. SIRTF’s all-beryllium telescope that incorporates an 85-cm diameter
primary mirror and is diffraction-limited down to 6.5 um, defines the state of the
art for ultralightweight cryogenic optics. The SIRTF telescope and cryogenic
system will be carried on a fairly standard spacecraft bus that provides pointing
control, power, data storage, and communication. The pointing system is built
around an external autonomous star tracker that controls and reports the
spacecraft orientation at more than 2" accuracy and has a reaction wheel/gyro
control system. Visible light sensors in the cold focal plane can sense stars si-
multaneously using the external star tracker to track the relative orientation of
the telescope and star tracker lines of sight. This pointing system architecture
was used on ISO as well. The SIRTF spacecraft also incorporates a nitrogen gas
system that is used to unload the reaction wheels if they accumulate too much
angular momentum; the magnetic torquer bars used for this function in Earth-
orbiting spacecraft would not work on SIRTF because it is far outside Earth’s
magnetosphere.

Unlike the missions previously described, all of which operated in Earth
orbit, SIRTF will be placed into an Earth-trailing heliocentric orbit, drifting
slowly away to reach a distance of ~0.5 AU from Earth after 5 years. In this
orbit, SIRTF is free of the heat load from Earth and provides good access to the
sky for target selection and scheduling. SIRTF will launch with the telescope
warm and the instruments at helium temperature. In space, the telescope and its
surrounding thermal shields cool radiatively to ~40K, and the efluent helium
from the cryogenic tank cools the telescope down to its operating temperature of
~5.5K (see Fig. 1b). The thermal shields remain at 40 K and below throughout
the mission, so that the parasitic heat conducted into the telescope is very small.
As a result, the heat load that dissipates the SIRTF cryogen and determines the
lifetime of the mission comes largely from the focal plane instruments.

This hybrid, radiative, cryogenic cooling system is facilitated because SIR-
TF can maintain an attitude in its solar orbit in which the solar panel is always
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oriented toward the Sun and shades the thermal shields that control the tele-
scope temperature. These structures, in turn, are optimized to minimize the heat
transferred from the solar panel and to radiate to space any heat that is trans-
ferred. This approach would not work in near-Earth orbit because the heat load
from Earth would occasionally be incident on the thermal shields and turn the
radiator into an absorber.

This optimized cryogenic system, together with the low-power dissipation of
its instruments and the elimination of parasitic heat loads, makes SIRTF a much
more efficient system cryogenically than any of its predecessors. SIRTF carries
350 liters of helium at launch, and a lifetime of 5+ years is predicted, based on
an average instrument power dissipation of ~5mW. By comparison, ISO was
launched with ~ 2300 liters of helium and achieved a lifetime of ~ 2.5 years with
an average instrument power dissipation of ~10mW.

SIRTF will carry three array-based focal plane instruments:

1. A near-infrared camera that provides imaging simultaneously in four
bands at 3.6, 4.5, 5.8, and 8 pm. Both of the 3.6- and 5.8-um channels image
the same field of view in the sky; this is made possible by a dichroic filter
that transmits 5.8 um and reflects 3.6 um. An adjacent field of view is im-
aged at 4.6 and 8 um in a similar fashion. Each band uses a 256 x 256 pixel
array hybridized to a 256 x 256 MOSFET multiplexer. The detector mate-
rial is InSb in the 3.6- and 4.5-um bands and Si:As in the 5.8- and 8-pum
bands.

2. A spectrometer that provides low resolving power (R ~ 60-120) spectroscopy
from 5-40 pm and higher resolution spectroscopy (R ~600) from 10-38 um.
The spectrometer consists of four physically distinct modules; each contains
a 128 x 128 array (Si:Ga for the shorter wavelengths, Si:Sb for the longer
wavelengths) illuminated by an optical train of mirrors and gratings. The
use of detector arrays allows these modules to be very compact and efficient
and obviates the need for moving parts. The higher resolution modules use
two diffraction gratings so that, an entire octave of the spectrum can be
cross-dispersed across the entire array and measured simultaneously. In
the lower resolution modules, a long entrance slit is used to permit ob-
taining spectra simultaneously at many spatial points. A portion of the
array in one of these modules is also used for the precision target acqui-
sition required to place a source on a narrow spectrograph slit, thereby
alleviating the absolute pointing requirements placed on the spacecraft.

3. An imager/photometer that provides imaging and low-resolution spectro-
photometry at wavelengths between 25 and 160 pm. This instrument uses a
128 x 128 Si:Ga array at 25um but incorporates two Ge:Ga arrays for
longer wavelength measurements. The 32 x 32 Ge:Ga array used by
SIRTF at 70 um is composed of eight 4 x 32 submodules; each in turn con-
sists of four 1 x 32 linear arrays, coupled to a 1 x 32 amplifier/multiplexer.
The 2 x 20 array used at 160 pm is similarly built up of four 2 x 5 pixel
modules with the added complication that the module construction allows
for the mechanical stress needed to extend the long-wavelength response
of Ge:Ga from 120 to beyond 160 um. These arrays represent substantial
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advances in the state of the art and point the way toward still larger arrays
for future applications. Note that although these arrays have fewer pixels
than those described before, they are to be used at longer wavelengths
where the diffraction-limited image size is larger compared to the field of
view. Thus they provide comparable sampling of the telescope’s focal plane;
in fact, all three arrays are designed to sample the image fully to allow
numerical postprocessing of the data to enhance the spatial resolution.

The scientific return of SIRTF cannot be forecast because its capabilities rep-
resent such a great advance beyond what has been possible in the past and also
because the bulk of the observing time on SIRTF will be dedicated to programs to
be proposed and carried out by the general scientific community. However, based
on the science return from the other missions described before, we anticipate
that SIRTF will lead to great advances in our understanding of such problems as

the formation and early evolution of galaxies, stars, and planets;

. the physical processes that power the objects of highest luminosity in the

Universe;
the chemical composition of interstellar and circumstellar matter;

the nature of the coolest, lowest luminosity stars and star-like objects in the
solar neighborhood; and

. the properties and interrelationships of comets, asteroids, interplanetary

dust, and other small bodies in the solar system.

In addition, SIRTF’s large arrays, very high sensitivity, and long lifetime give
this mission great potential for discovering new phenomena.

Other Infrared Missions Already Flown

Other significant infrared space astronomy missions are described briefly here:

1. The Spacelab II Infrared Telescope—1985. A 15-cm diameter helium-cooled

telescope was flown on Spacelab-2 and made infrared measurements be-
tween 2 and 120 um. It provided data about the structure of the Galaxy (18)
and about the infrared background environment on the Space Shuttle.

. The Midcourse Space Experiment (MSX)—1995. MSX carried a 35-cm ap-

erture off-axis telescope and five linear Si:As arrays that mapped the sky in
a push-broom fashion in bands from 4-22 pm. Although it was primarily
designed to scan Earth’s limb, it carried out a number of astrophysical
experiments and produced excellent images of the entire galactic plane at
~ 18 arcsec resolution (19).

. The Infrared Telescope In Space (IRTS)—1995. IRTS was an ISAS

program with significant NASA participation. IRTS had a 15-cm diameter
liquid-helium-cooled telescope and four varied focal plane instruments cov-
ering wavelengths from 3-800um. It was carried on a Japanese satellite
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called the Space Flyer Unit and surveyed ~6% of the sky in a 5-week
lifetime (20).

4. The Near Infrared Camera and Multi-Object Spectrograph (NICMOS)—
1996. NICMOS is a replacement focal plane instrument, which was in-
stalled on HST. It was instrumented with three 256 x 256 HgCdTe arrays
that carried a range of filters that covered the 1- to 2.5-pym spectral band
and was optimized for high spatial resolution imaging. NICMOS was cooled
by solid nitrogen and achieved a lifetime of slightly less than 2 years. This
was somewhat less than expected because of a partial failure of the cryo-
genic system in orbit (21).

5. The Submillimeter Wave Astronomy Satellite (SWAS)—1998. SWAS was
the first space mission to carry radio-type (heterodyne) receivers for
spectroscopic exploration. SWAS has a 55 x 71 cm near-optical quality
off-axis primary mirror and two heterodyne radiometers with Schottky
barrier diode mixers and a single acousto-optical spectrometer. SWAS is
surveying the galactic plane in the emission of atomic carbon, molecular
oxygen, water vapor, and carbon monoxide in five transitions between 538
and 615 pum (22).

Future Missions

A number of missions are planned or proposed for the next two decades to go
beyond even the great scientific and technical accomplishments described before.
These include

1. The Infrared Imaging Surveyor (IRIS) is a Japanese mission that will em-
ploy a 70-cm telescope cooled to 6 K, using a hybrid cryogenic system that
incorporates both liquid helium and mechanical coolers to achieve a life-
time in excess of 1 year. Its primary mission is to conduct an all-sky survey
at wavelengths of 50-200 um at an angular resolution of 30-50 arc seconds.
The detectors to be used for this purpose are stressed and unstressed
Ge:Ga. IRIS is likely to be launched in the first half of the decade 2000—
2010 (23).

2. The Far Infrared Space Telescope (FIRST) is a mission sponsored by the
European Space Agency with substantial participation by NASA. Its pri-
mary mission is to provide detailed spectroscopy and imaging for the 80- to
670-um spectral range. It features a 3.5-m passively cooled, primary mirror
that illuminates three different liquid-helium-cooled instruments. FIRST is
to be launched by an Ariane 5 rocket into a Lagrangian point L2 orbit in the
second half of the decade 2000-2010 (24). FIRST will share its launch ve-
hicle with the Planck mission to study the CMBR mentioned earlier. FIRST
has been renamed Herschel by ESA.

3. The Next Generation Space Telescope (NGST) is an international mission
led by NASA, that will use a radiatively cooled, ultralightweight 8-m di-
ameter telescope that will deploy following launch (6). A suite of focal plane
instruments using very large detector arrays will observe at wavelengths
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~0.6 pum to beyond 10 um. NGST will greatly extend the scientific results of
both HST and SIRTF in this wavelength region. NGST will be launched by
an Atlas rocket into a Lagrangian point L2 orbit toward the end of the
decade 2000-2010 and will have a scientific lifetime greater than 5 years.

4. Interferometers in Space (25). All of the missions described before were

built around a single telescope. To achieve much higher resolution than the
~0.1-1 arcsec achievable with an ~8-m telescope, it will be necessary to
use the techniques of interferometry, in which infrared radiation collected
by two widely spaced telescopes can be brought together to achieve angular
resolution comparable to that which would be provided by a single telescope
whose aperture is equal to the separation of the two telescopes. Ultimately,
this technique will be employed in NASA’s Terrestrial Planet Finder,
scheduled to launch in the 2010-2015 time frame to image Earth-like
planets around nearby stars.
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BIOLOGICAL RESPONSES
AND ADAPTATION TO
SPACEFLIGHT: LIVING IN
SPACE—AN
INTERNATIONAL
ENTERPRISE

Introduction

Attempting to predict human responses to space travel, physicians and re-
searchers of the 1950s speculated that microgravity and spaceflight itself would
present significant challenges-if not barriers—to the human body (1,6). They
hypothesized that the combined stresses of launch acceleration, weightlessness,
radiation, and heavy deceleration upon reentry would be incapacitating. At the
very least, they predicted that the bodily systems sensitive to gravity-based cues
would function improperly or not at all. Given this grim forecast, the initial focus
was to demonstrate that life, away from Earth, could survive space travel and
subsequent return to Earth’s gravity. Faced with this challenge, both the United
States and Soviet Union turned first to ground simulations, such as immobili-
zation studies, and then to the study of animal test subjects launched on board
high-altitude balloons, suborbital, and orbital rockets. What followed is a series
of biological satellites that carried a variety of living specimens, from isolated cell
cultures to whole instrumented organisms. The Soviet Union relied primarily on
canines to provide such data, whereas the United States chose primates for such
experimentation.

There is not much doubt that in the beginning of the U.S. space exploration
effort, the primary motivation was very real competition with the Soviets. What
is remarkable is that in 1969, at the very height of this competition, when the
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Americans first landed on the Moon, a long-lasting collaborative program in
space biology was initiated by the United States and the Soviet Union. In that
year, NASA flew the U.S. built “Biosatellite”. This was a complex satellite that
was placed in near-earth orbit with an appropriately instrumented chimpanzee
as the payload. “Biosatellite” was flown and was successfully recovered after a
week in orbit. Numerous measurements were made, but ultimately NASA rated
the mission as only “partially successful,” because of the death of the primate
early in the postflight period, due to complications from loss of fluids and
potentially an infection, thus loss of valuable data.

The “Biosatellite” mission was managed by the NASA-Ames Research Cen-
ter because Ames was NASA’s lead center in space biology. With the Apollo
program in full gear, NASA decided to cancel all planned biological flight pro-
grams, except for a small experiment involving the behavior of a frog’s otolith in
zero gravity. The response from the leadership at Ames was to seek permission
from NASA Headquarters to initiate collaboration with the Soviets in this area.
Drs. Harold P. Klein and Joseph C. Sharp succeeded in making the case, and they
received permission to go ahead. Eventually, several distinguished Soviet scien-
tists were invited to visit Ames. This group included Professor Alexander Oparin,
who was a distinguished expert in exobiology, and Academician Oleg Gazenko,
an important leader in the Soviet space organization.

Eventually, an agreement was reached that would call for U.S. scientists to
develop biological payloads to be flown on Soviet “Vostok” spacecraft. Dr. Sharp
was the coordinator on the U.S. side, and Dr. Eugene Ilyiin, Dr. Gazenko’s deputy
for biology, was the Soviet leader of the program. The first payload was flown in
1975. Since then, there has been an average of one flight every 2 years, and some
significant scientific results were obtained early in the program (2,4). The early
success of this program led to a sustained cooperative effort that survived several
U.S. — Soviet confrontations during the Cold War. The Soviet invasion of Af-
ghanistan in late 1979 caused President Carter to terminate many relationships
that had been established as the Cold War wound down. For example, U.S. par-
ticipation in the Moscow Olympic Games in 1980 was canceled. However, early in
1980, an American biological payload was flown aboard a Soviet satellite.
Appeals from the scientists involved in this work prevailed to keep things going.

The success of the U.S. — Soviet collaboration, which also included exchange
of biomedical data from piloted missions, was followed by the much higher profile
1975 Apollo. Soyuz Test Project Joint U.S. — Soviet flight and docking of the
respective countries, spacecraft in low Earth orbit. This program was the result
of a diplomatic effort during the Nixon — Ford Administrations. To promote a
“détente” in the Cold War, it was felt that a joint U.S. — Soviet space mission
would be helpful. The joint U.S. — Soviet crew performed a number of scientific
experiments, but it was clear that the primary justification was symbolic. In that
sense, the linkup of the U.S. Apollo and the Soviet Soyuz spacecrafts, which led to
the famous “handshake in space,” was a successful effort that aided the process of
“détente” (3).

Serious thinking about possible scientific U.S. — Soviet collaboration of peo-
ple in space was triggered by the successful first flight of the new Space Shuttle
“Columbia” in April 1981. The Soviets had deployed the “Salyut 7” space station
in 1982, and the existence of these capabilities once again led to the development
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of some specific proposals for collaborative efforts. In 1982 and 1983, Air Force
Lieutenant General James A. Abrahamson, who was serving as NASA’s
Associate Administrator for Space Flight at the time, proposed a “people
exchange” between “Columbia” and “Salyut 7.” The idea would be to have
“Columbia” fly close to the “Salyut 7” station. An Astronaut from “Columbia”
would perform an extravehicular activity (EVA), do a “space walk,” and enter
“Salyut 7.” This would be followed by a Soviet Cosmonaut leaving “Salyut 7” and
joining the crew of “Columbia.” A preliminary proposal was developed but was
not mplemented for various technical and political reasons that existed at the
time.

The end of the Cold War in 1991 led to an expansion of U.S. — Russian
collaborative activities in space. A series of meetings between the U.S. Vice
President, Albert V. Gore, and Russian Prime Minister Victor Chernomyrdin
resulted in agreements that involved the collaborative use of the Russian
“Mir” Space Station, as the Russian participation in and contribution to the
International Space Station Program. James Beggs and Dr. Hans Mark, the
NASA Administrator and Deputy Administrator, secured Administration and
Congressional support to initiate the latter facility in 1984. From the very be-
ginning, the U.S.-led space station program was intended as an international
effort. The European, Canadian, and Japanese Space Agencies had strong roles
in the beginning, and in 1993, Russia was brought into the program. The Russian
contribution was to build various segments of the Space Station and to use Rus-
sian “Proton” launch vehicles to resupply the Space Station. The Russians also
agreed to provide the Soyuz TM spacecraft as an initial crew rescue vehicle. The
NASA Administrator Daniel S. Goldin initiated the International Space Station
redesign effort to accommodate all of the international partners, improve
research capacity, and provide long-duration spaceflight training for U.S. astro-
nauts and ground personnel. It was also a rehearsal for international partners of
living and working together in space. In addition, NASA resources were used for
more than 300 Russian space scientists for competitively selected research
projects and collaboration with their U.S. counterparts. This effort provided
much needed resources to the Russian space science community at the time of
economic transition in the post-Soviet era. The Research program on the MIR
Space Station was developed by Drs. Arnauld Nicogossian and Carolyn Huntoon
for NASA. Dr. Nicogossian was responsible for overseeing the implementation of
the research program on “MIR” and the funding of the Russian space science
community.

These efforts began in 1995 with a rendezvous in space between the Space
Shuttle “Discovery” and the “Mir” Space Station. An astronaut-cosmonaut ex-
change was executed later in 1995 in a docking of Space Shuttle “Atlantis” and
“Mir” that finally fulfilled what General Abrahamson had proposed more than a
decade earlier. The difference between what was done in 1995 and what had been
proposed is that no EVA was necessary to do the 1995 mission. An adapter had
been constructed to make it possible for the U.S. Space Shuttle to dock directly
with the “Mir” Space Station. The first Shuttle — Mir mission was followed by a
number of docking missions involving both American astronauts and Russian
cosmonauts. In this way, several Americans experienced truly long-duration
spaceflights for the first time.



Vol. 1 BIOLOGICAL RESPONSES AND ADAPTATION 225

With the advent of the International Space Station, U.S. — Russian collab-
oration quickened. It is now quite routine to have “mixed” U.S. — Russian crews
working for long periods of time on the International Space Station. Thus, in
the span of four decades, sustaining life in space has evolved considerably from
the first flights intended to prove that humans could endure microgravity. Since
the first forays into space by Gagarin, Shepard, Grissom, Titov, and Glenn, the
United States has explored the Moon, the Soviet Union/Russia has maintained a
series of space stations in orbit for more than 25 years, and American astronauts
have shepherded the orbital Shuttle through more than 100 missions and hun-
dreds of sophisticated biomedical experiments. One of those missions carried
Senator John Glenn, on his second flight 36 years after the Mercury 6 orbital
flight, intended to underscore another NASA — NIH cooperation in the study of
aging. An intrinsic, even critical, component of this evolution has been to define
and overcome the biomedical challenges of human space flight and also to un-
derstand the role of gravity in critical life processes. After all, life originated and
evolved under the constant pull of Earth’s gravity, using this force from cradle to
grave in ways that are still poorly understood. Only recently, pulling together
ground and flight data obtained from integrated and interdisciplinary biological
and clinical experiments, scientists have begun to unravel the effects of gravity
on living systems. This understanding was made possible by the collaboration of
scientists around the world and the participation of the National Institutes of
Health. The ability of gravity to up- or down-regulate certain genes involved in
musculoskeletal metabolism and the capacity of the nervous system to adapt its
function rapidly as a result of changing gravitational forces are just two of the
most fascinating discoveries reported recently (4).

What follows is an attempt to present a concise overview of life in space,
physiological responses to this new environment, and associated health impli-
cations for future space travelers. Consideration must be given to the hostile, and
yet dynamic environment of space; to the craft that protects the crew members
from the harsh environment, allowing them to navigate in space; and to life itself
as it adjusts to this novel environment. Today we know that some adaptive
changes, such as immune and hormonal responses, are primarily the response to
the stresses of confinement, isolation, and spacecraft design, not necessarily to
the unique effects of the space environment.

The Spaceflight Environment

The first astronauts and cosmonauts were required to function—eat, drink,
communicate, and move—for extended periods of time in a novel and complex
environment. Early biomedical studies demonstrated that the combined factors
of spaceflight did exact a toll on the physical performance and health of crew
members. Furthermore, early crew members and aerospace engineers realized
that spaceflight was really the sum of several complex factors, only one of which
is microgravity. The success of each mission is driven by a number of param-
eters—crew performance, crew health, the internal spacecraft environment,
system performance, and the external environment—whose sum represents a
challenge to safety and, most importantly, human survival.
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External. In orbit, a spacecraft moves around Earth in a constant state of free
fall that produces microgravity. Because all organisms on Earth have evolved
and developed in the presence of gravity, the absence of this force imparts adap-
tive changes that are initiated immediately upon exposure. Some of these con-
tinue throughout the course of the mission. The net results of these changes are
altered physiological function and structure that can offset health and perform-
ance in space and postflight.

Although the most conspicuous characteristic of the space flight environ-
ment is reduced gravity, a number of other factors contribute to its biomedical
effects on humans. Primarily, space is a hostile environment to life. It is distin-
guished by profound fluctuations in temperature ranging from 220K in the
stratosphere to 1000 K in the thermosphere (5), the lack of a breathable atmos-
phere due to a near-near-perfect vacuum, and a number of constant and inter-
mittent radiative events. In addition, the spacecraft is usually subjected to
micrometeoroid bombardment and recently, to a large amount of human-made
debris. All of these external and internal environmental events require constant
monitoring to protect crew health and mission safety (6,7).

The radiative environment is comprised of several sources of ionizing ra-
diation, a general term that encompasses particles that can alter molecular
electrons upon contact: solar energetic particles emitted during solar flares,
particles trapped in Earth’s magnetic field, and galactic cosmic radiation (8).
Although each of these sources consists of various types of space radiative par-
ticles, the most significant barriers to mitigating radiative exposure are

1. an incomplete understanding of the detrimental effects caused by ionizing
radiation, and

2. an inability to predict and model radiative events fully in time to protect a
space-faring crew or biologically based life support system (9).

Presently, crew and spacecraft interior are monitored by a series of passive and
active dosimeters, and ground-based monitoring can warn of impending solar
flares so that the mission can be abbreviated. The Soviet Union and NASA per-
formed a number of experiments, using biosatellites, the Space Shuttle, the Mir
Space Station, and now the International Space Station (ISS), to understand the
of effects protons, neutrons, electrons, and heavy cosmic ions on the function of
living organisms. Now, it is postulated that one of the effects of continuous ex-
posure to galactic — cosmic radiation can result in cellular genomic instability,
manifested as generational cancer and/or malformations. Comparison of the
measurements made during the Skylab mission in 1971-73 to those obtained
from the NASA-MIR (ISS Phase I) experiments showed that the South Atlantic
Anomaly, and the associated radiation, has moved westward and north, reflect-
ing a displacement in Earth’s electromagnetic fields (4,9). NASA, together with
the ISS partners, is now beginning to standardize radiative measurements and
data analysis. Since 1998, NASA and the National Institutes of Health developed
a research program to study the long-term genetic implications of exposures
to constant low-level radiation. One of the most unexpected findings from the
NASA - Russian cooperation was the realization that the spacecraft’s aluminum
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shell results in fragmentation and transformation of incoming energetic
rays (bremsstrahlung) that contribute up to 30% of the total space radiative
exposures (10).

Internal. Not all biomedical changes or medical events observed in spaceflight
result from altered gravity or the influences of the external environment. The
human-rated spacecraft must protect the crew from the hostile external envi-
ronment and provide the resources necessary to support human life and work
(see U.S. Manned Spaceflight: Mercury to the Shuttle). The design and perform-
ance of such spacecraft has evolved considerably from the first space capsules
to the “shirt-sleeve” environment of the International Space Station. Common to
all spacecraft environments, however, is the requirement for appropriate air,
water, temperature, and pressure and consideration for the human factor in
design and performances, that is, the environment must be precisely monitored
and maintained using a minimum of resources including power, mass, and crew
time (11).

Although the spacecraft itself must be rigorously designed to shield crew
members from both constant and intermittent ionizing radiation, cumulative
exposure levels within the spacecraft must be constantly monitored and as-
sessed. Currently, both active and passive dosimeters of different sensitivities are
used to track the exposure of each individual and selected regions in the space-
craft. As missions of increasing duration are emphasized, however, monitoring
requirements will become more stringent, and highly accurate modeling and
prediction will become a central means of protecting crew members. Because
missions beyond earth’s orbit cannot be rescheduled or aborted to avoid predicted
radiative events, exploratory missions will require a heavily shielded shelter,
preferably constructed with a nonmetallic and high hydrogen content material
within the spacecraft, or some other solution for protecting space-faring crews
from high radiative exposures.

The spacecraft environment itself provides additional challenges to crew
health and safety. A majority of these constraints results from the combined
physical environment of spaceflight. Crew members are expected to live in con-
finement far distant from friends and family are subjected to extreme scrutiny
and pressure to complete their work in a timely and consistent manner (12). This
stress and isolation is compounded by the fact that a sunrise or sunset occurs
every 90 minutes in low Earth orbit. Although initially disconcerting to crew
members, altered dark-light cycles have a significant physiological effect on the
quality and quantity of sleep and ultimately, performance. The sum of these
challenges, both mental and physical, can exact a considerable toll on crew
members unless they have appropriate support from ground personnel, sufficient
personal time and space, and flexible work/rest schedules.

Numerous analog environments, including extended bed rest and Antarctic
wintering-over expeditions, have been explored to understand the cumulative
effects on human performance and psychosocial health. Human experimentation
in space is a tedious and difficult task: differences among missions, variability in
environmental parameters, small sample size, and mission constraints have
made the design and execution of controlled experiments quite challenging (6).
The Soviet Union/Russia operated its spacecraft at near 760 torr and normal
atmospheric gas composition and pressure, whereas the United States adopted a
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one-gas (100% oxygen) one-third atmospheric (250 torr) pressure. The intent was
to simplify the life support system and minimize decompression sickness during
space walks. This approach was used for early human missions and was intended
to save time in the race to the Moon. At the conclusion of the Apollo missions,
NASA engineers were faced with a prospect of oxygen toxicity during the long-
duration Skylab missions. NASA and U.S. Air Force life scientists solved this
problem by adding 20% nitrogen to Skylab’s atmosphere. In the meantime, the
tragic death of the three Soviet cosmonauts returning from the first Space Sta-
tion, Salyut 1, created concerns in NASA regarding the safety of long-duration
biomedical research on Skylab. Following a cooperative agreement signed in
1971, Soviet life scientists shared the medical findings from the Salyut 1 mission
with their NASA counterparts, demonstrating that rapid decompression, due to a
hatch seal failure, resulted in crew death. This mutual collaboration ensured
confidence and the success of Skylab missions, and it also generated an unprec-
edented and very successful scientific and professional medical relationship be-
tween the physicians and scientists of the two countries. This relationship
persists to this day, despite many political and management changes in both
countries. The major engineering and biomedical challenge to both countries was
presented during the planning and execution of the Apollo-Soyuz Test Project,
docking two spacecraft that had markedly dissimilar atmospheres, posing a
potential fire hazard to the Soyuz Spacecraft, and the risk of bends to the crews.
A special transfer airlock module was developed for this purpose. This module
was carried by the Apollo spacecraft and docked with the Soyuz; during the joint
phase, the atmospheric pressure in the Soyuz was reduced by 155 torr, and the
oxygen concentration was slightly increased. During a 3-day period, the crews
visited each other’s spacecraft three times; no bends occurred despite repeated
recompressions and decompressions in the airlock.

The Space Shuttle presented a real challenge for space walks and the risk of
bends. NASA adopted a standard atmosphere composition and pressure, in a
decision made in response to the demands from the international scientific com-
munity, but the space suit pressure and gas composition changed little. NASA’s
budgetary constraints precluded the opportunity of using advanced space suits
designed by the Ames Research Center. This concern for bends continues to
persist in the ISS era.

Over the years, life scientists learned that an answer to the challenges
posed by the engineering design, mission constraints, and uncertainties of re-
search in space is to use multiple species, in addition to humans, to document
similarities in responses to experimental variables among species. This requires
integrating many different biological specimens into major life science experi-
ments, especially during the Shuttle/Spacelab era. The necessity to execute
integrated international experiments to increase the scientific return was
demonstrated by the U.S. and Soviet/Russian life science cooperation (4,10).

To date, more than 350 individual biological experiments were flown in
space. NASA launched 20 suborbital and 4 orbital missions, and Soviet Union/
Russia launched more than 22 spacecraft (Biosattelite) dedicated primarily to
fundamental biology. The last 11 Biosatellites included international participa-
tion, with major contributions from the NASA Ames Research Center. A total
of 35 different species were flown by NASA, Russia, Europe, Japan, Ukraine,
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and Canada. The results of these investigations are presented in the following
sections.

Biomedical Challenges

The organism uses a complex set of biological tools to sense, process, and respond
to the ever-changing environment, be it the normal habitat on Earth or the close
quarters of spacecraft. Full understanding of the relationships between these
various tools is yet to be achieved. Table 1 presents concisely the sum of our
current knowledge in this area.

Because of the complexity and individual nature of human adaptation to

spaceflight, changes are often considered on a systemic basis. Although this ap-
proach is useful for understanding system-specific functional alterations, it does
not fully characterize the effects of living and working in the spaceflight envi-
ronment. As a result, more recent studies have focused on whether crew mem-
bers maintain appropriate levels of functional performance, the ability to perform
key activities such as intra- and extravehicular activity (IVA, EVA) or emergency
egress during or following long-duration spaceflight. Aerobic capacity, a measure
of the amount of oxygen consumed during a single bout of maximal exercise,
reflects the integrated performance of the cardiovascular, nervous, and mus-
culoskeletal systems. As illustrated in Fig. 1, aerobic capacity is diminished by
spaceflight but does show a relatively rapid return toward preflight levels upon
return to Earth (6,13).
Cardiovascular Deconditioning. The cardiovascular system has evolved in
the presence of gravity as an intricate network of vasculature that contains blood
and is powered by the heart. This vasculature is composed of both muscular
arterial vessels that supply oxygenated blood to tissue and nonmuscular venous
vessels that return blood to the heart. Baroreceptors and stretch-sensitive re-
ceptors monitor the critical parameter of blood pressure in vessels throughout
the body and adapt to postural changes. On Earth, simple motions such as sit-
ting, standing, or reclining result in significant and rapid responses to changes in
gravitational force imposed on the body.

Spaceflight presents a challenge to the cardiovascular system that is gen-
erally stabilized by the fifth week of flight. In even longer Soviet space flights
(3 months to 1 year or more), a slight increase in heart rate has been noted,
particularly toward the end of the mission (7,14). Nevertheless, cardiovascular
deconditioning, by Earth’s standards, appears to be a self-limiting phenomen
on that does not worsen with flight duration (unless other medical conditions,
such as dehydration or infection prevail) and does improve upon return to Earth.
In space, cardiovascular responses represent an appropriate adjustment to a
new environment, in which the gravitational load placed on the heart is con-
siderably less than on Earth. Fluid pooling no longer occurs in the lower
extremities but is instead localized to the upper body. Physically, this shift is
revealed by facial edema, sinus congestion, decreased calf girth, and leg volume
(“bird legs”). This shift is perceived as excess fluid, which in turn affects a series
of immediate but long-lasting changes. An immediate decrease in plasma volume
occurs, in addition to a more gradual loss of approximately 10% of red blood cell
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Figure 1. Aerobic capacity of crew members before launch (L. — 10 days) and after flight
(Return, Day 0 and Return, Day 3) as measured by maximum O, uptake in liters per
minute during an exercise stress test. Control subjects did not perform any exercise,
whereas CM subjects exercised using an onboard cycle ergometer up to 48 hours before
landing (13).

mass (15). This condition is primarily attributed to a decrease in circulating
blood volume. Systematic investigations have proven difficult because of
individual differences in diet, sleep patterns, exercise, medications, and fluid
intake associated with various space missions. Recent studies have focused on
secretion of hormones (such as norepinephrine), baroreceptor changes with time,
and the role of the central nervous system in regulating of the cardiovascular
system (16).

Microgravity-induced cardiovascular adaptation becomes a medical prob-
lem only after crew members are subjected to accelerative forces during reentry
or upon return to the constant 1-g stress on Earth. As early as the American
Gemini program, cardiovascular deconditioning was documented in 100% of crew
members. One component of this deconditioning is orthostatic intolerance, the
inability to function effectively against gravitational stress, such that simple
actions like sitting and standing may result in episodes of weakness, dizziness, or
fainting. A standard measure of orthostatic intolerance is the stand test, in which
recently returned crew members are asked to stand upright for several minutes
after a period of reclining; by monitoring blood pressure and heart rates during
this functional challenge, researchers can associate significantly altered arterial
pressures with adaptation to space flight and the gravitational forces of landing.
As shown in Fig. 2, approximately 20% of crew members showed altered levels
of systolic and diastolic pressure following flight. Depending on the duration of
the space flight and the amount of exercise performed in flight, the return of
cardiovascular function to preflight values may take as long as 2 weeks.
Routinely used countermeasures include aerobic exercise, fluid and electrolyte
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Figure 2. Systolic and diastolic pressure responses of crew members to entry, landing,
and egress shows altered reactions to the standard orthostatic challenge, the stand test.
Blood pressure was measured preflight while seated and standing. The middle section of
this graph represents blood pressure values in-orbit (an average of 130/76 mm Hg), during
reentry, and until touchdown and egress from the orbiter seat. Values while seated in the
orbiter are much higher than preflight values (16).

replenishment (especially before return to Earth), and exposure to simulated
gravity via the lower body negative pressure device (6,7,17,18).
Neurosensory Disturbances. The central nervous system (CNS) controls
both perception of and interaction with the environment. The sensory system,
including the visual, vestibular, and proprioceptive organs, responds to environ-
mental stimuli and supplies a constant flow of input to the CNS. In conjunction
with a visual image of surroundings, the vestibular and proprioceptive systems
supply additional information relating to orientation, balance, and limb location.
The CNS processes this information and then directs the musculoskeletal sys-
tem’s movement and interaction with the environment. Each step in this intri-
cate process is contingent upon a constant inflow of information about the
surrounding environment. In microgravity, however, the CNS must adapt to a
loss of sensory and proprioceptive input, and it also must also respond to reduced
muscular capacity, including functional and structural changes in muscle tissue.
Adaptation to unexpected or even absent sensory information is neither an in-
stantaneous nor a constant process; thus identifying the mechanisms responsible
and the appropriate countermeasures is somewhat of a challenge. Neurosensory
adaptations have traditionally been difficult to measure but indirectly are ev-
idenced through in-flight and postflight changes in crew performance.
Clinically, the most important vestibular disturbance associated with
spaceflight is space motion sickness (SMS). As Titov noted, most crew members
do experience a sensation of bodily inversion, which soon passes but can recur
due to rapid movement (19). More susceptible individuals, however, develop a full
host of SMS symptoms (20). Russian and U.S. demographics suggest that SMS
affects 40-70% of astronauts and cosmonauts, depending on the classification of



234 BIOLOGICAL RESPONSES AND ADAPTATION Vol. 1

symptoms. SMS occurs early in the mission, typically within the first 3 days.
Symptoms range from minimal discomfort to nausea and vomiting, accompanied
in rare cases by pallor and sweating. Head and body movements tend to worsen
the discomfort. When the symptoms are severe, crew performance can be affected
and mission efficiency severely compromised. During the Apollo IX mission, for
example, certain crew activities were delayed by 24 hours due to space motion
sickness.

The medical basis for space motion sickness is not fully understood, partly
because the phenomenon can be studied effectively only during spaceflight.
Guedry et al. (21) summarized studies of motion sickness in flight and on the
ground, in which the most plausible explanation for neurosensory changes is the
“sensory conflict” hypothesis. According to this concept, the usual sensory inputs
to the vestibular receptors of the inner ear are no longer present in microgravity,
causing altered processing of sensory information and ultimately resulting in
altered motor responses. A series of elegant biological experiments conducted
aboard the dedicated Spacelab Life Sciences Missions 1 and 2 and the NASA-NTH
Neurolab Mission, dedicated to the Decade of the Brain, demonstrated the plas-
ticity of the CNS in response to altered gravitational forces. The CNS does
develop new coping strategies in novel environments, which facilitates orienta-
tion and navigation. Of interest is the fact that individuals who use internal cues
for orientation fare better in the SMS manifestation and adaptation process than
those use external cues. Repeated exposures to the space environment reduce the
severity of SMS and the length of time required to adapt. Anecdotal data sug-
gests that women are less susceptible to SMS. Finally, Earth-based simulators
cannot identify individuals susceptible to SMS. Absorption of orally ingested
medications is altered in space, and drugs are not effective in preventing or
treating SMS. Injectable Phenergan™ has been successfully used to treat SMS
in-flight and has minimal side effects (6).

Both the Russian and American human spaceflight programs recognize the
complex interactions within and between the sensory-motor, nervous, cardio-
vascular, and muscular systems (10). A significant finding from postflight re-
search is the ataxia present during ambulation in the majority of flown
individuals. Current countermeasures against this ataxia involve resistive ex-
ercise combined with compressions along the longitudinal axis of the body.
Musculoskeletal Alterations. An integrated response from the skeletal,
muscular, connective tissue, and nervous systems permits movement in a 1-g
environment. This response is predicated on the fact that certain directional
forces must be overcome to complete ordinary tasks, such as lifting an object or
walking down stairs. In the microgravity environment, however, these direc-
tional forces are altered; the result is a cascade of functional and structural
changes in the physiological systems that control locomotor tasks. Collectively,
these changes yield reductions in strength, power, and endurance that ultimately
influence crew-members’ ability to perform routine motor activities (Table 2).
The changes are ordinarily indicated in flight by a progressive decrease in total
body mass, leg volume, and muscular strength. As weight-bearing muscles and
bones adapt to the microgravity environment, several symptoms are manifested.
Disturbances in postural and motor coordination, locomotion function, and equi-
librium can be seen, and alterations in proprioceptor activity and spinal reflex
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Table 2. Mean Strength Performance of Skeletal Muscle on Landing versus Preflight
(n=17) during Concentric and Eccentric (Extension) Motions of Selected Muscle
Groups (13) Pre>Landing (p <0.05)

Muscle group Test mode

Concentric Eccentric
Back —23 (+4)* —14 (£4)*
Abdomen —10 (£2)* -8 (+£2)*
Quadriceps —12 (£3)* —7(+3)
Hamstrings —-6(£3) -1(+0)
Tibialis Anterior —8(+4) —-1(+2)
Gastroc/Soleus 1(+3) 2(t4)
Deltoids 1(+5) -2(£2)
Pecs/Lats 0(+5) -6 (£2)*
Biceps 6 (+6) 1(£2)
Triceps 0(x2) 8 (£6)

mechanisms occur. Although all of these changes appear to be dependent, at least
to some extent, on flight duration, they have been reversible, and no adverse
sequelae have been reported thus far.

A primary indicator of changes in bone and muscle is body mass: in-flight
weight losses of 3-4% were seen in early, short-duration spaceflights. With the
advent of longer missions, most weight loss took place during the first three to
five flight days, and a much more gradual decline thereafter (22). The findings
suggest that a significant part of the initial change in body mass is due to the loss
of fluids, either through diuresis or decreased thirst and fluid intake (18), and
that subsequent losses are due to metabolic imbalances and/or muscle atrophy.
These changes appear to be self-limiting, the largest weight losses recorded (6 to
7kg) are independent of mission duration. In more recent long-duration space
missions, where adequate caloric intake and physical exercise have been main-
tained by some crew members, actual weight gains have been reported. Such
weight gains probably reflect an overall increase in fatty tissue, which was more
than sufficient to offset losses of muscle tissue (7,10). In any event, body mass lost
in flight is rapidly regained in the postflight period.

Muscle Atrophy. Muscle atrophy results from structural and functional
changes in muscles. These changes are most readily apparent in the postural or
antigravity muscles, such as the gastrocnemius abdominal, back, and neck mus-
cles. Skeletal muscles exhibit numerous alterations in strength and endurance
properties, including force- and power-generating capacities, shortening and re-
laxing rates, neural activation patterns, protein expression, and metabolic uti-
lization profiles. Concomitant with these muscular changes, connective tissues
undergo similar atrophy and functional alteration. At the molecular level, both
slow-twitch and fast-twitch muscle fibers are affected. The process of functional
and structural change is progressive and can be controlled to some extent by
increasing caloric intake, dietary adjustments, and intensive strength exercises.

Evidence of the deterioration of muscle during spaceflight comes from sev-
eral sources. In-flight measurements of leg volume (Fig. 3) show an initial rapid
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Figure 3. Percent decreases in volumes of various leg muscles, measured by magnetic
resonance imaging, from three extended duration Orbiter Shuttle missions (13).

decrease that can be attributed to the headward fluid shift and is followed by
gradual recovery. Postflight biostereometric measurements of Skylab astronauts
demonstrated more general losses of volume from the abdomen downward,
although losses in the abdomen and buttocks were attributed to the loss of fat
(23). Postflight urinary analyses reveal in-flight increases in the excretion of a
number of metabolites associated with muscle breakdown, such as nitrogen, po-
tassium, creatine, and amino acids. Metabolic balance studies and electromyo-
graphic analyses of muscular activity further substantiate the deterioration of
muscle function during spaceflight. Electromicroscopic analysis of human and
rodent muscle biopsies showed decreased production of slow-twitch myosin fibers
(endurance) and normal distribution of fast-twich myosin fibers (dexterity).
Additional investigations performed on rodents flown on Spacelab missions
demonstrated the selective effects of gravity on the type of muscle myosine
production (4).

Bone and Mineral Changes. Removing muscular forces and weight from
bones, as occurs in bed rest or having a limb in a cast, causes a loss of bone
mineralization, known as disuse osteoporosis. During space flight, crew members
experience a form of musculoskeletal disuse in which levels of bone mineral are
decreased. Early studies of bone mineral changes using X-ray densitometry
suggest that large amounts of bone may be lost during relatively brief periods of
spaceflight, and countermeasures to this loss are mandatory for long-duration
missions (24). The 12 crew members who participated in the Gemini 4, 5, and 7
and Apollo 7 and 8 missions averaged 3.2% postflight losses of bone density from
the calcaneus (heel bone) compared with preflight baseline values. Some losses
were also observed from the radius and ulna after these early flights. Data from
Soviet/Russian cosmonauts and U.S. astronauts who flew on the Mir station show
a continued loss of 1% of bone mass per month, even using exercise as a coun-
termeasure. Resistive exercise, hormone therapy, and drugs such as bisphospho-
nates are currently being evaluated as potential countermeasures to bone loss.
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In sum, these changes to the locomotion system means that crew members
are at risk for increased falls, bone fractures, and limited mobility—conditions,
which at a minimum, could make emergency egress a challenge.
Immunologic Alterations. The immune system defends the body against any
cell, substance, or organism not recognized as self. As such, it is affected by both
environmental and physiological fluctuations that occur during spaceflight.
Although results from some studies are contradictory, most generally recognize
an increase in the immune cells responsible for the immune response, known as
leukocytes. More specifically, changes in the leukocyte population, particularly in
the relative percentage of T and B lymphocytes, are altered compared to preflight
levels. Lymphocytes from astronauts on board Soyuz 6, 7, and 8, Skylab 2, 3, and
4, and Salyut 4 exhibited poor response to mitogenic factors (25), the substances
that induce the immune response. Therefore, the cells, experience a reduced
functional capacity in microgravity conditions.

The immune system, like other body systems, responds dynamically to
varying conditions, which may explain why results from one study contradict
those of others. Studies conducted as early as the Skylab program suggest that
impaired immune function during spaceflight is closely linked to the endocrine
system and is particularly affected by corticosteroids and catecholamines (25);
generally, this implies that changes in other regulatory mechanisms could closely
affect immune function. In addition, results from in vitro studies may not parallel
results from in vivo studies, indicating that the physiological environment plays
an integral role in maintaining immunologic integrity (26).

It has been shown in several studies that stress has a considerable influence
on immunity. Astronauts experience psychological and physical stresses that
may result in reactivating latent viruses during space flight, potentially in-
creasing the risk of infection among the crew. A study done on the amount of
Epstein—Barr shedding pre-, in- and postflight on the Shuttle and Mir crews,
showed that the virus, normally latent in most humans, was higher in samples
taken before launch (27). Although results from this study suggest that stress
levels are higher before than during or after flight, reactivation of latent viruses,
combined with depressed immune response in flight, poses a threat to both short-
and long-term missions in the event of injury or infections.

Because immune function and activity are interdependent on other systems
of the body, there are implications for exploring countermeasures to mitigate the
changes and for studying how pharmacological substances interact with the im-
mune system in microgravity (18). Similar changes in immune response were
reported in wintering personnel in Antarctica and, it is thought, are due to
confinement and isolation. Carefully planned studies will be required to shed
further light on this important issue, which could affect the development of
chronic and debilitating diseases.

Hematologic, Fluid, and Electrolyte Changes. The headward shift of flu-
ids in weightlessness and the resulting decrease in circulating blood volume are
responsible for many of the physiological changes that occur during adaptation to
spaceflight conditions. As has been discussed, they directly affect the functioning
of the cardiovascular system. They also have several effects on the composition of
body fluids, especially blood (Table 1). The most significant hematologic changes
involve a reduction in plasma volume, alterations in red blood cell (RBC) mass,
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and changes in the distribution of RBC shapes. From the time of the early
Gemini and Vostok missions, a postflight decrease in total RBC mass has been
observed in nearly all U.S. and Soviet crew members. There is a gradual de-
crease, losses average about 9% of the total RBC pool during the first 30 to 60
days in flight, and values range from 2-21%. Cosmonauts who participated in
missions of 18 days to 6 months have shown a postflight decrease in erythrocyte
counts that returned to baseline values within 6 weeks (22).

The magnitude of the RBC loss does not appear to relate to the length of
missions longer than 14 days. Changes in RBC are also accompanied by changes
in the shapes of erythrocytes, although these alterations do not seem to affect
crew health or function in flight and are rapidly reversed postflight. The weight
of evidence now suggests that the loss of RBC mass is due, instead, to insufficient
circulating erythropoietin in combination with neocytolysis, or a decreased sur-
vival rate of newly formed RBCs (7,15). The decrease in RBC mass is effectively
masked by a simultaneous, rapid decline in plasma volume (4-16% from preflight
values) such that the ratio of cells to plasma remains roughly normal (18).

The microgravity-induced fluid shift produces at least a transient increase

in central blood volume (18). Research from ground-based bed-rest studies
suggests that the stretch receptors in the left atrium interpret this as an increase
in total circulating blood volume and trigger a compensatory loss of water, so-
dium, and potassium from renal tubules. This is the first event in a series of fluid
and electrolyte shifts that occur during the adaptation to weightlessness. So far,
early diuresis has been observed only in bed-rest studies. It is difficult to dem-
onstrate during spaceflight because of the problems involved in accurately doc-
umenting urine volumes early in flight while water intake is usually reduced due
to SMS. Additional findings include in-flight increases in the urinary output of
sodium, potassium, and chloride, an in-flight decrease in antidiuretic hormone,
and reduced postflight excretion of sodium. Fluid retention has also been a con-
sistent finding in cosmonauts after Soyuz flights, but it was found that excretion
of potassium and calcium increases. Alterations in electrolytes are believed
responsible for cardiac arrhythmias on Apollo 15 and subsequent U.S. and Soviet
missions (7).
Psychological Health. The spaceflight environment consists of many
elements that, even if experienced separately, are both physically and
mentally challenging. A confined living space, high public interest and visibil-
ity, isolation from family and friends, crowded or often unappealing spacecraft
conditions, and requirement for strong group dynamics are but a few of
the obstacles that cosmonauts and astronauts face. These factors are compound-
ed by the physical fact that light/dark cycles are altered in orbit, which affects
circadian rhythm and is evidenced by disrupted or insufficient sleep (28).
The most prevalent psychological events reported by crew members include high
levels of stress or tension, anxiety often demonstrated as annoyance at
other crew members or ground support personnel, decreased levels of concen-
tration, emotional instability including mood elevation or depression, and gen-
eral fatigue.

As increasingly longer missions become feasible, psychological and behavi-
oral support has become an element of both the American and Russian space
medicine programs. Often, support takes the form of comparatively small changes
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in operations or scheduling that minimize crew requirements and permit crew
members some flexibility in arranging their work/rest cycles. For example,
astronauts have reported considerable improvements in outlook and perform-
ance when communications with family members or friends are provided regu-
larly. Careful planning for work/rest cycles, proper recreation, nutrition, and
interpersonal and family communications are essential in maintaining psycho-
logical health during long-duration missions. The Soviet/Russian program has
developed an elaborate system for its crews, which is now adapted to the ISS
program (7).

Time Course of Adaptations

The human body is exquisitely sensitive to changes in its surroundings and
reacts to such changes with equal precision. Modest changes in gravitational
force, for example, as a sitting person stands or a sleeping person awakens in-
duce a host of regulatory or adaptive mechanisms to ensure that blood consist-
ently reaches all extremities. A more significant change to the gravitational
environment—such as the microgravity of spaceflight—clearly challenges the
body’s homeostasis to a much greater extent (6).

The earliest orbital flights were conducted in small capsules and lasted only
a few hours or days. Within these first human-rated spacecrafts, the limited
capacity for movement and the short exposure to microgravity meant that crew
members mainly reported rapid onset of adaptation (1). As mission duration
increased well beyond several days into months and even years, crews are now
faced with further adaptive events and new physiological challenges; adaptation
to spaceflight is neither instantaneous nor consistent, but instead depends on
individuals, mission duration, and operational activities (6). Despite these dif-
ferences, all crew members who return from both short- and long-duration flights
report two periods of adaptation that occur after the transition from one grav-
itational environment to another.

The first is experienced upon launch and entry into orbit. Some symptoms
manifested early in the mission abate as adaptation is resolved. The sensory
conflict produced by the visual and vestibular systems is one example that is
limited to the first 3 to 8 days of a mission.

The return to Earth’s gravity requires a second period of adaptation, which
again presents a significant challenge to crew activity and safety. Orthostatic
intolerance stems from the cardiovascular deconditioning and cephalic fluid shift
that occurs in response to microgravity; many crew members report presyncopal
or syncopal episodes, that is, dizziness or fainting, upon return to 1g. Neuro-
muscular and neurovestibular adaptations produce postflight disequilibrium
(including marked vertigo in some cases) and gait disturbances; both clearly
limit coordinated maneuvers and interfere with nominal or contingency egress
(13,21). Cosmonauts from long-duration Russian missions of 8 months have re-
quired more than 4 weeks of rehabilitation to function normally (29). Physical
performance also declines as a result of significant and sustained loss of bone and
muscle mass, documented at 10-20% of preflight levels during extended-duration
missions.
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Bone and connective tissue changes, for example, begin as early as 1 week
into a mission and can continue for more than a year. These changes are not
typically apparent in flight, but are instead demonstrated upon return to Earth
as locomotor problems, bone frailty, and increased risk of kidney stones (22).

Challenges for Exploration-Class Missions

As human spaceflight continues beyond low Earth orbit, health monitoring and
health maintenance through appropriate countermeasures will become more
discrete and seamless in the spacecraft of the future. Crewmembers may well
monitor their own medical status, evaluate environmental health, assess risks,
and then direct automatic correction or restoration of an anomaly. The oppor-
tunity for novel or previously unexplored countermeasure approaches, including
artificial gravity, could well alter what are currently considered the most dire
biomedical challenges of human spaceflight. The crew of the International Space
Station and future spacefarers will be just as dependent as their forebears on a
thorough understanding and mitigation of these challenges (30).
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BIOMEDICAL SUPPORT OF
PILOTED SPACEFLIGHT

Recent progress in the conquest of space and in piloted cosmonautics is the result
of developments in space technology and hardware and, to a significant extent,
has also depended on the solution of complex biomedical problems and other
achievements in space biology and space medicine. During the period under
discussion, the duration of space flight has increased to 14.5 months for men and
6 months for women. The long period during which the Mir orbital station was
used (15 years) has generated unique experience in solving biomedical problems
to ensure the safety and efficiency of increasingly long spaceflights.

Space medicine is basically a type of prophylactic medicine. Its duties in-
clude predicting all of the physiological consequences of exposure to spaceflight
factors and preventing or curtailing likely disruptions in the functioning of
various systems.

Support of piloted spaceflights involves a complex set of biomedical, tech-
nical, and organizational measures directed at creating the conditions required if
normal human vital processes are to occur in space and using special means and
methods to maintain cosmonaut health and performance at the level needed to
ensure completing the standard flight program and for high crew efficiency if
contingency or emergency situations occur.

Many years of research conducted by the Institute of Biomedical Problems
jointly with a number of other organizations (see section on Space Life Sciences)
has resulted in creating an efficient biomedical piloted spaceflight support
system. This system includes

- cosmonaut medical selection and training;

- medical monitoring of cosmonaut status during spaceflight;
- providing medical care on board orbital stations;

- postflight cosmonaut rehabilitation;

- preventing the adverse effects of weightlessness; developing ways to prevent
cardiovascular and musculoskeletal deconditioning, disruptions of fluid-elec-
trolyte metabolism, and sensory disorders;

- providing cosmonauts with food and water during flight;
- life support for spacecraft;

- maintaining radiation safety;

- maintaining cosmonaut safety during EVAs;

- sanitary and hygienic support of cosmonauts;

- developing optimal work-rest schedules and systems for psychologically sup-
porting crews.

The overall program of measures performed by personnel working in space
medicine is very extensive and includes three phases: preflight, in-flight and
postflight (see Table 1).
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Table 1. Program of Work in Space Medicine
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Preflight measures

In-flight measures

Postflight measures

Identification of latent
diseases and
insufficiencies in
compensatory
physiological
mechanisms during
space-flight selection and
training; preflight
preventive treatment, if
necessary quarantine or
observation and other
antiepidemiological
measures; preventive
surgical interventions;
measurement of
individual sensitivity to
drugs

Prophylactic, diagnostic,

and therapeutic
procedures onboard the
spacecraft; performance
of medical procedures
directed at
physiologically preparing
cosmonauts for the
powered stages of flight
(insertion into orbit and
touch- or splash-down); if
necessary, arranging
emergency return to
Earth

Medical monitoring and, if

necessary, provision of
medical care to
cosmonauts after
landing; designing and
implementing
rehabilitation measures;
medical observation and
development of measures
to aid rapid crew-member
postflight adaptation to
conditions on Earth;
medical examination
between flights and at
retirement to identify
remote consequences of
space flight

Major Components of the Biomedical Support of Piloted Spaceflight

Medical Selection and Cosmonaut Training. Clinical physiological exam-
inations of cosmonauts are undertaken to enable expert evaluation of their
health in various phases of flight preparation and during the postflight period.
The number of examinations and the intervals between them are specified by a
special program (1). Before being accepted in the training group, candidates for
crew membership undergo an inpatient examination, whose results are used to
determine whether or not their health allows accepting them for the crew-flight-
training program.

During the training phase, cosmonauts undergo dynamic monitoring, allow-
ing specialists to

- detect latent incipient stages of disease;

- study personality characteristics and assess an individual’s functional and
potential physiological capacities;

- develop recommendations determining the sequence and time line for var-
ious types of training and also measures for increasing physiological toler-
ance to exposure to spaceflight factors (2).

During the training period, crews periodically undergo detailed clinical
physiological examinations to

- identify the characteristics of each cosmonaut’s physiological and psycho-
logical reactions to specific types of training;
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- on the basis of health status and psychological traits, determine cosmonauts’
fitness for spaceflights of varying duration.

The medical commission uses the results of this comprehensive examination to
decide whether to qualify crews for spaceflight.

Medical Monitoring of Cosmonaut Status During Spaceflight. Medical
monitoring is an important component of the set of measures used to ensure crew
safety during spaceflight. Such monitoring makes it possible to identify, analyze,
and evaluate functional physiological changes exhibited by a cosmonaut, to
assess whether use of prophylactic measures is indicated, and to select the op-
timum schedules for using them. An unusual feature of in-flight medical mon-
itoring is that the patients are healthy, physically fit individuals. In addition,
unlike medical monitoring on the ground, in-flight monitoring is remote—be-
cause the subject and the medical personnel are separated by vast distances.
Under these conditions, sources of information consist of data on the status of a
cosmonaut’s physiological systems, the microclimatic parameters in the space-
craft or suit, the contents of radio communications between the crew and the
Flight Control Center, and also special radio communication by the cosmonauts
concerning how they feel during the flight. Telemedicine sessions, observations of
crew actions, and monitoring how well they are performing their programmatic
tasks serve as additional sources of valuable information (3).

The goals of in-flight medical monitoring include ongoing real-time mon-

itoring of cosmonaut health status; identifying functional changes in physiolog-
ical systems, and also of pathologies arising in flight; predicting potential for
further continuance of the flight; planning and managing medical tests and pro-
phylactic measures that facilitate retention of performance capacity in-flight and
postflight; as well as monitoring the cabin environment, radiation conditions on
the flight path, and adherence to the work-rest schedule, all of which are
described in the respective portions of this article (4). In addition to this oper-
ational monitoring, periodically, crew members are subjected to more in-depth
medical examinations, including administration of provocative (loading) tests to
assess levels of functional physiological reserve capacity. Furthermore, the med-
ical monitoring system, if necessary, can be used to perform an immediate emer-
gency medical examination and can be shifted to a mode of continuous recording
of physiological parameters.
Means and Methods of Medical Care in Flight. The means and methods
for providing medical care if cosmonauts develop illnesses or health disorders are
considered of prime importance within the system for operational medical sup-
port of piloted flights.

The spaceflight medical support system is tasked with preventing disease,
injury, and exposure to toxic substances and penetrating radiation, and also
various different functional disorders evoked by exposure to spaceflight factors.
The medical care system has the goal of providing timely diagnosis of health
disorders and effective aid to any crew member who requires treatment during
preflight training, in flight, or after return to Earth (5).

Although only healthy individuals are permitted to fly and all sorts of pro-
phylactic measures are employed in flight to minimize the negative physiological
effects of spaceflight factors, it is still not possible to preclude completely the
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occurrence of disease or other conditions that require medical treatment. Any
such case is analyzed to identify possible shortcomings in the measures pre-
scribed by the medical flight support system, and then the appropriate recom-
mendations are derived.

The stressful operator activity, the metabolic shifts that occur in weight-
lessness and the changes in the reactivity of physiological systems may decrease
resistance to adverse factors and damaging effects. This may lead to the devel-
opment of neurasthenic symptoms (decrease in work capacity, susceptibility to
fatigue, irritability, sleep disturbances), various inflammatory diseases and al-
lergic states, and metabolic disorders of organs and tissues. Nor are such dis-
eases as acute appendicitis or inflammation of the gall bladder or pancreas
precluded during space flight because their occurrence is extremely difficult to
predict even under normal conditions on Earth. Finally, emergency situations on
board a spacecraft may lead to injuries, barotrauma, or poisoning.

The list of states that requires using prophylactic and/or therapeutic meas-
ures during spaceflight must include “motion sickness,” the neurasthenic syn-
drome, local inflammatory diseases, and minor traumas.

The isolated nature of their living conditions, the unique conditions of their
environment, and the limited number of crew members compel the cosmonauts
themselves to bear responsibility for diagnosing illness and providing medical
care.

All cosmonauts are adequately trained to provide medical care. If necessary,
crew members, using onboard documentation, the computer database, and the
capabilities of the telemedicine system can employ the appropriate onboard
medical kit or medical procedures. Of course, the presence of a physician in the
crew significantly facilitates medical monitoring and medical care and enhances
their efficacy.

A special mobile unit equipped with all of the necessary medical instru-

ments, which can be deployed at the reentry vehicle landing site, has been de-
veloped for use if it is necessary to give cosmonauts medical care immediately
after landing.
System to Prevent Adverse Effects of Weightlessness. The system for
preventing the adverse physiological effects of weightlessness includes a set of
medical and technical measures that supports long-term human residence and
work in space, including fostering appropriate adaptation to flight conditions and
readaptation after return to Earth while fully maintaining health and perform-
ance capacity.

Weightlessness, which induces a number of specific adaptive changes in
various physiological systems, may lead to the development of functional changes
and to some structural changes as well.

In essence, the prophylactic countermeasures used today (see Table 2) are
directed at preventing or substantially attenuating these adaptive processes,
primarily to safeguard and facilitate the process of readaptation upon return to
normal gravity. The two main goals of the system of prophylactic measures are to
make up for the deficit in motor activity and to compensate for the effects of fluid
(blood and interstitial fluid) redistribution typical of weightlessness (6).

On long-term flights, cosmonauts follow a schedule of prophylactic meas-
ures that has been specially developed for that flight on the basis of duration,
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Table 2. Counter Measures in Space Medicine

Class of methods Mechanisms underlying effects Procedures
Compensation for Induction of lower body blood pooling; Lower body negative
effects of blood stimulation of neuroreflex mecha- pressure; occlusion
redistribution in nisms regulating circulation in erect cuffs
weightlessness posture on Earth
Physical exercise Maintenance of conditioning in most Physical exercise;
important physiological systems; (constant) loading
activation of venous pulsations, suits; electric
circulation facilitation from muscle stimulation of
contraction; activation of weight muscles

sensors and proprioceptors; mainte-
nance of motor skills needed to
maintain vertical posture and perform
locomotion after return to Earth

Enhancement of Maintaining hydration Fluid-electrolyte
orthostatic and supplements
acceleration Preventing blood pooling in the lower Anti-g suits
tolerance body

Alimentary Correction of nutrients ingested Dietary supplements
correction containing minerals,

amino acids, and
vitamins

Pharmaceutical Targeted effects on certain physiolo- Numerous groups of
correction gical functions to correct or prevent drugs

pathological symptoms

Nonspecific Methods fostering increased general Endurance training;
prophylaxis physiological resistance to adverse psychosomatic

effects regulation of

functions; breathing
of gas mixtures with
diminished oxygen

Correction of adverse Decrease in excessive stress on Optimization of living
external factors physiological systems and functioning environment, and
during spaceflight work-rest schedule;
means and methods
of psychological
support

flight phases, and the functional status of physiological systems. The following
measures are included:

1. Constant wearing of the “penguin” constant loading suit during all waking
hours in the intervals between physical exercise sessions, including during
the performance of professional duties. This suit applies lengthwise axial
loading to the musculoskeletal system (from the shoulder girdle to the foot)
to simulate weight loading and reproduces some degree of deformation and
stimulation of the resistance and muscle receptors.
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2.

Two hours daily of physical exercise on the inboard exercise machines
(VB-3 bicycle ergometer and UKTF treadmill) to maintain conditioning in
the most important systems and retain overall physiological work capacity,
activate venous pulsation and the circulation facilitating effects of muscle
contractions, stimulate mechanoreceptors, and also foster retention of skills
needed for maintaining a vertical posture and for locomotion. Physical ex-
ercise generally involves the UKTF apparatus, which consists of a treadmill
equipped with a system of straps, individually fitted loading suits, special
shoes, and an elastic harness. The treadmill permits cosmonauts to walk,
run, jump, do knee bends, and lift “weights,” thus reproducing constant
static loading along the vertical axis of the body and the effect of main-
taining upright posture in gravity.

Electric stimulation of muscles—high frequency (using the Tonus-3
stimulator) and low-frequency (using the Mpyostim)—preferably after
physical exercise, to maintain muscle strength, and static and dynamic
endurance.

Use (in accordance with a specially developed schedule) of the “Chibis” suit,
which creates lower body negative pressure and thus in weightlessness,
reproduces the hydrostatic blood pressure pattern characteristic of Earth.
During the early period of adaptation to weightlessness (week 1 of flight), if
they so desire, cosmonauts use “Bracelet” occlusion cuffs and the “Karkas”
and “Kentavr” devices to decrease the severity of blood redistribution
effects.

. During the flight, fluid and salt supplements are ingested to facilitate fluid

retention and prevent symptoms of dehydration, and thus, help to increase
endurance to acceleration and orthostatic tolerance. During descent, spe-
cial couches and anti-g suits that increase orthostatic tolerance and en-
durance of gravitational loading are used.

A balanced diet (containing salts, amino acids, and vitamin additives) is
provided to combat possible deficits in the food.

Use of drugs to affect certain physiological functions to eliminate adverse
symptoms or exert a corrective effect (preventing and/or treating “motion
sickness,” maintaining of orthostatic tolerance, counteracting bone loss,
and normalizing myocardial metabolism).

. A set of psychological support measures to combat the adverse effects of

spaceflight—isolation, a sealed, technogenic environment, excessive stress,
and compulsory adherence to a nonoptimal work-rest schedule (7).

Preflight, to increase general physiological tolerance of adverse effects,

nonspecific prophylactic measures are used, including endurance training, phys-
ical and special training, sleeping in head-down position, and breathing gas
mixtures with diminished oxygen content.

Prophylactic measures directed at preventing or partially compensating for

undesirable changes caused by weightlessness play an important role in main-
taining cosmonaut performance level in flight and in ensuring their safe return
to Earth.



248 BIOMEDICAL SUPPORT OF PILOTED SPACE FLIGHT Vol. 1

Life Support on Board Spacecraft. A life support system (LSS) is a set of
devices and systems, as well as supplies of food and other substances, required to
maintain vital processes (metabolism) and human performance in pressurized
spacecraft cabins. The LSS maintains the atmosphere in the closed cabin at a
preset chemical composition and physical parameters (pressure, temperature,
humidity, rate of movement), satisfies the crew’s need for food and water, and
disposes of the wastes of the crew and other biological subjects. In accordance
with these functions, the LSS is divided into a number of subsystems (compo-
nents): air regeneration, water supply, food supply, thermal regulation, and san-
itary and hygienic support. This is the structure of the typical LSS in the narrow
meaning of the term. On long-term spaceflights, measures to maintain crew
health and performance capacity are significantly enhanced. For this reason, the
LSS also encompasses all devices and objects that satisfy the day-to-day cultural
and aesthetic needs of the crew, provide physical exercise (weightlessness and
the limited size of the inhabited portions of the spacecraft lead to a deficit in
physical activity), and also provide radiation shielding.

LSS parameters are determined by the need to satisfy human requirements
for food, water, oxygen, and for waste disposal. When LSSs are designed, all
relevant factors are considered (purpose, type of spacecraft, duration of func-
tioning, size of crew, characteristics of flight path, mass-energy constraints,
safety, reliability, cost, and performance characteristics). The LSSs developed for
Russian spacecraft are highly reliable, display stable performance under the
influence of spaceflight factors, even in emergency situations, and are distin-
guished by their minimal power use, mass and size, and good maintainability.

As a function of the way they replace consumables, LSS subsystems are
classified as either nonregenerative (based on stored supplies of the needed sub-
stances or supplies brought by transport spacecraft) or regenerative (the sub-
stances needed to support human life are recovered from biological wastes of
humans and other spacecraft inhabitants) or mixed.

The LSS for the first spaceflight was designed on the “nonregenerative”
principle and provided the cosmonauts with a store of equipment and onboard
supplies whose nature and amount was based on the caloric needs and the nu-
tritive balance required by a healthy human on Earth. But, as flight duration
increased and information accumulated on the dynamics of human metabolism
under spaceflight conditions, there was a growing tendency to design and im-
plement integrated regenerative systems, which utilized wastes and by-products
of the functioning of various LSS components. Creating a completely closed LSS,
simulating the processes of Earth’s biosphere, based on methods of abiogenic
synthesis, remains a difficult challenge to this day. Partially closed LSSs, which
regenerated water and the most important components of the atmosphere and
also disposed of solid wastes, were developed for the flights of Salyut and Mir.

The formation of the spacecraft cabin atmosphere during flight is directly
associated with the problem of atmospheric pollution. Sources of pollution may
include construction materials and technological processes, as well as human
waste products. The study of the biological effect of spacecraft atmospheric
pollution is one of the more important problems that requires physiological
and hygienic research. The practical result of such research is establishing of
threshold limit values (maximal permissible concentrations) for a wide range of
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polluting (toxic) substances and developing of techniques for removing them from
the spacecraft’s atmosphere (8).

So-called biological life support systems (BLSS) are based on a qualitatively
new principle of environmental formation. The functioning of a closed biological
system is based on the principle of repeated use of a relatively small initial
quantity of chemical elements as the closed cycle transforms the substances of
the system itself. To support human life, a BLSS must transform human waste
products into food, oxygen, and water, that is, regenerate them. That such a
system can exist in principle is obvious because the elements used by an adult
organism are eventually emitted into the environment in the same quantities.
Thus, for example, oxygen that is consumed oxidizing organic substances in food
is emitted as a component of water and carbon dioxide, along with the hydrogen
and carbon of the oxidized nutrients (9).

Systems based on biogenic synthesis are closest to conditions on Earth and
thus to the biological needs of human beings, and are capable of self-regulation at
all levels of the system by mutual correction of processes.

The first practical results in this direction were obtained in experiments on
board Space Station Mir, when three complete developmental cycles of wheat
“from seed to seed” were completed in the station’s Svet greenhouse.
Cosmonaut Nutrition and Water Supply In-flight. Sufficient and well-bal-
anced nutrition of crews is one of the most important ways to maintain health
and high psychophysiological energy and is the source of positive emotions in
spaceflight. As flight duration and the degree of crew isolation increase, job
pressure and responsibility are enhanced, and stress situations become more
frequent, the importance of a diet adequate for cosmonauts’ physiological needs
increases as well.

Onboard cosmonaut nutrition systems on Salyut and Mir were highly de-
veloped technological systems, including, aside from the food itself, the appro-
priate “infrastructure” to ensure reliable storage and enable the crew members
to prepare and eat their meals under spaceflight conditions. The nutritional
systems components were functionally linked to the other life support subsys-
tems, especially the water supply system, waste collection and disposal system, the
power supply system, and the system maintaining microclimatic parameters (10).

Food rations (daily or for the whole flight) were appropriate to the cosmo-
nauts’ caloric needs and contained the optimal amounts of nutrients (proteins,
fats, carbohydrates, vitamins, and minerals). This was particularly true of the
essential nutrients (certain amino acids, unsaturated fatty acids, and vitamins),
which are insufficiently synthesized by the human body or not synthesized at all.

The major task of the water supply system was to ensure that the cosmo-
nauts received a regular supply of water in quantities appropriate to their phys-
iological needs to prevent the development of a fluid deficit in flight. Water is the
largest component of the human body by weight, and its daily consumption
exceeds the total consumption of oxygen and nutrients. This means that every
day the cosmonauts were given ad lib access to a significant quantity of water of
acceptable taste and odor, free from toxic contaminants and, if necessary,
enriched with minerals.

On relatively short flights (up to 30 days), water supply systems based on
supplies of potable water brought from Earth were preferred. As flight duration
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increased, it became necessary to have an entire water generation cycle take
place on board the spacecraft. For this purpose, the space stations were provided
with systems for regenerating water from low concentrated (concentrates of
atmospheric moisture and process water) and highly concentrated (human urine
and wash water) solutions for repeated use. The problem of in-flight water re-
generation also encompasses problems of conditioning the taste and the chem-
ical, as well as the bacteriological, properties of the regenerated water before it is
used for drinking or reconstituting dehydrated food (11).

Sanitary and Hygienic Support of Cosmonauts. Sanitary and hygienic
support of cosmonauts includes a wide range of problems relating to maintaining
conditions in the spacecraft cabin where they live and work that are conducive to
crew comfort and well-being. This includes developing hygienic standards and
prophylactic measures for maintaining the spacecraft crew’s health and per-
formance capacity, providing cosmonauts with clothing and means of personal
hygiene, waste disposal, maintaining cosmonaut microflora in an optimal state,
and maintaining the spacecraft atmosphere and surfaces (12).

The significance of the personal hygiene component of the biomedical flight
support system has grown as flight duration has increased. Various technological
processes and measures were used to satisfy crew-members’ sanitary and
hygienic needs. Here, the significance of hygienic procedures was dictated by
hygienic and physiological considerations and also mainly by psychological/aes-
thetic, epidemiological, and possibly toxicological concerns.

The criteria for selecting personal hygiene devices and techniques included
inducing a sensation of bodily cleanliness after the procedure had been com-
pleted and also the feeling of “refreshment” and psychological comfort.

Personal hygiene measures included four basic types of procedures:

- complete cleansing of the body;

- washing of certain portions of the skin;
- oral hygiene;

- haircuts, shaving, and nail care.

Dry and wet (moistened with special washing and cleaning solutions) wipes
and towels were used to cleanse the body. The wipes provided adequate skin
cleaning and refreshment. In addition, they could be used to wipe down the
surface of the spacecraft cabin.

Oral hygiene was considered an important personal hygienic measure. It
involved regular cleaning of the teeth and rinsing of the mouth. Various types of
toothbrush, toothpaste and powder, toothpicks, mouthwash, and rinses were
used for this purpose.

Hygienic treatment of the hair consisted of periodic haircuts and shaving of
the beard and mustache. The main problem in hair care during space flight is
preventing fragments of hair or beard from getting into the cabin atmosphere.

The saying that the best clothing is that whose presence cannot be felt is
highly applicable to cosmonaut clothing, which must be comfortable for working
and relaxation and should not impede or limit motion. The cosmonaut wardrobe
consists of underwear, a flight suit, which the cosmonaut wears inside the
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spacecraft, and a thermal suit. The fabrics specially selected for cosmonaut un-
derwear were light and elastic, did not impede heat convection and radiation or
evaporation of moisture from the body surface, and at the same time were strong
enough to be worn for long periods of time and to allow attaching sensors for
recording biotelemetric information.

The flight suit was fully compatible with the underwear and thermal suit.
Its design allowed freedom of motion and made using sanitary facilities conven-
ient. It was easy to put on and take off. One of the main functions of the flight suit
was to maintain the cosmonaut’s thermal balance by preventing both excess heat
loss and accumulation of excess heat. The thermal suit is designed to be used on
landing in a deserted spot under adverse climatic conditions. In addition, it may
be used if the spacecraft air conditioning system does not function properly. The
thermal suit set included shoes, which had to be light, strong, and to have good
thermal insulation properties. This was achieved by selecting the appropriate
materials and design, which also account for the fact that the cosmonaut would
have been adapted to weightlessness (13).

In closed pressurized cabins of limited size, the presence of even small
concentrations of harmful substances in the atmosphere may have a serious
effect on human health and performance capacity. The sanitary hygienic sub-
system included studies of sensory parameters and chemical analytic tests of the
air, which made it possible to identify the nature and rate of the offgassing of
harmful substances from polymers and wastes. One of the main sources of at-
mospheric pollution in a pressurized environment is the human body, which
releases a large quantity of metabolic products through the lungs, skin, kidneys,
and intestinal tract. The amount of volatile chemicals emitted by a person varies
within broad limits and depends on a number of factors: the nature and quality of
the diet, metabolic status, and the nature and intensity of work performed.

Polymer materials are a second, no less important, source of atmospheric
pollution in a pressurized cabin. Polymer synthesis involves using a number of
auxiliary compounds that belong to a number of different classes and have an
extremely broad spectrum of toxic effects.

The concept of “wastes” encompasses the set of products that form as a
result of human vital activity and the operation of the equipment installed in the
spacecraft cabin and not subsequently used. Regardless of chemical and bacterial
composition or physical and other properties, wastes have one basic property in
common. They are one of the sources that pollute living and working areas with
undesirable or harmful substances and foster the development of microflora,
some of whose species can cause illness in crew members or damage equipment
(14). Correct structuring of waste containment and disposal is one of the major
requisite conditions for maintaining normal vital processes and high perform-
ance capacity in spacecraft crew members.

However, the technical implementation of these operations under the
unique conditions of spaceflight encounters a number of difficulties. The great
majority of wastes are gaseous or liquid. Experience with space stations Salyut
and Mir has shown that collection and transport of substances in this state
present great technical difficulties in weightlessness.

Research on the problem of microbiological damage (biodegradation) to
structural materials was initiated when Salyut-6 was in use and continued on all
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subsequent Soviet and Russian orbital stations. It was established that space-
craft microclimatic parameters, i.e. the presence of specific chemical contami-
nants in humidity condensate and anthropogenic pollution (with human
metabolic products) are the stimulating factors for growth of bacteria and mold
on the materials of the cabin interior and equipment. More than a 100 species of
microbes—bacteria and fungi—have been isolated from the surfaces of these
materials during long-term spaceflights. Among these were species that present
potential danger to human health, the so called pathogenic saprophytes, which
can grow actively on artificial substrates, and also nonpathogenic bacteria and
fungi that damage (destroy and degrade) various materials (metals and poly-
mers) and thus cause failures and disrupt instrument and equipment operation.

Because, cosmonauts may show symptoms of dysbacteriosis or develop
states of immunodeficiency from the effects of spaceflight factors and the proc-
esses of pathogen recirculation are intensified in a small pressurized cabin, the
risk of spread of infection among crew members increases. All of this motivated
the development of a microbial spacecraft safety system, which stipulated, in
particular, that during preparations for flight, only structural materials that had
been, in ground-based simulations, most resistant to microbial action were to be
selected and that special disinfecting measures be undertaken. During space-
flight, the system called for treating spacecraft cabin surfaces, including the
spaces behind instrument panels, with wipes moistened with special antibacte-
rial and antifungal agents (fungistats). Experience with long-term flights on
Salyut and Mir demonstrated that this system is highly effective.
Maintenance of Radiation Safety in Spaceflight. The radiation safety
system is a set of means and measures directed at preventing and precluding the
adverse effects of ionizing radiation (for example, during powerful solar flares or
flights in Earth’s radiation belt) on cosmonauts. These means and measures
include physical screening of inhabited spacecraft modules, additional local
screening of cosmonauts (radiation shelters), pharmacological and chemical pro-
tection of cosmonauts, inboard radiation monitoring devices, and the results of
monitoring the radiation situation by the Solar Service (15).

Measures directed at ensuring crew safety include predicting the level of
cosmonaut radiation exposure during the planned flight, developing initial rec-
ommendations for constructing piloted spacecraft, analyzing the radiation con-
ditions in the flight path, radiation monitoring in the spacecraft cabin and
station orbits, evaluating of levels of radiation exposure; developing recommen-
dations to keep irradiation from exceeding the threshold limit dose, and provid-
ing cosmonauts with complete and current information.

The high biological interaction of various types of cosmic radiation makes
them dangerous. For this reason, a research study was undertaken to determine
acceptable levels of radiation exposure and to develop means and methods for
prevention and for shielding cosmonauts from cosmic radiation.

By now, many techniques and devices have been developed to measure
absorbed dose, dose equivalent, particle flow, linear energy transfer spectra,
charge and energetic spectra and spectra of particle mass; each serves a strictly
defined measurement function.

Radiation monitoring systems may be classified as active or passive. In
active systems (including tissue equivalent ionization chambers, microdosimeters,
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and particle spectrometers), instrument readings are recorded by crew members
in orbit or are telemetered to Earth in realtime. In passive systems (including
thermoluminescent dosimeters and dielectric track detectors), the readings are
recorded and analyzed after the spaceflight has been completed.

Evaluation of radiation risk involves assessing the likelihood of specific
adverse somatic effects (ASE) on human health as a result of exposure to ionizing
radiation. The conception of risk from the effects of ionizing radiation assumes
that the likelihood of developing ASE is directly proportionate to dose equivalent.
In this case, the likelihood of ASE is the product of two contingent probabilities:
the likelihood that a person will be exposed to a given dose equivalent and the
likelihood that the dose equivalent will provoke ASE.

The risk to humans of cosmic radiation in flight may be minimized by a
number of measures to decrease the likelihood of ASE to a justified (minimal
reasonably acceptable) level, that is, according to the “ALARA” (as low as rea-
sonably achievable) principle. The concept of a reasonably acceptable risk makes
it possible to decrease it, comparing advantages and disadvantages, under the
assumption that certain threshold limits on a momentary dose of irradiation are
the upper limits of the safe level of exposure. It follows from this that a dose limit
exists (the lowest level) that is absolutely unacceptable to exceed if there is to be
any further exposure. Thus, it is not sufficient to decrease radiation exposure to a
level below the dose limit; rather risk must be limited by reducing all radiation
exposures to the minimally reasonably acceptable level.

In accordance with the standard dose limits adopted in Russia, the amount
of irradiation to which a cosmonaut’s hemopoietic organs have been exposed
throughout the entire period of his career must not exceed 1 Sv (16). This
dose limit has been established to limit the adverse remote effects of cosmic
radiation. To avoid immediate radiation effects during flight, which may decrease
in-flight performance capacity, dose standards for shorter periods have also
been adopted. For example, the annual dose limit is 0.5Sv, and the monthly
dose limit is 0.25Sv. On 1-year orbital flights, the total dose did not exceed
0.2-0.25 Sv, although there is some small probability that this value should
be increased significantly to account for powerful solar proton events. Thus,
the adopted dose limits and the radiation conditions characteristic of near-
Earth orbit permit increasing space flight durations on these paths to up to
4-5 years.

In practice, radiation risk may be decreased by regulating the amount of
time an individual spends in the cosmic radiation field and also by designating
an area within the spacecraft that has a low radiation dose rate where the
cosmonauts spend the majority of their time. Radiation risk may be decreased
during the spacecraft design phase by selecting the best materials for radiation
screening to prevent particles from penetrating the interior of the spacecraft
cabin and also by minimizing induced radioactivity. The total whole body radi-
ation dose as well as the dose to certain organs can be significantly decreased by
local screening of these organs and areas of the body. Moreover, medical pre-
vention and treatment methods are being developed (use of radioprotectors,
prophylactic biomedical drugs, and postradiation therapy) that may enhance
reparative processes in affected tissues. There is also a possibility that proactive
genetic selection of cosmonauts could be used (selection of individuals who are
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highly resistant to the effects of radiation or whose tissues can rapidly recover
from radiation damage).

Psychological Support of Long-Term Flights. The increase in spaceflight
duration and the complexity of flight missions have substantially increased the
priority of the human factor in the “cosmonaut-spacecraft” system. Solution of
problems relating to human psychological stability on long flights involves con-
sidering a large number of behavioral factors: psychological needs; subjective
states; anxieties; interactions with colleagues on the crew and on the ground, for
example, at the Flight Control Center; role-based relationships; work planning;
criteria for success; and an external motivation system. The difficulty of main-
taining psychological stability in a crew increases as flight duration begins to be
measured in years.

One of the problems of space psychology is how to increase the psychological
and professional reliability of cosmonauts. The solution of this problem will re-
quire improving the means and methods of selection, training and crew forma-
tion, and of evaluating cosmonauts’ psychological status. Prevention and
correction of psychological disadaptation is extremely important here and must
entail investigating the characteristics of group dynamics and the chronobiolog-
ical aspects of adaptation, as well as optimizing cosmonaut professional
performance (17).

Improvement of crew living and working conditions on board the spacecraft
attenuates the psychogenic consequences of living in an artificial environment.
During preflight training, a cosmonaut masters the necessary professional skills
and knowledge and the skills involved in group dynamics. On this basis and also
based on their own beliefs and expectations, cosmonauts construct their own
individual representation of the upcoming spaceflight.

One particularly significant psychological problem that arises in connection
with the increased heterogeneity of space crews in nationality, gender, profes-
sion, and other characteristics is the problem of optimizing the psychological
climate in a heterogeneous crew, ensuring that effective independent group de-
cisions are made, and that international space crews interact successfully with
national flight control centers. In this context, the crew training phase, during
which cosmonauts must develop mutual trust, a common system of values, and a
strategy for managing and resolving problems as a team, takes on additional
significance (18).

During the first 4-6 weeks of flight, cosmonauts come to terms with
the living environment in the spacecraft. During this period, they must cope
with new sensations, impressions, and characteristics of movement. In this
situation, cosmonauts require additional time to prepare for and implement
their professional tasks and to set up interactions with specialists in
ground services. This may lead to time pressure and fear of not completing
tasks on schedule, which creates conditions conducive to emotional stress
and fatigue.

Next comes a phase of physiological and psychological stabilization; how-
ever, the crew members begin to feel an intense desire for new information as a
result of the “sensory deprivation” they are experiencing. The novelty of space-
flight begins to lose its significance for them, as they get used to the unfamiliar
living and working schedule and conditions. The effect of these factors can lead to
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diminished psychological tonus, development of symptoms of debilitation, and
disruption of the “sleep—-waking” cycle.

In the period 15-30 days before landing, crew members enter another phase
of psychological adaptation—emotional reorientation—as they begin to focus on
imminent return to Earth.

The shift to long-term space flights, the way to which was paved by tech-
nological progress and the new capacities of space technology in the 1970s,
required well-grounded safeguards that crew members would retain their
health, high performance capacity, and the ability to work without “breakdown.”

As part of medical flight support, a great deal of attention is paid to mon-
itoring the crews’ work-rest schedules. Information is collected about planned
and actual cosmonaut schedules, these data are analyzed immediately, and
scientifically justified suggestions and recommendations are generated for
immediate adjustment of the schedule on one- and multiday time scales. The
work-rest schedule is then revised, taking into account the crew’s status and
progress in flight program implementation.

Maintenance of normal rhythms in physiological functions takes on critical
significance on long-term flights. The planned work-rest schedules of Salyut and
Mir cosmonauts were based on the familiar 24-hour schedule without displacing
the “sleep—waking” cycle. However, in a number of instances, the need to perform
such critical tasks as launch, docking, EVAs, and others compelled occasional
shifts in the phases of the cycle.

Each shift of this kind represented stress and led to additional pressure on
regulatory systems. In cases like this, special measures were taken to minimize
the adverse consequences of these shifts and prevent desynchronosis.

In addition to the duration of crew work shifts, each member’s interest in
various types of task was studied, as was the relationship between their level of
motivation and the quality of their work.

A number of effective quantitative methods were developed to aid in ob-
jective assessment of cosmonauts’ psychological status on long-term flight, and
these have been used successfully in medical support of piloted flights, including
flights of international crews.

Although the structuring of the crew’s lives on long-term space flights is
limited by technical capacities, medical personnel and psychologists have labored
intensively to improve conditions for living and working in space and to atten-
uate the psychogenic consequences experienced by crew members because of
shortcomings in the artificial living environment.

The concept of “psychological support” was introduced to space medicine in
connection with the support of space-station flights of increasing duration. Cos-
monauts who have made long-term flights unanimously acknowledge that the
standard system of psychological support is an important factor in maintaining a
normal sense of well-being and performance capacity under such conditions.
Generally, the aspect that has the most important role is the opportunity to have
private conversations with their families and unstructured communications
sessions with their relatives, friends, and various public figures.

The system of psychological flight support for cosmonauts is directed at
optimizing the psychological status and performance capacity of healthy indi-
viduals, prevention of psychological and psychophysiological impairments, and
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support of harmonious psychological interactions within the crew. Only through
effective use of psychological and personal reserves of strength during a flight is
it possible to avoid developing undesirable neurophysiological changes (dimin-
ished performance capacity, disruptions of sleep, debility, and conflict stress) that
occur as a result of adverse psychological spaceflight factors: heightened risk,
sensory deprivation, monotony, heightened responsibility for performance of
flight operations, and the limited and imposed nature of social contacts.

Psychological support, which is generally not based on the use of drugs,
makes it possible to compensate effectively for the deficit in social contacts (tele-
conferences with relatives and friends), the information deficit (news broadcasts
and Internet access), and gives the cosmonauts the opportunity to feel the im-
portance and interest those on the ground attach to the results of their work and
their constant concern and attention to them as individuals (through packages
containing their favorite books, films and music, and congratulations on dates of
personal importance). Particular significance is attached to compensating for the
loss of accustomed terrestrial stimulation—landscapes and sounds of nature—
which are reproduced on special video and audio programs, produced with
help from cosmonaut friends and family members. If necessary, cosmonauts can
talk to psychologists on a confidential channel. Constant work with the families
of crew members makes it possible to optimize the psychological climate
surrounding each cosmonaut, to prepare family members for communicating
with the space station, and to facilitate subsequent postflight psychological
rehabilitation.

Space medicine and space psychology have developed objective methods for
daily psychological monitoring of cosmonaut psychophysiological status and per-
formance capacity, as well as of the psychological climate of the crew as a whole.
Diagnoses are made by analyzing radio conversations with the crew as experts
make ratings on specially developed scales. Significant diagnostic information
regarding performance capacity is provided by the onboard psychodiagnostic
system. In addition, each cosmonaut’s pattern of psychological and emotional
reactions to various situations, including extreme ones, has been charted pre-
flight. The diagnostic information obtained is used to plan problem-oriented
psychological support measures; predict changes in psychological status and
work capacity in subsequent phases of the flight; and provide recommendations
to flight directors on the advisability of a cosmonaut performing key operations—
night work, docking, and EVA.

Methods of prevention and correction include the following:

- special preflight training;
- measures to optimize professional performance;

- formulation of positive feedback that acknowledges the success of tasks per-
formed;

- measures to counteract the “asthenic syndrome” (dysthymia) and eliminate
nonspecific anxiety components, including the use of drugs.

Support of Cosmonaut Safety During EVAs. EVAs are an important
and effective operation performed during space flight. During the period Soviet
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and Russian spacecraft were used between 1965 and 2000, a total of 96 EVAs
were performed by 51 different cosmonauts (including one woman). Cosmonauts
performed an enormous amount of work during these operations; they conducted
unique scientific experiments, transported and mounted large structures on the
space station exterior, performed various repair and debugging tasks, tested self-
contained manned maneuvering units, and inspected depressurized modules.
The maximum duration of an EVA from opening to closing of the access hatch
was 7 hours 14 minutes by A. Solvyev and N. Balandin in 1990 (19).

The EVA medical support system includes monitoring during training, EVA
implementation, and post-EVA. At present, there are no specific medical re-
quirements for crew members who conduct EVAs. They undergo obligatory
training on a technical trainer, learn about the EVA suit and study a number of
operations that crew members will have to perform.

Four basic technical trainers are used: a setup enabling training in the
absence of weight loading (hydrolaboratory), a full mock-up of the spacecraft,
high-altitude barochambers, and a simulator of space suit system failure modes.
The hyrdolaboratory is typically used in constructing and testing various space-
craft components, apparatus, and crew equipment, and also for developing work
techniques for the crew and determining what work operations can be performed
during EVA within the limit loading values. Moreover, it provides wonderful
opportunities for conducting preflight cosmonaut training. Here, cosmonauts
become familiar with the schedule of planned operations and master skills of
locomotion under conditions maximally simulating those of weightlessness. Be-
fore each submersion in the water, crew members undergo a brief medical ex-
amination and while they are submerged, they are subject to constant
physiological monitoring.

Physiological criteria for EVA on long-term spaceflights include evaluating
the possible effects of microgravity on crew performance efficacy. This means that
every change in a physiological system, including changes in proprioception,
strength and muscle mass, cardiopulmonary deconditioning, bone demineraliza-
tion, and effects on vestibular functioning and gas exchange, may have some
relation to the crew’s readiness to perform an EVA effectively. For this reason, as
part of EVA preparation, 2 weeks before the EVA, crew members undergo a
comprehensive medical examination, including provocative tests on the bicycle
ergometer.

During an EVA, the ground services, in addition to recording technical
space suit parameters, monitor physiological parameters (EKG, pneumogram,
body temperature, and caloric expenditure).

During and after an EVA, cosmonauts may develop various problems that
require the attention of experts in space medicine. These may include

- general and local (midsized and small muscles of the arms) fatigue;
- pressure sores and blisters on the hands;

- emotional stress;

- shifts in thermal status (chilling, overheating);

- symptoms of high-altitude decompression sickness.
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To prevent altitude decompression sickness brought on by the shift from the

low working pressure inside the space suit (330 mmHg) to the normal atmos-
pheric pressure within the spacecraft, immediately before the start of the EVA,
crew members prebreathe pure oxygen at a pressure within the space suit of
533 mmHg for denitrogenation (20).
Postflight Medical Rehabilitation. Despite cosmonauts’ use of measures
provided by the prophylactic system, exposure to adverse spaceflight causes
them to exhibit certain changes in the cardiovascular system’s tolerance of the
orthostatic position and in the characteristics of bone and muscle tissue, met-
abolic shifts, and vestibular and sensory impairment (see Biological Responses
and Adaptation to Spaceflight: Living in Space—An International Enterprise),
which require them to undergo medical rehabilitation postflight.

A system of rehabilitative and therapeutic measures has been adopted
using data generated by clinical medicine, previous orbital flights, and ground-
based simulation studies to help cosmonauts adapt to conditions on Earth,
effectively restore their altered physiological functions and performance capacity,
and ensure their professional longevity.

The specific rehabilitation program is based on

- the flight program (its duration and crew workload);

- characteristics of the crew-members’ adaptation to spaceflight conditions;

- severity of fatigue (debilitation) during the flight;

- postflight changes in a cosmonaut’s feeling of well-being and health status;
- individual characteristics of crew members and their preferences.

Structurally, the rehabilitation period consists of the following phases:

- meeting the crew at the landing site and evacuating it to a specialized
rehabilitative and therapeutic base;

- readaptation at the rehabilitative-therapeutic base;
- recovery at a sanatorium or health spa.

The goal of the first phase is to provide a safe, nonstressful transition to
conditions of normal gravity. This is achieved by limiting orthostatic, physical,
and vestibular stress and through use of postflight prophylactic suits.

The most critical stage of readaptation, which takes place at a specialized
rehabilitation and therapeutic base, lasts an average of 2-3 weeks. The major
goal of this period is restoration of previous functional physiological status.
During this phase, motor activity is gradually increased, and different tech-
niques of rehabilitation (calisthenics, massage, and workouts in the pool and on
exercise machines) are sequentially introduced. Loading is increased by increas-
ing the rates of walking, running, or swimming, decreasing the duration and
number of rest periods, and increasing the number of exercises and their
difficulty.

Creating a favorable psychological climate and positive emotional factors
are considered highly important. In addition, selecting and sequencing rehabil-
itation methods are based on the results of comprehensive batteries of postflight
clinical and physiological tests.
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The sanatorium/health spa phase of rehabilitation lasts for the next 20-30
days. Factors considered in site selection include climatic conditions at the time
of year, level of equipment at the sanatorium, and the preferences of the crew
members. During this stage, extensive use is made of climatic factors, physical
therapy, and mud baths, the methods of therapeutic exercise and physical train-
ing, and long-distance running along a natural course. The rehabilitation and
therapeutic methods employed are directed at completely restoring health status
and functional physiological reserves. An individualized approach is used for
prescribing procedures, accounting for health status and the temporal course of
recovery and also of the capacities and desires of the crew members. Postflight
psychological rehabilitation (the final phase of psychological support) is consid-
ered a very important part of this process. Such rehabilitation is directed at
restoring social contacts, which have been partially lost (including family ties), as
well as psychophysiological reserves that have been depleted under the extreme
conditions of spaceflight (21).

Future Prospects for Developing the Biomedical Flight Support
System

From a medical point of view, the use of the International Space Station (ISS)
will be characterized by

- an increase in crew size and in the heterogeneity (including nationality) of
the payload specialists involved;

- heightened work intensity, use of multiple shifts, an increase in the number
of EVAs, and increased complexity of the EVA programs;

- permanent capacity to evacuate sick and injured from the ISS using spe-
cialized rescue spacecraft.

These characteristics will determine the set of specific medical, engineering
psychological, and ergonomic tasks that must be performed, including

- developing criteria for a differential approach to selection and flight
qualification for individuals who vary in initial health status, age, and
gender;

- establishing criteria for permissible and optimal duration, the number of
repeated flights, and the interval between them for various groups of cos-
monauts;

- developing a system for medical support of rescue work;

- developing a system of measures for medical support of space crews whose
members do not fully meet standards (for example, space tourists); this re-
quires an individualized approach to regulating schedules of work, rest,
meals, physical training and to conducting medical monitoring and thera-
peutic and preventive treatments;

- developing measures to support the safety of group EVAs for conducting
planned work and rescue operations;
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- developing a scientific basis for specifications of the ergonomic characteris-
tics of the ISS, the structure and particular methods of medical support, and
the functions of the crew physician.

Current attainments in this area are a good foundation for further progress
in solving biomedical problems presented by future piloted space projects, in-
cluding the Mars mission.

The isolation of the crew on a flight to Mars will require significantly more
reliable safeguards both for the spacecraft systems and for the medical flight
support system. The impossibility of emergency return of the crew to Earth or
replacement of a sick crew member make it absolutely essential that a highly
qualified physician-cosmonaut take part in the mission. An automated system for
collecting, transmitting, and analyzing biomedical information and data banks
and databases is already being created for the medical support of such auto-
nomous spaceflights.

Another of the most important conditions to support a Mars mission is
successful solution of a set of psychological problems, including psychological
readiness to accept risk and to perform tasks at the limit of psychological and
physical capacities and to resolve nonstandard contingency situations while liv-
ing in isolation from Earth. An obligatory condition for inclusion in the crew
must be a candidate’s previous experience with long-term flights, because an
interplanetary flight will mobilize all of the individual resources of the crew.

We will have to develop a more biologically complete and ecologically based
artificial living environment fully appropriate to long-term human needs. We
must create an analog of Earth’s biosphere on board the Mars spacecraft, whose
active components will be human beings, animals, plants, and microbes. Once
this is accomplished, existing LSSs will be replaced by a regenerative LSS with a
high coefficient of cycle closure. Laboratories on Earth have already produced
encouraging results.

Another important problem is protection from galactic and solar cosmic
radiation, which increase significantly outside the bounds of the radiation belts.
On long-term interplanetary voyages, we will have to contend with the risk of
mutagenic processes and also with threats to the lives and health of our cos-
monauts. Approaches to ensuring radiation safety under these conditions may
include selecting certain periods of solar activity for flights, creating a radiation
shelter on board the spacecraft, and possibly, using pharmacological protective
agents.

The risk of a Mars expedition is significantly higher than that associated
with human presence in near-Earth orbit and thus interplanetary missions must
be preceded by intensive in-depth research in the area of space physiology, psy-
chology, radiobiology, life support systems, and the development of reliable
means for protecting and maintaining the health of cosmonauts. For this pur-
pose, along with the obligatory use of existing ground-based experimental bases
and devices, we will need to make maximally effective use of the potential of
existing and planned space stations and unpiloted biosatellites, which will allow
us to create a strong foundation of global cosmonautics to conquer the planets of
the solar system (22).
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Glossary

ASE. Adverse Somatic Effect

BLSS. Biological Life Support System
EKG. Electrocardiogram

EVA. Extravehicular Activity

ISS. International Space Station
LSS. Life Support System

0S. Orbital Station

Sv. Sievert
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C

CARDIOVASCULAR SYSTEM
IN SPACE

The microgravity environment of space is well tolerated by the cardiovascular
system over during periods ranging from weeks to several months. In many
ways, the heart, peripheral vasculature, and central cardiovascular control sys-
tem are exposed to fewer challenges in microgravity than on Earth. Consider the
simple act of standing upright in the normal gravity field of Earth. Assumption of
an upright posture on Earth causes a redistribution of blood volume to the lower
parts of the body, resulting in an increase in blood pressure in dependent blood
vessels and a decrease in arterial blood pressure above the level of the heart. The
cardiovascular system must quickly compensate for these changes by altering
the heart rate, the force of contraction of the heart, and the resistance of the
blood vessels to maintain enough blood flow to the brain to prevent loss of con-
sciousness. Under weightless conditions, however, there are no postural changes
in blood volume and pressure, which greatly reduces the demands placed on the
cardiovascular system to maintain homeostasis. Furthermore, moving about in
microgravity requires far less energy than required in gravity, which places less
demand on the cardiovascular system.

During the long term, however, many physiological systems become dys-
functional when they are not required to perform at a normal level. For example,
the muscles and bones of a leg immobilized in a cast for a month or two become
atrophied and weak. Similarly, the relatively unchallenging environment of
microgravity ultimately results in dysfunctional changes in the heart, the
vasculature, and the central cardiovascular control system that may have harm-
ful consequences during spaceflight and upon reexposure of the human organism
to a gravitational field.

For example, many astronauts cannot maintain normal blood pressure and
feel dizzy or faint when standing upright immediately following spaceflight, a
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condition called orthostatic intolerance. This may impair their ability to get out of
a spacecraft quickly should an emergency arise, or to perform meaningful work
upon arrival in a gravitational field, for example, after a trip to Mars. There are
also reports of rhythmic disturbances of the heart (cardiac arrhythmias) during
spaceflight and of loss of muscle mass of the heart (cardiac atrophy). The latter
two conditions, though less well documented than orthostatic intolerance, rep-
resent potentially life-threatening alterations in cardiovascular function. Before
examining these problems in more detail, however, we will present a brief review
of normal cardiovascular physiology.

Cardiovascular Physiology

The heart is composed of four chambers, the left and right atria and the right and
left ventricles. The atria serve as booster pumps to aid in filling the ventricles
during their filling cycle—ventricular diastole. The ventricles are the main
pumping chambers of the heart. Blood is ejected from the ventricles during their
contraction cycle—ventricular systole. The right ventricle pumps blood to the
lungs through the pulmonary circulation. The left ventricle pumps blood through
the systemic circulation. The systemic circulation is a branching network of
vessels. The arteries bring blood to the various tissue beds. Oxygen and nutrients
are delivered to the tissues, and carbon dioxide and waste products are removed
through the smallest vessels, the capillaries. Capillary blood flows into the ve-
nous system starting with the smallest vessels in the venous system, the venules.
The smaller veins merge into progressively larger veins ending up in the vena
cava which returns blood back to the heart.

From a functional point of view, the large arteries serve as compliant ca-
pacitance vessels, ensuring that blood pressure does not fall to zero during ven-
tricular diastole during which no blood is being ejected from the ventricles. The
bulk of the resistance to flow in the systemic circulation resides in the micro-
circulation, consisting of arterioles, capillaries, and venules. The control of re-
sistance to flow resides in the arterioles which, unlike capillaries and venules,
have a muscular wall whose tone can be controlled by local factors (autacoids), by
circulating hormones, and by the sympathetic nervous system. The large veins
are extremely compliant and serve as a large blood reservoir. These veins have
muscular walls whose tone can be increased by sympathetic nervous system
stimulation. Constricting the large veins functionally is equivalent to shifting
blood from the reservoir into the remainder of the circulation. This is an impor-
tant function because filling of the right ventricle is determined to a large extent
by the pressure in the vena cava—the central venous pressure—which may also
be called preload. A drop in central venous pressure can lead to a precipitous
drop in the filling of the right ventricle which in turn leads to a drop in cardiac
output—the total rate of blood flow out of the heart into the systemic circulation.
The large veins also provide small resistance to blood flow.

The cardiovascular system is exquisitely controlled by multiple feedback
and control loops. Intrinsic control of the cardiovascular system is achieved
by local factors (autacoids) that, for example, control the muscular tone in art-
erioles to match local blood flow to local tissue demand. Extrinsic control of the
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cardiovascular system is achieved by the autonomic nervous system and circu-
lating hormones. The autonomic nervous system is composed of two main
branches—the parasympathetic nervous system and the sympathetic nervous
system. The main function of the parasympathetic nervous system is to slow the
heart rate. The sympathetic nervous system has two classes of receptors, alpha
and beta. Stimulation of alpha receptors increases venous and arterial tone.
Stimulation of beta receptors increases the heart rate and the contracting force of
the heart (inotropy) and decreases arteriolar tone.

Cardiovascular Alterations Associated with Spaceflight

The constellation of cardiovascular deconditioning effects associated with space-
flight include decreased orthostatic tolerance (1-8) and exercise capacity (9,10)
upon return to a gravitational field, decreased cardiac muscle mass (11), and the
occurrence of a variety of arrhythmias in some individuals (12-14). Maintaining
exercise capacity and orthostatic tolerance at preflight levels requires the integ-
rity of both cardiac pump function and the multiple neurohumoral control mech-
anisms that mediate the hemodynamic response to exercise and orthostatic
challenge. Orthostatic intolerance is a high priority problem because it may in-
terfere with the crew’s ability to function during reentry and postflight; there-
fore, we will start our discussion with this problem. In later sections, we will
discuss cardiac arrhythmias and cardiac atrophy.

Alterations in Cardiovascular Parameters That May Contribute to the
Development of Orthostatic Intolerance. Exposure to microgravity un-
doubtedly removes the blood pressure gradients from head to feet that are as-
sociated with upright posture on Earth (15). Thus, there is an equalization in
blood pressures throughout the body. Mean arterial pressure at the feet is re-
duced from about 200 to about 100 mmHg and is increased within the head from
about 70 to about 100 mmHg. Dependent blood vessels are exposed to lower than
1G normal blood pressure, whereas the vessels between the heart and head are
exposed to higher than 1G normal blood pressure.

During spaceflight, body fluid shifts from the lower extremities to the tho-
rax, and overall fluid volume is reduced. It is believed that the mechanism of
orthostatic hypotension following spaceflight involves pooling of blood in the legs
resulting in reduced preload to the heart, a decrease in cardiac output, and low
blood pressure (hypotension). About 20% of astronauts after short (weeks) mis-
sions and 83% of astronauts after long missions (months) cannot support stand-
ing arterial blood pressure for 10 minutes (8). Physiological mechanisms that
contribute to orthostatic hypotension include alterations in peripheral vascular
resistance, venous compliance, intrinsic vascular reactivity, reduced intravascu-
lar volume, altered heart rate arterial baroreflex, and altered cardiac systolic and
diastolic function.

Altered Vascular Resistance

Changes in Total Peripheral Resistance (TPR). Fourteen crew members
from the Space Life Sciences (SLS)-1 and -2 Space Shuttle flights were studied
within 4 hours of landing after flights of 9 or 14 days (3). Hemodynamic meas-
urements were compared between finishers and nonfinishers of a 10-minute
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stand test. Only nine of the 14 subjects (64%) finished the stand test. There were
equally significant postflight increases in upright heart rates and decreases in
stroke volumes in both finishers and nonfinishers. The amount of venous pooling
was similar in both groups. The critical difference between finishers and non-
finishers in this series was inadequate vasoconstrictor response in nonfinishers
(29.4 +2.3 units in finishers vs. 19.94+1.4 units in nonfinishers, p <0.05). Al-
though the vasoconstrictor response increased compared to preflight levels in
both subgroups, only the finishers had vasomotor responses enhanced enough to
maintain adequate arterial blood pressure. These investigators concluded that
microgravity-induced hypovolemia is a likely prerequisite for developing post-
flight orthostatic intolerance, but the outcome in a given individual may depend
to a great extent on the magnitude of the systemic vasoconstrictor response.

Although the mechanisms that underlie inadequate postflight response re-
main to be identified, two principal alternatives are (1) adaptation to micro-
gravity has caused a degradation of neurohumoral cardiovascular control
mechanisms that are essential at 1G, or (2) the dynamic range of the mecha-
nisms that produce appropriate orthostatic vasoconstriction is an inborn char-
acteristic of the individual. A limited range that is adequate for an ordinary 1G
condition becomes inadequate in the hypovolemic state early after return from
space. A degradation of the neurohumoral vasoconstrictor mechanisms may oc-
cur at one or more levels, that is, afferent input, central integration, efferent
output, and/or end organ responsiveness. Currently available information pro-
vides no conclusive answers (16).

In a study of 24 astronauts before and after missions of 4 to 5 days using
two-dimensional echocardiography, the standing TPR index (TPRI) was signif-
icantly greater (p <0.03) in the standing compared with the supine position on all
test days except landing day. Similarly, the TPRI orthostatic response decreased
on landing day (p <0.03). Thus, there was an apparent reduction in the ability to
augment peripheral vascular tone when assuming the standing position (4).

In a study of 40 astronauts before and after spaceflights that lasted up to 16
days, it was found that those who could not complete a 10-minute stand test on
landing day had significantly lower (23 + 3 units vs. 34 + 3 units; p = 0.02) stand-
ing TPR (7).

Changes in Levels of Catecholamines. Forty astronauts were studied be-
fore and after spaceflights of up to 16 days. Of the original 40, seven were ex-
cluded because they had consumed promethazine, dextroamphetamine, or
caffeine shortly before landing, and four were excluded because blood samples
were ruined. On landing day, eight of the remaining 29 astronauts (28%), could
not complete a 10-minute stand test due to presyncopal symptoms (dizziness or
faintness). It was found that those who did not complete the stand test had
significantly reduced peripheral vascular resistance and blood pressure when
standing. These same subjects, it was noted, had significantly lower peripheral
vascular resistance and supine and standing diastolic and systolic blood pressure
before spaceflight. In addition, the nonfinishers had significantly smaller in-
creases in plasma norepinephrine levels when standing than those who finished
the stand test (105+41 vs. 340 +62 pg/ml; p = 0.05). These results were taken as
evidence for hypoadrenergic responsiveness, possibly centrally mediated, as a
contributing factor in postflight orthostatic intolerance (7).
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A 2-week head-down bed-rest study (a ground-based model of weightless-
ness) of eight healthy volunteers demonstrated a decrease in norepinephrine
excretion of 35% on day 14 of bed rest from that on the control day. Though
excretion rates of norepinephrine decreased, plasma levels were only variably
and not significantly decreased. This was likely to be related to concurrent
hypovolemia and is still consistent with a subnormal norepinephrine spillover in
this setting. Excretion rates of epinephrine, dopamine, and dihydroxyphenyl-
acetic acid were unchanged, suggesting that head-down bed rest produces sus-
tained inhibition of sympathoneural release, turnover, and synthesis of
norepinephrine without affecting adrenomedullary secretion or renal dopamine
production. This sympathoinhibition in the face of decreased blood volume may
help to explain orthostatic intolerance in returning astronauts (17).

The discordance between the response of plasma dopamine and plasma
norepinephrine documented above may further exacerbate the deleterious effects
of the sympathoinhibition. Renal tubular cells can synthesize dopamine from
dopa (18), and in normal circumstances, the diuretic, natriuretic, and renal
vasodilatory effects of locally produced dopamine are balanced by the effects of
renal sympathetic nerve activity and the resultant release of norepinephrine,
which promotes renal absorption of sodium and water and reduces dopamine-
induced vasodilation (19). It is interesting to note that an extreme example of
discordance between plasma dopamine and plasma norepinephrine is found in
patients who are deficient in the enzyme dopamine beta-hydroxylase (20). In
these patients, excessive production of dopamine, coupled with an inability to
convert dopamine to norepinephrine, leads to a volume-depleted state with ex-
traordinarily severe orthostatic hypotension, which is enhanced by the absence
of the vasoconstricting properties of norepinephrine.

Other studies have shown a dissociation between an increase in circulating
catecholamines and peripheral vasoconstrictor responses, from which it was
concluded that there is a blunted vasoconstrictor response to sympathetic stim-
ulation (5,21) following exposure to microgravity. This may be due to downreg-
ulation of adrenergic receptors in response to increased levels of plasma
norepinephrine in microgravity. During the D2-Spacelab mission, plasma nor-
epinephrine in four astronauts was approximately twice the value of that in the
supine position on the ground, suggesting that the level of sympathetic nervous
activity during microgravity is more similar to the upright ground-based position
than to the supine (22).

Changes in Local Mediators. Endothelial functional changes resulting
from exposure to microgravity have yet to be extensively studied. As outlined
before, some studies document a blunted vasoconstrictor response to sympatho-
adrenal activation after spaceflight (5,21), whereas others have shown sym-
pathoinhibition (7,17). In either case, it is likely that local endothelial
vasodilatory function mediated by endothelium-derived relaxing factor, or nitric
oxide, is altered following exposure to microgravity.

Altered Venous Compliance

Central Venous Pressure (CVP). There is some evidence that central ve-
nous pressure is decreased during spaceflight. CVP was measured in one subject
aboard Space Life Sciences-1 and in two subjects aboard Space Life Sciences-2.
Mean CVP in the seated position prelaunch was 8.4cm water, and with legs
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elevated, prelaunch in the Shuttle was 15.0 cm water and fell to 2.5 cm water
after 10 minutes in microgravity. In these same subjects, however, the left ven-
tricular end-diastolic dimension, as measured by echocardiography, increased
within 48 hours in microgravity (23). Given this increase in cardiac filling, it
seems likely that a decrease in intrathoracic pressure of greater magnitude than
the decrease in CVP may occur in weightlessness, leading to an effective increase
in right atrial transmural pressure. Simultaneous measurements of CVP and
intraesophageal pressure, recently made in weightless parabolic flight, confirm
this hypothesis (24). The SLS-1 and -2 data confirm previous observations in
space (25).

Increased Peripheral Pooling of Blood. Data from Skylab-3 and -4 suggest
that leg blood flow and compliance increase during the early hours of spaceflight
(26), and ground-based studies simulating microgravity have documented an
increase in leg vessel compliance (27-29).

Reduced Intravascular Volume

Decreased Red Blood Cell Mass (RBCM). Six astronauts on SLS-1 and -2
were studied. Plasma volume (PV) decreased by 17% within the first day of
spaceflight. RBCM decreased as a result of the destruction of red blood cells
(RBCs) either newly released or about to be released from the bone marrow,
whereas older RBCs survived normally. Upon return to Earth, PV increased,
causing a decreased RBC count and increased erythropoietin levels. The pro-
posed mechanism for these changes is that entry into microgravity causes acute
plethora secondary to a decreased vascular space, leading to increased hemo-
globin, that leads to decreased erythropoietin levels. RBCM decreases to an
appropriate level for the microgravity-induced decreased PV via destruction of
recently formed RBCs. Acute hypovolemia upon return to Earth stimulates an
increase in plasma volume, leading to anemia that stimulates an increase in
serum erythropoietin and corrects the anemia (30).

Decreased Plasma Volume (PV). Adaptation to actual and simulated mi-
crogravity is associated with decreased total blood volume (2,31). It was initially
postulated that diuresis accounts for fluid volume losses during spaceflight;
however, diuresis during spaceflight has rarely been documented (32). Body fluid
balance was studied on three recent spaceflights (N of subjects =7) with special
emphasis on oral intake and renal excretion of fluid and sodium (33). In no case
was increased diuresis and natriuresis observed; rather, both oral fluid and so-
dium intake, as well as renal fluid and sodium output, appear reduced compared
with the preflight condition. These results are consistent with findings during
the Skylab program, in which fluid intake and renal fluid loss also appeared
reduced or unchanged, at least during the first flight days (34). They are also
consistent with the results of SLS-1 and -2 subjects in whom plasma volume,
extracellular fluid volume, urine excretion, and fluid intake all decreased, and
the glomerular filtration rate (GFR) was elevated (32). It was felt that the reason
for the discrepancy between reduced or unaltered renal excretion and reduced
body water was most likely due to insufficient caloric intake and subsequent
decreased water binding capacity (1g glycogen binds 3-4g water; 1g protein
binds 8 g water). In addition, the decreased plasma volume coupled with upper
body edema points toward an increased extravasation of fluid as a result of the
headward fluid shift (33). Leach et al. postulate that increased permeability of
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capillary membranes may be the most important mechanism causing spaceflight-
induced PV reduction, which is probably maintained by increased GFR and other
mechanisms (32).

Hormonal Changes. Following an isotonic saline infusion in microgravity,
renal sodium and fluid output were lower than expected from results of simu-
lation experiments; venous plasma norepinephrine and renin were higher. Be-
cause plasma arginine vasopressin (AVP) was low, high levels of this peptide
were not responsible for decreased renal fluid output during flight (22,35).

SLS-1 and -2 subjects had increased AVP (also referred to as antidiuretic
hormone, or ADH) on flight day 1 and on landing day; AVP levels normalized on
other days. The elevations on launch and landing days, it was felt, were stress
related. Plasma and urinary cortisol levels were elevated, although not statis-
tically significant, throughout the flights, and again, it was felt that stress plays
a role in this elevation. Plasma renin activity (PRA) and aldosterone decreased in
the first few hours after launch, but PRA was elevated 1 week later. During flight
atrial natriuretic peptide concentrations were consistently lower than preflight
mean values, (32).

Altered Cardiac Function

Changes in Heart Rate (HR) and the HR Baroreflex. Using a neck collar to
produce computer-controlled beat to beat changes in carotid artery transmural
pressures in subjects before and after 8 days in orbit in SLS-1 and D2 flights
demonstrated a significantly attenuated change in the cardiac cycle length in-
terval for a given change in carotid transmural pressure (36). Similar results
were found after head-down bed rest (37). The conclusion of these studies was
that spaceflight reduces baseline levels of vagal-cardiac outflow and vagally me-
diated responses to changes of arterial baroreceptor input. These results were
recently corroborated by studies of the spectral power of heart rate and blood
pressure in Mir cosmonauts during and after 9 months of spaceflight (38). It has
been argued, however (15), that baroreflex assessments based on R-R interval
changes alone may be inadequate because they ignore the contribution of stroke
volume to cardiac output. For example, HR increases more during in-flight lower
body negative pressure (LBNP) than during preflight LBNP, and standing HR is
elevated postflight to compensate for the stroke volume deficit imposed by mi-
crogravity-induced hypovolemia. These observations alone imply adequate func-
tioning of the cardiac baroreflex arm.

A study of 24 astronauts following missions from 4 to 5 days found that, on
landing day, supine HR increased by 23% (p <0.0005) and standing HR increased
by 35% (p <0.0001), compared with preflight values. Preflight HR began to level
off 2 or 3 minutes following the initial increase when standing, but postflight, it
continued to increase for the duration of the 5-minute stand test. This was taken
as evidence of postflight orthostatic dysfunction (4,6).

Changes in Ventricular Filling and Cardiac Contractility. After Apollo
flights, standard anterior—posterior chest roentgenograms taken pre- and post-
flight showed that heart size decreased following spaceflight (39). These results
have been confirmed in a study of 24 astronauts after missions of 4 to 5 days
evaluated by two-dimensional echocardiography. Supine left ventricular end di-
astolic volume index (EDVI) diminished by 11% (p <0.04) on landing day, com-
pared with preflight. Supine left ventricular stroke volume index (SVI)
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diminished by 17% (p <0.006) on landing day, compared with preflight. Both
recovered to preflight levels within 48 hours. Standing EDVI was less than that
of supine EDVI, but SVI did not change significantly with position. The ejection
fraction and the velocity of circumferential fiber shortening did not change sig-
nificantly, suggesting no effect on myocardial contractility (4).

More recent early in-flight echocardiographic measurements in three subjects
from SLS-1 and -2 showed an increase in cardiac filling, the mean increase in the
left ventricular (LV) diastolic diameter was from 4.6 cm to 4.97 cm (23). Analyzing
the data by a technique that produces a three-dimensional reconstruction of the LV
showed a time course of adaptation where the initial increase in LV size was
followed within 48 hours by a significant decrease in size relative to preflight
supine dimensions (16). Contractile state—as defined by the LV ejection fraction,
end systolic volume, and velocity of circumferential fiber shortening—did not
change during the mission. Stroke volume measurements after 2 days in space
approximated the 1 G supine data, and measurements after 5 days or later ap-
proached, but did not reach, preflight upright levels. This suggests that cardio-
vascular conditions in microgravity after adaptation may represent an inter-
mediate hemodynamic state that accurately reflects the normal 24-hour human
postural pattern, that is, one 8 hour part supine and two parts upright (16,23).

A recent bed-rest study suggests that changes in LV pressure-volume
characteristics may develop during a 2-week period of bed rest in normal subjects
and produce a stiffer ventricle that has reduced end-diastolic volume, compared
to the normal physiological range of filling pressures (9).

Alterations in Cardiac Muscle Mass. Magnetic resonance imaging of four
members of the German D-2 German Spacelab mission showed a significant loss
of myocardial mass after a 10-day mission (11). Levine et al. (40) found that
normal subjects subjected to 2 weeks of microgravity simulated by bed rest
showed a significant reduction in ventricular mass also, as measured by magnetic
resonance imaging. However, the mechanisms by which reduction in cardiac mass
occurs, the functional sequelae of the changes in cardiac mass, and whether or not
these changes are reversible after space flight all remain to be investigated.

Alterations in Cardiac Electrical Function. Another aspect of the cardio-
vascular deconditioning process involves potential alterations of cardiac conduc-
tion processes associated with spaceflight. Cardiovascular deconditioning has
been investigated quite extensively, but there have been relatively fewer sys-
tematic investigations into the effects of spaceflight on cardiac electrical function.
However, a variety of heart rhythm disturbances have been observed in astro-
nauts during and after spaceflight. Occasional premature ventricular contrac-
tions were seen in Gemini and Apollo missions (13,41). Reports indicate that all
crew members in the Skylab series had some form of rhythmic disturbance
(14,41) and one individual experienced a five-beat run of ventricular tachycardia.
The incidence of arrhythmias was higher during flight than during preflight
testing and higher than would be expected in a random sampling of a healthy
population. Cardiac arrhythmias have also been seen during Shuttle flights (41)
and on Mir. Analysis of nine 24-hour ECG recordings (Holter monitoring) ob-
tained during long-term spaceflight on Mir revealed one 14-beat run of ven-
tricular tachycardia (12). Two Mir missions have undergone major changes in
crew composition and/or responsibilities due to cardiac dysrhythmias (42). Fur-
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thermore, a research primate recently died suddenly shortly after returning to
Earth from extended space flight; cardiac dysrhythmic mechanisms were sus-
pected as a possible cause (43).

Thus, there seems to be significant anecdotal evidence suggesting that
spaceflight is associated with an increased susceptibility to potentially life-
threatening ventricular arrhythmias. Furthermore, it is likely that ventricular
arrhythmias during spaceflight will be of increasing concern in the future as
older individuals are involved in spaceflight and as the durations of missions
lengthen. At a joint National Aeronautics and Space Administration/National
Space Biomedical Research Institute workshop in January 1998, cardiac
arrhythmias were identified as the leading cardiovascular risk to a human
Mars exploration mission (44). Older individuals have a greater statistical like-
lihood of having underlying structural heart disease, in particular, coronary ar-
tery disease and thus, will be at greater risk for heart rhythm disturbances. If
spaceflight does increase susceptibility to ventricular arrhythmias, such
arrhythmias could pose a significant threat to crew safety and mission success.
However, the available data are too anecdotal to permit one to conclude whether
spaceflight does increase susceptibility to ventricular arrhythmias. Therefore, it
is important to conduct systematic investigations to determine whether exposure
to microgravity alters cardiac electrical stability.

Recently a new technique—the measurement of microvolt level T wave
alternans (TWA)—has been developed. In a series of clinical studies in varied
patient populations, this technique compared favorably to other noninvasive risk
stratifiers and invasive electrophysiological testing as a predictor of sudden car-
diac death, ventricular tachycardia, and ventricular fibrillation (45-47). In a re-
cent National Space Biomedical Research Institute project, healthy volunteers
participated in a 16-day head-down, tilt, bed-rest study (a ground-based analog of
weightlessness) and had TWA measured before and after the bed-rest period
during bicycle exercise stress. In three subjects, bed rest induced sustained TWA,
although they had an onset heart rate above the 110 beat per minute (bpm) cutoff
below which TWA is clinically associated with increased arrhythmic risk. In these
subjects, sustained TWA disappeared 2 to 3 days after bed rest. In one subject who
had sustained TWA and an onset heart rate above 110 bpm before bed rest, bed
rest abolished sustained TWA, which reappeared 3 days after bed rest. These
findings provide the first evidence that simulated weightlessness has a measur-
able effect on myocardial repolarization processes, which suggests that spaceflight
may alter susceptibility to life-threatening ventricular arrhythmias (48).

The potential lethal arrhythmic risk for astronauts is sustained ventricular
tachycardia or ventricular fibrillation. Nonsustained ventricular tachycardia
could cause syncope. Given the data suggesting that cardiac arrhythmias might
pose a problem for long-term spaceflight and given that the consequence of ven-
tricular arrhythmias may be astronaut death, this will be an important area of
further study.

Countermeasures

Fully effective countermeasures against the problem of orthostatic intolerance
have yet to be developed. Currently, the US space program regularly employs
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anti-g suits for reentry to limit acutely the amount of blood pooling in the lower
extremity and oral intake of saline before reentry in an attempt to restore in-
travascular volume closer to preflight levels. Oral saline loading appears to be
effective in preserving standing arterial blood pressure after short flights of up to
5 days (49); however, it has not been as effective after longer flights. This finding
is consistent with other evidence that changes in autonomic control of cardio-
vascular function, and perhaps myocardial contractile function, rather than
simply inadequate intravascular volume, is responsible for orthostatic intoler-
ance following spaceflight.

One technique that appeared promising in the past was the use of lower
body negative pressure (LBNP) during flight to simulate exposure periodically to
gravity gradients. The LBNP device is a cylinder into which the subject’s lower
body is placed, and it has a rubber cuff that goes around the waist. A partial
vacuum created in the cylinder causes blood to pool in the legs, similar to stand-
ing in Earth’s gravity. Although exposure to LBNP during flight was moderately
protective against orthostatic intolerance upon return to Earth, it was unpopular
with astronauts, who reported that exposure to LBNP during flight caused them
to reexperience many of the unpleasant sensations they had experienced upon
initial exposure to weightlessness (50), such as nasal stuffiness and facial full-
ness. This is consistent with the idea that the cardiovascular system makes
appropriate adaptations to weightlessness and that trying to simulate gravita-
tional conditions periodically during flight may interfere with these appropriate
inflight adaptations.

A new pharmacological countermeasure, midodrine, was recently tested
and found protective against orthostatic intolerance following microgravitational
simulation for 16 days (51). There is evidence that both venous return and pe-
ripheral vascular resistance are reduced after spaceflight. Though not the only
contributors, both of these factors most certainly increase the incidence of post-
spaceflight orthostatic hypotension and presyncope. Several studies have dem-
onstrated a reduction in cardiac stroke volume upon return from space (3,4,7),
and others have shown reduced resistance responses to standing, particularly in
those astronauts who have the most difficulty maintaining arterial blood pres-
sure while standing (3,7). Midodrine is an agonist at a-adrenergic receptors lo-
cated on the smooth muscle in both veins and arterioles, and thus reduces venous
pooling and increases peripheral vascular resistance (52-54) by reducing the
diameters of arterioles and veins. The success of this trial after bed rest (51)
suggests that midodrine also may be an effective treatment for orthostatic hy-
potension following spaceflight. Trials of midodrine following spaceflight are now
being conducted.

Conclusion

The cardiovascular system performs fairly well during spaceflight. The primary
adverse effects of spaceflight on the cardiovascular system are orthostatic intol-
erance, cardiac arrhythmias, and cardiac atrophy. Spaceflight also impairs ex-
ercise intolerance, but current in-flight exercise programs seem to be an
adequate countermeasure. Preexisting silent cardiovascular disease (such as
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coronary artery disease) may also become manifest during long-duration space-
flight, particularly in older astronauts.

In terms of the primary adverse effects, postflight orthostatic intolerance is
a current operational problem that occurs at high frequency, particularly after
long-duration spaceflight. Orthostatic intolerance is generally not life-threaten-
ing. The task here is to develop and test effective countermeasures.

It is not known whether or not spaceflight increases the risk of life-threat-
ening cardiac arrhythmias. However, if it does, the consequences could be the
death of an astronaut. The task here is to establish whether or not spaceflight
increases susceptibility of the heart to life-threatening arrhythmias and if so, to
develop effective countermeasures.

Finally, it appears that short-duration spaceflight may modestly decrease
cardiac mass. It is not known whether the degree of cardiac atrophy increases
with the duration of spaceflight, what are the mechanisms involved, what are the
functional sequelae, and whether this effect is reversible after spaceflight. The
task here is to answer these questions and if indicated, develop effective coun-
termeasures.
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CHANDRA X-RAY
OBSERVATORY

Introduction

The Chandra X-ray Observatory (originally called the Advanced X-ray Astro-
physics Facility —AXAF) is the X-ray component of NASA’s “Great Observatory”
Program. Chandra is a NASA facility that provides scientific data to the inter-
national astronomical community in response to scientific proposals for using it.
The Observatory is the product of the efforts of many organizations in the United
States and Europe. The Great Observatories also include the Hubble Space
Telescope for space-based observations of astronomical objects primarily in the
visible portion of the electromagnetic spectrum, the now defunct Compton Gam-
ma-Ray Observatory that was designed to observe gamma-ray emission from
astronomical objects, and the soon-to-be-launched Space Infrared Telescope Fa-
cility (SIRTF). The Chandra X-ray Observatory (hereafter CXO) is sensitive to
X rays in the energy range from below 0.1 to above 10.0keV, corresponding to
wavelengths from 12 to 0.12 nanometers. The relationships among the various
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Figure 1. The electromagnetic spectrum as a function of temperature and wavelength.
This figure is available in full color at http:/www.mrw.interscience.wiley.com/esst.

parts of the electromagnetic spectrum, sorted by characteristic temperature and
the corresponding wavelength, are illustrated in Fig. 1.

In 1895, the German physicist, Wilhelm Roentgen, discovered what he
thought was a new form of radiation. He called it X radiation to summarize its
properties. The radiation could pass through many materials that easily absorb
visible light and could free electrons from atoms. We now know that X rays are
nothing more than light (electromagnetic radiation) but at high quantum energies.

Light has been given many names: radio waves, microwaves, infrared, vis-
ible, ultraviolet, X-rays, and gamma radiation are all different forms. Radio
waves are composed of low-energy particles of light (photons). Optical photons—
the only photons perceived by the human eye—are a million times more ener-
getic than the typical radio photon, whereas the energies of X-ray photons range
from hundreds to thousands of times higher than those of optical photons. Very
low temperature systems (hundreds of degrees below 0°C) produce low-energy
radio and microwave photons, whereas cool bodies like our own (about 30°C)
produce infrared radiation. Very high temperatures (millions of degrees Celsius)
are one way of producing X-rays.

X-ray astronomy is an extremely important field because it has been found
that all categories of astronomical objects (or a subset thereof), from comets to
quasars, emit X-rays. Thus learning how and why these objects produce X-rays
are fundamental to our understanding of the way astronomical systems work.
This, together with the large amounts of energy required to produce X-rays,
makes their study interesting and exciting. A second reason that the field is so
important is that the vast bulk of the matter in the Universe that we can directly
observe through the electromagnetic radiation that it emits is in the very hot
(temperatures of millions of degrees) X-ray emitting gas that fills the space be-
tween galaxies in clusters of galaxies (Fig. 2), the largest collections of matter in
the Universe. The CXO is the prime method of gaining new information about
the X-ray emission seen in the Universe.

The field of X-ray astronomy began with the discovery in 1948 that the Sun
is a source of X rays. The experiment performed by scientists at the Naval Re-
search Laboratories used photographic film mounted in a V-2 sounding rocket.
Earth’s atmosphere absorbs X rays, and so experiments must be performed above
it. The first X-rays from a source other than the Sun were detected in 1962 by
R. Giacconi and B. Rossi using a Geiger counter in a sounding rocket. For this,
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Figure 2. The Chandra X-ray image of Hydra A, a galaxy cluster 840 million light years
from Earth, shows strands (blue/pink) of 35-40 million degree Celsius gas embedded in a
large cloud of equally hot gas (blue) that is several million light years across. A bright
white wedge of hot multimillion degree Celsius gas is seen pushing into the heart of the
cluster. (Courtesy of: NASA/Chandra X-ray Center/Smithsonian Astrophysical Observa-
tory.) This figure is available in full color at http:/www.mrw.interscience.wiley.com/esst.

and subsequent pioneering efforts including fostering the development of the
Chandra X-ray Observatory, Giacconi was awarded half of the Nobel prize for
physics in 2002.

Most of the early X-ray astronomy experiments used gas-filled X-ray
detectors, either Geiger or proportional counters. Locating the X-ray sources in
the sky used mechanical collimation to restrict the field of view to at best about
0.5° (the apparent size of the Sun and the Moon). This crude accuracy made
identification of the X-ray sources with objects seen in either the visible or the
radio difficult. One notable exception in this early era was an experiment by
H. Friedman and colleagues at the Naval Research Laboratories that used lunar
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Figure 3. Subrahmanyan Chandrasekhar. This figure is available in full color at http:/
www.mrw.interscience.wiley.com/esst.

occultation to show that the nebula associated with the X-ray pulsar in the Crab
Nebula was extended.

X-ray astronomy began to make huge strides due to the development of
focusing X-ray optics that could concentrate large amounts of X rays into small
areas and form an image. The first X-ray astronomy satellite fully devoted to
extrasolar X-ray imaging was NASA’s second High Energy Astronomy Observ-
atory, it was referred to as the Einstein Observatory in the scientific community,
and it was launched in 1979. The prototype of the Chandra X-ray Observatory,
the Einstein observatory had the first large-area grazing incidence X-ray optics
and featured an angular resolution of about 10 seconds of arc, although only a
small fraction of the X rays reflected by the telescope was within this central core
due to scattering caused by the roughness of the reflecting surfaces.

The next major advance in X-ray focusing was the German/USA/UK mis-
sion Rosat (1990-1998; see, e.g., Truemper, 1983). It was equipped with an im-
aging X-ray telescope of about 4 seconds of arc angular resolution and three
interchangeable imaging X-ray detectors, and it made numerous contributions.

The CXO was named in honor of the late Indian-American Nobel laureate,
Subrahmanyan Chandrasekhar (Fig. 3), nicknamed “Chandra” which means
“moon” or “luminous” in Sanskrit. He was one of the foremost astrophysicists of
the twentieth century and, in 1983, was awarded the Nobel prize for his studies
of the physical processes important to the structure and evolution of stars.

The Observatory and Its Instrumentation

An artist’s drawing of the CXO is shown in Fig. 4. The CXO has three major parts,
as shown in Fig. 5: (1) the X-ray telescope or High-Resolution Mirror Assembly
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Figure 4. Artists rendering of the CXO. This figure is available in full color at http:/
www.mrw.interscience.wiley.com/esst.

(HRMA), whose mirrors focus X rays from celestial objects; (2) the science instru-
ments—the advanced CCD imaging camera (ACIS) and the high-resolution cam-
era (HRC) that record the X rays and two sets of objective transmission gratings
(OTG) discussed below; and (3) the spacecraft, which provides functions such as
power and telemetry necessary for the telescope and the instruments to work.
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Sunshade door — : R / __— Solar array (2)

e Optical bench
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Figure 5. Line drawing of the major components of the CXO. This figure is available in
full color at http://www.mrw.interscience.wiley.com/esst.
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The building and operation of this 1.5-billion-dollar facility has been a
marvel of modern technology and ingenuity. Overall program management and
technical and scientific oversight are provided by NASA’s Marshall Space Flight
Center. The Marshall Center was ably assisted by the Smithsonian Astrophysical
Observatory (SAO). The prime contractor was the company, TRW, Inc., which
was responsible for the spacecraft construction and integrating of all subsystems
into the Observatory. Major subcontractors and their principal functions were
Raytheon Optical Systems—telescope grinding and polishing; Optical Coating
Laboratories, Inc.—telescope coating; Eastman Kodak Corporation—telescope
assembly and alignment; Ball Aerospace and Technology Corp.—science instru-
ment accommodation module and aspect system.

The spacecraft systems for the CXO are fairly standard; they have modest
(32,000 bits/second) data rates and moderate pointing accuracy and stability.
These latter two were feasible by employing an onboard, visible-light-sensitive,
aspect camera which is used on the ground after the data are taken to correct the
position of the X rays detected to sky coordinates. This is possible because the
X-ray cameras on CXO record the position of each X-ray detected.

Because Earth’s atmosphere absorbs X rays, the CXO was placed high
above it. This meant that the ultraprecise mirrors and detectors, together with
the sophisticated electronics that conveys the information back to Earth, had
to withstand the rigors of a rocket launch and operate in the hostile environment
of space.
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Figure 6. CXO launch sequence and orbit. This figure is available in full color at http:/
www.mrw.interscience.wiley.com/esst.
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Chandra’s unusual orbit, shown in Fig. 6, was achieved after initial de-
ployment by the Space Shuttle Columbia, Eileen Collins (Fig. 7) commanding.
This particular Shuttle launch was especially noteworthy because Commander
Collins was the first female commander. Initial deployment was followed by a
boost into a high Earth orbit by an inertial upper stage built by the Boeing
Corporation. Final placement into the orbit used a built-in propulsion system.
The orbit, which has the shape of an ellipse, takes the spacecraft more than a
third of the way to the moon before returning to its closest approach to Earth,
10,000 kilometers (6,214 miles). The time to complete an orbit is about
65 hours. The spacecraft spends about 75% of its orbit above the belts of charged
particles that surround Earth. Uninterrupted observations as long as 55 hours
are possible.

Because of their high quantum energy, X rays do not easily reflect from
mirrors. However, reflection can take place when the angle of incidence is shal-
low. This property can be exploited to build optical systems that can bring X rays
to a common focus. A particular design, that used for the CXO, is illustrated in
Fig. 8. The design, referred to as a Wolter type 1, uses a paraboloid of revolution
followed by a hyperboloid of revolution—two reflections are necessary to bring
objects away from the axis of symmetry into focus. Nesting several of these

Figure 7. Commander Eileen Collins. This figure is available in full color at http:/
www.mrw.interscience.wiley.com/esst.
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Figure 8. Illustration of a cross section of two nested, Wolter I, X-ray optics. This figure
is available in full color 