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Commentary on the Cover
Dream your Life and Live your Dream! A sentence that every one of us should
remember to make our dreams come true.
Space is part of everyone's dream - either going there or living there:
Yesterday's dream was flying in the sky: that's what Icarus, a hero from Greek
Mythology, tried to do.
Today's dream is exploring space ...
And tomorrow's dream is living in space.
Nevertheless, the space environment is threatened by many hazards: radiation,
debris, meteoroids ... If no action is taken, today and tomorrow's dream can
disappear.
The four pictures inside meteoroids represent different space hazards:

Aurora borealis with a fa lling meteor - this depicts the threat of meteoroids to
spaceflight.
The "Vitruvian Man ", a drawing by Leonardo Da Vinci - this represents threats
to human life in space.
Eurockot launch vehicle deploying the E-sat constellation - this picture reminds
us of the potential for orbital debris caused by the ever-growing number of space
flights.
Solar wind - represents a hazard to both human life in space and spacecraft due
to solar activities.
The dangers of these hazards have to be taken into account by policy-makers,
engineers, scientists, and managers of space programs to avoid the threats either
in space or on the Earth.
Cover design:
Veopraseut.

Anupkumar

Khant,

Photo of Earth courtesy of NASA.
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Dedication
This document is dedicated to the memory of Mercury and Apollo astronaut
Alan B. Shepard, Jr. who died in July 1998 at the age of 74. Alan Shepard
became the second human in space w hen he achieved suborb ital flight on board
Freedom 7 on May 5 1h, 1961 , just three weeks after Soviet cosmonaut Yuri
Gagarin. On January 3 151, 1971, he became the fifth human , and one of only 12
persons, to walk on the Moon when he commanded the Apollo 14 mission at
age 47.
For many ISU students and alumni, Alan S hepard's life is an example that we all
aspire to live up to. His accompli shments stand as a great inspiration - they are
part of the ingredients that allow a child's dreams to become reality.

Photo courtesy of NASA
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The sonnet that follows was written by Pilot Officer John Gillespie Magee, Jr. ,
number 412 Squadron of the Royal Canadian Air Force, who was killed in action
on December 11 111 , 1941. Overcome by the thrill and privilege of flight, John
Magee wrote this poem on the back of a letter to his mother, while serving his
country from England. The second quote, by Antoine de Saint-Exupery, comes
from a story about a pilot who is stranded in the desert of North Africa, and a
boy he calls the Little Prince who appears and offers guidance to the pilot.

HIGH FLIGHT
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 Sunsplit clouds, and done a hundred things
You have never 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.

LE PETIT PRINCE
"Goodbye," said the fox.
"And now here is my secret, a very simple secret:
It is only with the Heart that one can see rightly; what is essential is
invisible to the eye."
"What is essential is invisible to the eye," the Little Prince repeated so
that he would be sure to remember.

From the Summer Session students of 1998, Godspeed Alan Shepard.
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Introductory Quotations
Further investigation quickly established what it was that had
happened. A meteorite [sic] had knocked a large hole in the ship.
The ship had not previously detected this because the meteorite had
neatl y knocked out that part of the ship's processing equipment
whic h was supposed to detect if the ship had been hit by a meteorite.
T he first thing to do was to try to seal up the hole. This turned out to
be impossible, because the ship's sensors couldn 't see that the re was a
hole, and the supervisors which should have said that the sensors
weren't working properl y weren't wo rking properl y and kept saying
that the sensors were fine. The ship could only deduce the existence
of the ho le from the fact that the robots had clearly fallen out of it,
taki ng its spare brain, which would have enabled it to see the hole,
with them.
Douglas Adams, Mostly Harmless

"Oh, fascinating ! Twenty particles of space dust per c ubic metre,
fifty-two ultra-violet radiation spikes, and a Class Two comet. Wow!
This is certainly worth y of our attention!"
(A sarcastic Picard, reading the results of a sensor sweep of the
Neutral Zone.)
Star Trek: First Contact

"Mr. Worf, do you remembe r yo ur zero G combat training?"
"I re me mber how it made me sick to my stomach. "
Picard and W orf, Star Trek: First Contact

"If we are inte nded for great ends, we are called to great hazards."
Henry Cardinal Newman
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Faculty Preface
The business of spaceflight is one of risk. The ships that we send into space are
fragile vessels, bereft of atmosphere and of Earth' s magnetic field, and exposed
to the unrele nting radiation of the Sun. In the microgravity environment, even the
simplest operations, both human and robotic, must be re-learned. Additionally, as
debris accumulates in Earth orbi t, spacecraft become more frequent targets for
artificial, as well as natural, high-speed objects. Now is the time for a
comprehensive overview of these threats to space exploration - hence the
Hazards to Spacefl ight proj ect.
At each International Space Uni versity (ISU) Summer Session, the students are
invited to participate in one of two design proj ects. At ISU SSP 1998, held in
Cleveland, Ohio, USA, the two projects were MAGIC- Moving Aside Gravity 's
Influence and Constraints and Hazards to Spaceflight. These projects introduce
students into an international, intercultural and interdisciplinary proj ect
environment. Of the 88 students, a team of 53 students representing 20 countries
selected Hazards to Spaceflight. This report represents their findin gs.
The design project goal was to examine hazards to spacecraft and to humans, in
actual and future spaceflight. The students identified fo ur main hazards and
established work groups to investigate in detail the unique characteristics of
each. Each work group then submitted innovative, integrative recommendations.
A synthesis of their work is presented here for the consideration of policymakers, designers and scientists around the world.
We, the facul ty, are proud of the efforts of thjs creative and dedicated group of
students, and we commend their results to the reader.

Erik Slachmuylders
European Space Agency

Patricia Moreno
Harvard Uni versity

Ray Willia mson
Space Policy Institute,
George W ashington University

Hajime Yano
ISAS, Japan
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Ram Jakhu
ISU Strasbourg

Rudiger Jehn
ESA

Foreword
The International Space University (ISU) was founded in 1987 as a non-profit,
non-governmental institution. It is an interdisciplinary, intercultural and
international institution preparing individual s to respond to the current needs and
the increasing and evolving demands of the space sector in a rapidly changing
world.
The IS U Summer Session Program is a 10-week intensive course covering the
full spectrum of space-related disciplines, covering both space science and
technology, and the legal, social, and managerial principles, which govern space
projects. At each ISU Summer Session Program the students carry out one or
more design projects. The objectives of these projects are to give the students
experience in interdisciplinary, intercultural and international teamwork, and at
the same time, to generate results that can be influential in the world beyond
ISU, and to be helpful to the students in their later career.
In the 1998 summer session held in Cleveland, Ohi o, USA, 53 people from 20
countries chose to work on the Hazards to Spaceflight project. The charge was
for us to evaluate the current a nd future hazards to spaceflight, investigate
current national and international measures, and develop innovative
countermeasures.
We used information supplied by our faculty and teaching assistants, as well as
the contributions from many visiting experts. However, decisions on what to
analyze and report, what to treat by reference, and what to omit from the project
were entirely our own.
This final report is an overview of ten weeks of hard work and international
coll aboration.
We want to express our sincere gratitude and appreciation to the Project CoChairs: Erik Slachmuylders (European Space Agency) and Ray Williamson
(Space Policy Institute, George Washington University), for their support and
guidance throughout the project. A special thank you goes to our Design Project
Teaching Assistant: Patricia M oreno (Harvard University).
Finally, we would also like to express our appreciation and recognition to the
visiting lecturers, who provided very valuable information and support during
the project.
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HAZARDS TO
SPACEFLIGHT: A GROWING
CONCERN
This is a criti cal time in the history of human
space ac ti vities. T here is an increasing interest in
the use of space for terrestrial applications a nd in
the ex pa nsion of the space frontier. In the near
future. large conste llations o f telecommunicati on
sate llites and the Internationa l Space Statio n
(ISS) will become operati onal. Numerous
scientific mis io ns will be landed o n Ma rs,
mak ing the prospect of a manned mission to
Mars even more likely. O ur everyday life and
our future are now more and more depende nt on
space resources.
There is a striking parallel between thi s ever
increasing use of space and the increasing ly
hazardous e nvironment above Earth. With the
maximum of the solar cycle approaching.
nume rous inc idents of interference, or e ven
fa ilure, are ex pec ted for spacecraft in orbit. The
high-energy particles released by solar flares will
be a serious concern for the extended Extra
Vehic ul ar Acti vities required during the
assembl y phase of the ISS. In addition , as the
Leonid me teoroid stream approaches the Earth,
one of the most critical meteoroid showers of the
last thirty years is expected during late 1998,
1999 a nd 2000, with meteoroid fluxes reaching a
hundred times the background flu x.

suc h as decalc itication of bo nes. loss of musc ular
mass. and perturbations in the neurovestibular
syste m. T hese may incapacitate an astronau t
when she/he is back in a gravi ty-do minated
e nviro nme nt. The extreme isolation and
confinement that are specific to spacec raft a lso
have significant conseque nces on the mental
equi li brium of the crew, and some diffic ulties
have already been e ncountered during long
duration missions.
Space is an in valuable, though hazardous.
resource for mankind. At a time when the
awareness fo r e nvironme ntal issues is rising on
Earth. it is no longer acceptable to apply to space
activities the same paradigm as the o ne that
prevailed during the industri al era. O ne has to
recognize that the hazards resulting from human
ac tivity in space, coupled with these intrinsic
hazards of the space e nvironment, represent a
growing thre at for the expa nsio n of huma n
presence in space.

Even the ac ti vities of humans in space are
creating a danger to themsel ves. The
unco ntrolled increase in the amount and mass of
de bris in space may soon reach a point where a
cascade e ffec t is to be feared: the fragmentation
of a spacec raft ge nerates more debri s, which, in
turn , destroys other spacecraft. In geos tationary
orbit, the accumulati on of space wrecks in
precious orbital positions raises serious concerns
for the safe exploitatio n of this orbit. Several
un planned collisio n avoidance mane uvers were
necessary during past Shuttle missions because
of collision warnings. How ma ny of these will be
necessary for the muc h larger. but much less
ma ne uvera ble. Internatio na l Space Stati on?
Missions on Mir have certainly de monstrated
tha t humans can ac hieve long-duration stays in
space, opening the way to missions to Mars.
However, e ven though this has been little
advertised, there are real issues relating to the
adaptati on of the human body to micrograv ity.
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MISSION STATEMENT
The mission of this projc.-:ct is to inform :.pace professionals about
the hazards to spaceflight, malting a clear and independent
statement of the sources. trends and con. equenccs of hazards and
pointing out key is);uc needi ng attention. It will be of imere~t to a
large audience, fro m politician s. space agenc y policy maker and
space bus iness planners. to scienti ts. mission des igners and
spacecraft engineer ·. It integrates, in a single document, the various
aspect. of batards to spacenight. In addition. this asses ment is
conducted from thc unique perspective of an unaffiliated,
multinational, and multidisciplinary g roup. Furthermore. policy.
legal. mission planning and engineering recommendations art>
propo ed ~ innovat ivt! ways to addres<; the growing threat of
hazards to spacefli ght.

...

Hazards to Spaceflight · 7

RADIATION

Radi ation in space includes electromagnetic
radiation over a wide range of e ne rgies as well as
the flux of c harged, hi ghly e nergetic particles.
Three sources of radiation are identified:
extreme ly e nergetic particles from galactic or
extra galactic origin, e lectromagnetic radiation
a nd c harged particles from the sun , and the
trappe d e nergetic partic les in the Van Allen Belts
of the Earth's magnetosphere. A major
component of the solar rad iation consists o f the
continuous emission of a "solar wind" into
interplanetary space. T his wind has te mporal
variations due to solar events such as solar flares
and corona l mass ejections, and an overall
modulati on by the I I year solar activity cycle.
The highl y energetic particles in these solar
events represent the most serious threat for space
operations in near Earth orbits as well as for
interpl ane tary missions.
The increasing reliance on space-based
telecom munication and navigation syste ms
utili zing g lobal satell ite constellations underlines
the need for treating the rad iation e nvironment
seriously . Three major effects of radiation on
spacecraft occur: spacecraft c harging. elec trical
equipment fai lures and radi o comm unication
disruptions. Spacecraft charging is caused by
non-uni form exposure of the sate ll ite surface to
the sun and the interaction with the sunounding
plasma. It can lead to e lectrical discharge arcing
causing severe damage to the e lectronic
components on board. T his effect can mostly be
avoided by good spacecraft design. inc luding
conductive surfaces or by using ion e mitting
sources or electric filters for se nsi ti ve circuits.

Eq uipme nt fai lures range from single event
upsets a nd degradations of solar arrays to
burnouts whereby equipme nt suffers permane nt
damage. CuJTent mll tgati on measures for
electronic compone nts invo lve the installation of
red unda nt systems, enor checking, shielding and
the use of radiati on harde ned compone nts.
D uring periods of increased geomagnetic
acti vi ties. radio signals travelling through the
Earth's io nosphere are subjected to so-called
ionospheric scintillations. T hese are rapid
fluc tuations in the phase and inte nsi ty of the
radio sig na l. Amplitude scintillations induce
signal fading and can lead to bit errors in satellite
communications. Phase scin tillations cause
Doppler shifts that may degrade the performance
of navigation syste m a nd affect the resolution of
space-based synthetic aperture radars.
One of the most important me thods to protect
crews a nd hardware against radiation is
shie lding. Appropriate materials for protection
aga inst radiati on include water, aluminum and
lead . For crewed missio ns in low Earth orbit,
such as the Internati onal Space Station, the
shie lding used for debris or meteoroid impacts is
sufficient for most rad iation events. For
interpl anetary missions, however, the galactic
cosmic radiation and very intense solar particle
events cannot easily be shie lded due to their high
energy.
Another way to reduce the threat of rad iatio n is
to provide Space Weather Forecasting. This
re lies
on
a combination
of rea l-time
meas urements from satel li tes a nd models of how
incoming solar events wi ll cha nge the particle
e nviro nment. C uJTent forecasts are relatively
crude, g ivi ng onl y a roug h estimate of the
c ha nges to the e nvironment with little predicti on
capability. This is due to the lack of adeq uate
real-time info rmation on the space environ ment
and the relat ively simplistic models that are
currentl y implemented.
The antici pation of the upcoming solar activity
maximum a t the change of the mille nnium and
the trend, especiall y in the commercial market. to
use non- radi ation harde ned compone nts in
satellites is expected to lead to higher ri sks of
malfunctio n and failure duri ng the coming years.
The ana lysis of the situation in space-based
operations due to rad iation hazards leads to the
conclusion that the radiation problem is a serious
one. The following set of recommendations are
proposed:

8 · Hazards to Spaceflight

•

A constellation of 3 spacecraft in a solar
orbit at 0.95 astronomical units combined
with an enhanced model of the solar wi nd
propagation wi ll provide space weather
forecast information approx imatel y twelve
hours in advance. It can be used to predict
the impact of solar events on the Earth
environment as well as fo r in terpl anetary
missions.

•

For interplanetary missions, a study
concerning an acti ve magnetic shielding
design is proposed to minimize the jeopardy
due to radiation.

•

For navigation systems, the possibility of
real time signal corrections from ionospheric
disturbances should be in vestigated.

CASE STUDY:
A CREWED MISSION TO MARS
A crewed mission to Mars is foreseen as being the next step in the
exploration of our so lar syste m. It ·will involve journeys of
unprecedented duration o utside the re latively pr0tcctivc environment of
the Earth's magneto phere. The major concc-m comes from the exposure
to radiation. Unpredictable solar Jlares. which carry large fluxes of
energetic particle • would be lethal for an unprotected human. making
shielding necessary. Ex posure to galactic cosmic radiation represent a
more insidious threat of increased cancer risk and physical shielding
mak-es this radiation more dangerous.
Ac1i ve shielding. which consist of a strong magnt:tic tield that deflects
solar radiation. is still impractical wi th cum:nt technologies. Rather than
carrying dense materials like lead, wh ich would provide severe
constraints on the mass budget. one could use available liquids as passive
shielding for a ded.icated safety room (water. oxygen. hydrogen). Onhoard X-ray detectors would send a warning to the crew, which wou ld
allow them to take refugt! in the protected an:n. The shorlnes of the
warning delay (no more than a few minute ) must be taken into account
in the spa..:ccraft design.

Hazards to Spaceflight
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METEOROIDS AND
ORBITAL DEBRIS
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in the kn owledge of the debris population in the
size range between I mm and I 0 e m, tell little
about the debri s environment in the GEO region,
and allow onl y poor precision in determining the
orbits of debris. These insufficiencies lead to
uncertainties in risk analysis and to more
frequent collision avoidance maneuvers (CAM).
Population models have been developed by
combining these observations with traffic
projections and fragmen tati on models. It appears
that within the Earth environment, and in
particular in low Earth orbit, the flux of objects
of size larger than lc m is already vastly
dominated by debri s. These objects present the
hig hest threat to spacecraft, crewed and
unc rewed alike, as no practical shielding exists
against them. B esides. this ri sk is increasing
rapidly due to the sustained growth of gross mass
in orbit.

Meteoroids and orbital debris are two major
sources of hazards to spaceflight. Me teoroids are
naturally occ urring objects from dust grains to
boulde r size that are floa ting througho ut the solar
system. A com mon feature of meteoroids in the
vicinity of the Earth is their treme ndous velocity
(up to 70 km/s).
Since the start of the space age humans have
been responsible for polluti ng the space
enviro nme nt, the repercussions of whic h have
recentl y become more obvious. Considering the
present situation. operational spacecraft represent
only 5% of the known objects in Earth orbit. The
remaining objects are used satellites and rocket
bodies, fragments of exploded spacecraft or other
mission re lated de bris. In addition , a dramatic
increase in the population of debris is expected
in forthcoming years if q.o miti gating actions are
underta ken.
Our knowledge of the distributi on of space
debris and meteoroids deri ves fro m two
categories of measure ments: ground-based
detection by a world wide array of optical and
radar sensors, and passive in siiu collec tion and
post-flight analysis of retrieved satelli tes. Postflight analyses have been conducted for low
Earth orbits from several experiments incl uding
the Long Duration Exposure Facility. the
European Retrievable Carrier satellite a nd the
Space Flyer Unit.
These observation facilities, however, are in
several respec ts insufficient. They leave a "gap"

The probability of impact is dependent on the
mission considered, and in particular on the orbit
and size of the spacecraft. Low Earth orbits, at
altitudes from 700 to 2000 km, are the mos t
critical as the atmospheric drag is too low to
deorbit debris from these commonly used
alti tude regimes. In addition, the meteoroid flux
can increase several-fold during meteoroid
showers, suc h as the Leonid shower expected for
mid -November of 1998, 1999, and 2000. This
shower may have significant operational
con sequences.
Depending on the impact conditions a nd the
design of the spacecraft, the conseque nces of a
hypervelocity impact range from surface erosion
and de te rioration of optical prope rties, to
depress urization of c rewed spacecraft, and even
to complete break up. Such catastrophic failures
ge nerate seco ndary debris that may induce a
cascade effec t. This is a particular danger for
spacecraft in constellations. In additi on, the
plas ma cloud produced from me teoroid impacts
can trigger e lectrostatic di scharge events.
Assessing the effects of impacts is a diffic ult
matter a nd certainl y requires further researc h. on
the synergy between aging and impact, for
exa mple.
The orbital debris problem requires a two-fold
approach:
protection of spacecraft
and
minimi zation of the debri s population. For
protection. different options are ava ilable such as
CAM, shielding and spacecraft desig n. CAM is
reaso nable on ly for ' large' debris. against whic h

10 · Hazards to Spaceflight

the spacecraft cannot be protected. For smaller
debris, special shields have been investigated.
and some technical solutions ha ve been proposed
in the full project report. Alternative solutions
are to locate vulnerabl e compone nts in a place
less susceptible to impacts or to provide a higher
level of redundancy.
An econo mic analysis of space debris seeks to
distribute the limited resources available to gai n
the maximum value in debris and meteor
protection. The S.W.O.T. analysis is a flexible
technique that allows decision-makers from
many different interest groups to analyze the
Strengths, Weaknesses, Opportunities, and
Threats of a particular recommendation or
hazard mitigation strategy. The opportunities
represent the hope that future developments or
technologies may change the nature of the
hazards or the benefits of the mitigation strategy.
The threats are possible future dangers that can
change the initial outcome of the mitigation
strategy. It is important to note that both threats
and opportunities can become stre ngths or
weak nesses in the future if conditi ons change.
An economic analysis has been performed for
the proposed mitigation strategies.
To minimize the debris population, several
options are proposed in the report. including :
•

Passivate spacecraft and upper stages after
mission completi on to prevent explosion

•

Select the launch window to reduce the
lifetime of upper stages through lunar and
solar orbit perturbations

•

Consider the use of residual propellant to
reduce the orbital lifetime of upper stages

•

Promote researc h on electric propulsion as a
viable option for deorbiting spacecraft at
their end of life

•

Consider the injection into heliocentric orbit
or toward the Moon as an affordable and
long-term a lternative to the issue o f GEO
disposal orbi ts

•

Undertake further analysis on the feasibili ty
of e lectrodynamic tethers, as this may be an
efficient way to deorbit unrecoverable
spacecraft

•

The realization of a standard design
handbook could be an effective met hod of
raising the aware ness of spacecraft designers
and customers to the ri sks induced by space
debris as well as ways of dealing with this
vital iss ue.

h
CASE STUDY:
CONSTELLATIONS IN
LOW EARTH ORBIT

The need for broad-band telecommunication
req uires
the
deployment
of
largt:
constellations of atellitc in low Earth orbit.
Commercial space activities already account
for more tha n 50% of the spacecraft volume
in orbi t and 'everal hundred more spacecraft
are expected to he launc hed into these orbits
in
the
coming
years
lo r
the
telecommunications market. Their short
operationa l life compared to their potential
long residence in orbit will result in a
dramatic accumulation o f space dc~ris if no
appropriate countermeasures are undertak~n.
A 'cri tical density' may be reached. at which
point a cascade effect will occur: the debris
from the fragme nta tion of one space.craft wi ll
impact other spacecraft at similar orbits,
leading to a chai n re.action. This points out the
need for self-discipline among private
operators who will otherwi se face losses of
satell ites in the future. Furthermore, the legal
and inte-rnat ional ramifications of damagt.:
occutTing to satellites throu gh such a chain
reaction could be extremely severe, especially
if n~gligence or national ecurity concerns are
paramount. Since there i a suh tanti al lag
between th\! application of mitigation
procedure. and the reaping of thei r benefits. it
is urgent that such measures b e appl ied . oon,
e ven though there ar~ no apparent , hort- term
t·ommcrcial incentives.
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I

HAZARDS TO CREWED
MISSIONS

Space is a foreign and hostile environme nt for
humans due to the vacuum, mic rogravity and
radiation . In addition, numerous psychological
stressors are at work in thi s environment, whic h
can lead to the development of socia l and
psychological problems. T he emphasis of the
biomedical section is on the ide ntification and
mitigati on of these hazards.
The radiation environme nt of space represents a
maj or hazard to humans. There are both acute
and chronic effects of radiati on exposure on
human health. In addition, microorgani sms
mutate more rapidl y in this environment, causing
increased drug-resistance and, potentiall y,
making the m increasingly harmful. Different
protective concepts exist, including shielding,
environme ntal decontamination, a nd bio logical
radi oprotec tio n. Despite the large body of
experience gained over the past th irty years in
both the American a nd Ru ssian space programs,
there is a pauc ity of data co ncerning the impact
of the space en vironment outside the Earth's
mag netosp here on the human body and on
microbial flora. The gravest co ncerns are the
amount of uncertainty in the allowable doses of
radiation for humans, and the unknown
radiobiological e ffect of the spectrum of
radiatio n in this e nvironment. Additionally, the
c hanges in the human immune syste m are an
unknown quantity that may have a n impac t on
susceptibility to cancer and infecti on.
Experi ence in the space e nvironment has
demonstrated that normal indi viduals exposed to
stressfu l conditions can easil y experience deviant
behavior. T his behavior can cause di sruptio ns

and threats to mission success and more
seriously. it can endanger the crew. A
psyc hological stressor is an event or situation
that causes an adverse reaction. or feeling of
stress, in humans. T he main psychological
stressors are classified into three broad
categories: the environment and work schedule.
the indi vidual characteristics of astronauts/
cos monauts, and group characteri stics and
interactions .
Psyc ho logical
stressors
are
considered a major threat to the success of longduration space missions. With the international
trend leading towards longer-duration flights,
such as a crewed Mars mission or lunar base,
these issues will assume greater importance in
terms of their threat to mission success . Several
approaches to mitigation of thi s hazard , through
engineering, selection, and training, are
considered.
There will always be hazards encou ntered during
spaceflight, which. despite the best attempts at
mitigation, will result in illness and injury
requiring medical care. The level of medical care
provided will always be a trade-off between
expense, compl exity, a lternative strategies and
the acceptable level of risk.
In view of long duration crewed missions, the
follo wing is recommended:
•

ln order to study the efficiency of the
proposed
protecti ve
systems
against
radiation. a human base outside of the
magne tosphere should be constructed.
Human experie nce in space is largely
limited to the low Earth e nvironme nt, and
terrestrial modeling is not adeq uate to
describe the effect of thi s environment on
li ving organisms.

•

In orde r to examine the generation of
secondary radi ation from hi gh-energy
particle interacti on with shields and bones,
depth-dose c urves for different energies
need to be measured in a huma n tiss ue
analogue model outside o f the Earth 's
mag netosphere.

•

Biological radia tio n pro tection strategies
must be developed to compleme nt phys ical
protective measures. Current co ncepts are
based on manipulation of naturally
occurring biological protective systems. and
the ad ministration of radioprotecti ve drugs.
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•

Future designs of bioregenerati ve life
support for use in space must consider the
problem o f microbial mutation leading to
decreased efficie ncy. One strategy would be
the selection of microorgani sms resistant to
the space environment.

•

More research on indi vidual and group
characteristics
m
isolated/confined
conditio ns in order to optimize overall
performance. These results should be used
to design traini ng programs for longduration missions, including the ground
control personnel in the training process.

•

teams
of
interdisciplinary
Advisory
personne l, composed of psycho logists.
astronauts/cosmonauts and engineers, shou ld
be involved in spacecraft design from the
very beginning of the process, emphasizing
the importa nce for habitability.

•

Improvements in knowledge of the
performance and interpretatio n of physical
e xaminations and on the deli very of medical
and surgical care in space are req uired .

CASE STUDY:
INTERNATIONAL SPACE STATION
The lntt:rnational Space Station offers a pos<>ibility for unprecedented length o f
l.tay in a microgravi ty environment and will provide a unique platform for
studying suc h effect. close to the Earth , before undertaking a human mission to
Mnrs . However. its assembly wil l require 1700 hours of Extra Ve hicular
Activity. which will represent a c hallenge considering the risks of
depressurization. debris or meteoroid impact. and radiation during maxi mum
solar activit) .
The harmony aml eflkicncy of an intt:rnationi.ll LTew will ha ve to he maintained
for long duratio n within a cont'i ned and stressful environment. Special
prot·edures and fnl'ilities wil l have to be t:Stablished to ha ndle medicaJ
emerge ncies.
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LEGAL AND POLICY ISSUES

•

The problem of space hazards not only calls for
tec hnical solutio ns, but also for sound policy and
law mec hanisms that serve the purpose of
controlling and reduc ing space hazards. In
general, space policy provides a basis for
common understanding of goa ls, and influe nces
the future development of space acti vities. Space
law, e nsures the impleme ntation of ide ntified
meas ures.

•

Legal & Policy Issues for Debris
and Meteoroids
At present, international space law does not
directl y mention space hazards. However, some
of the exiSting internationa l treaties and
conventions such as the Outer Space Treaty
( 1967) and the Liability Convention (1972), can
be used to address certain aspects of the space
de bris issue.
In recent years, countries have started to pay
atte nti on to the space hazards issue and different
policy a nd technical approac hes are be ing
adopte d. The United States is the most advanced
nation in monitoring space debri s and adopting
guide lines.
Japan
established
mlllgation
standards in 1996. and the European Space
Agency is adopting debris guide lines. Russia a nd
China are impleme nting specific measures suc h
as passivati on a nd re-orbiting . Internatio na l
space organizations such as ITU or INTELSAT
are also ma ki ng great efforts to reduce space
debris. The Interagency Space Debris Commi ttee
(lADC) is seeking consensus among spacefaring nati ons on the . issue of space debris a nd
the U nited Nations is working on an agreeme nt.

Raising the aware ness of commerc ial
compa nies by national agencies.
Funding of researc h on c lean-up systems in
the form of orbi tal transfer vehicles, lasers
or tethers.

Mid term (6-10 years)
•
Adoptio n of a new internationa l treaty on
space debris. with arti c les on the prevention
and mitigatio n, a nd implementation of a
space sal vage regime.
•
Establishment of a Space T raffic Co ntrol
Authority under the a uspices o f the U nited
Nations (See box).
•
Funding research on clean-up sys te ms by
space agenc ies.

Legal & Policy Issues for
Radiation
The radiati on hazard is a common problem faced
by all space-faring nations. In order to minimi ze
the negati ve influe nce of radiation, national
space agenc ies and co mme rcia l companies
should support coordinated research and share
information
wi th
eac h
other.
Our
recommendati ons for the future are the
following:
•

•

Establish an internati onal Space Weather
Monitoring and Warning Service in the
frame of the U nited Nations, to coordina te
research , moni tor the space environme nt and
give warning of solar events.
Adopt international standa rds on maximum
dosage limits for humans in space and o n
shielding requi reme nts.

In order to assure an adequate treatment of the
space debri s iss ue in the future, the objecti ves in
the fie ld of policy and law should be the
fo ll owing :

Near term (0 - 5 years)
•
Rapid definition and global adoption of
inte rnationa l
standards,
including
passivation of roc ket bodies, minimi zation
of missio n-related debri s, and re moval of
'dead' sp acecraft fro m orbit.
•
Tax incenti ves for companies that respect
these sta ndards.
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TOWARDS A
SPACE TRAFFIC CONTROL AUTHORITY (STCA)
As human acrivitic in space expand in the coming years. the density of space
traffic. especially in LEO; may reach a level at which there will be a significant
danger of collisions between operational spacecraft, particularly in the most favored
orhits. Before this occurs. there will be a need for international agreements aimed at
reducing the chance of collisions between spacecraft. It would clearly be in the
interest of all nations to take appropriate: steps to reduce these risks as much as
poss.ihle.
At this stage. an STCA, under the auspices of the United Nations, should be
created. The overall mandate of the STCA would he the identification of methods
for increasing the capacity and tlow of space traftic without compromising the
growing interest in space activitie . It should also be entrusted with the elaboration
of a Space Navigation Code that will fix the "mles of the road'" of future space
ac1ivi1ies. The role of lhe STCA would be to:

•
•

•
•

•

Update standards aimed at diminishing the creation of new debris and supervise
their implementation.
Coordinate operational monitoring and l:atalogi ng by using dedicat~ ground
and space-based radar and optical systems.
Manage the launch cheduling and trajectory of all new spacecraft to be
launched.
Coordinate and manage the de-orbiting operatio n!> of satellite that have
reached their end of life.
Disseminate the space wearhe.r information provided hy the Space Wt:ather
Monitoring and Warning Service.
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CONCLUSION
The safety and re liability of any space mission is the key to the development of space activities. In the
co ntext of the increasing reliance on s pace applicati o ns and the further expansion of mankind into the
Un iverse, the issues posed by the hazards to s paceflig ht are becoming more and more acute.
Adopti ng an interdisciplinary and independent approach, the design project Hazards to Spaceflight at the
Summer Session of the Internatio nal Space U ni vers it y has provided a global picture of the current a nd
futu re threat imposed by the space e nviro nment. It appears that critical situations will arise in the near
future if no proper actio ns are taken now.
The expone nti al growth of the debris population may impede the futu re use of low Earth orbit a nd
pote ntially destroy some of critical satellites, if not entire conste llations. Geostationary o rbit should be
considered as a natural resource that will need to be "cleaned".
For the first time. the solar maximum will occur while numero us satellites are in operation. However. there
is a trend to use cheaper, non-hardened electro nic devices which are sig nificantl y more sensi ti ve to a harsh
radiation environment.
Wh ile the prospects of lo nger crewed missions on board the Internatio nal Space Station and journeys to
Mars are becoming more concrete, we know very little abo ut the effects of radiation on the human body.
Psychological stressors in such an environme nt are poorly understood , and medicine in space is still in its
infancy.
The fundamental conclusion is that the overall s pace community should become more aware of the risks
inherent to o uter space and the associated responsibilit iy. lt is o ur hope that this work will contribute to thi s
end, and that our recomme ndations may ser ve to assist decision-makers aro und the world as they g rapple
wi th these critical issues relating to space hazards.
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Acquired Immune Deficiency Syndrome
Assessment of Magnetostatics agai nst Interpla netary Space Hazards
Advanced Shields
Anti-Sate llite
Italian Space Agency
11
Astronomical Unit = 1.5 I 0 m
Bone Marrow
British National Space Center
Beginning Of Life
Coll ision Avoidance Maneuver
Computed Anatomical Man
Charge Coupled Device
Chemical a nd Isotopic Measurements of Microme teoro ids by Secondary Ion
Mass Spectroscopy
Corona l Mass Ejection
Capacitive Metal-Ox ide-Silicone
French Space Agency
Columbus Orbital Facility
Committee O n the Peaceful Uses of Outer Space
Cosmic-Ray EnvironMent and Effects
Cross Sectional Area Flu x
Stem Ce ll Factor
Database and Information System C haracterizing Objects in Space
German Aerospace Centre
Deoxyribose Nucleic Ac id (=genetic material)
Department of Commerce (United States)
Department of Defense (United States)
Department of Transportation (United States)
Deep Space Network
Extra Vehicular Mobility Un it
End Of Life
European Space Agency
European Science Exposure Facility
European Space Operations Center
European Space Research Tec hn ology Center
Expected Time Between Collisions
EUropean REtrievable CArrier
Extreme Ultra Viole t
Extra Vehicular Acti vity
Federal Aviation Adm inistration (USA)
Fast Auroral Snapshot Explorer
Gallium-Arse nide
Galactic Cosmic Ray
Geostationary Earth Orbit
12
Gige electron Volts= 10 eV
Gl obal Geospace Scie nce
Global Positioning System
Geosynchronous Orbit = GEO
Geostationary or Geosync hrono us Transfer Orbit
Hydrogen
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XXIII

HALE
HRS/IRR
HST
HTS
HYI
HYL
HZE
IADC
ICAO
IL

lDE
IMF
IMO
IMP
InP
ISAS
ISRO
ISS
ISU
ISRO
ITU
JPL
JSC
LDEF
LEO
LET
LGG
UDAR
LMM
LTS
MARIE
MASTER
MDB
MDC
MDPS
MEO
MeV
MOS
MSM
MSS
NAIR
NASA
NASDA
Ne
NOAA
NORAD
NP
NRL
NSSK
NSWP

0
PN
ProSEDS
RCS
RADAR
Re

XXIV

High Altitude Long Endurance
Hypersensi ti vity/ Induced Radioresistance
Hubble Space Telescope
High-Te mpe rature Superconductor
Hypervelocity impact
HyperVelocity Launcher
High Charge a nd Energy
Inter-Agency Space Debris Coordi nation Co mmi ttee
International Ci vii Av iatio n Organization
Inter Leukin
Interplanetary Dust Experiment
Interplanetary Magnetic Field
International Maritime Organization
Interplanetary Monitoring Platform
Indium-Phosphate
Insti tute of Space and Astronautical Science (Japan)
Indian Space Research Organizati on
International Space Station
International Space Uni versity
Indian Space Research Organi zation
Internatio nal Telecommunicati ons Union
Jet Propulsion Lab (NASA)
Johnson Space Center (NASA)
Long Duratio n Exposure Facilit y
Low Earth O rbit
Linear Energy Transfer
Light Gas Gun
Light Detec ti on And Ranging
Liquid Metal Mirror
Low-Temperature Superconductor
Martian Radiati on Environment Experi ment
Meteoroid and Space debris Terrestrial Environment Refere nce
Mesh Doubl e Bumper
Munich Dust Counter
Meteoroids and Debris Protection System
Medium Earth O rbit
Mega Electron Volts
Metal-Ox ide-Silicon
Magnetospheric Specificati on M odel
Multi-Shoc k Shi eld
Not Addressed In thi s Report
National Aeronautics and Space Adm inistration (USA )
National Space Development Agency of Japan
Neon
National Ocea nographi c and Atmospheric Admi nistration
North American Aerospace Defense Command
Negative-Positive (junction)
Naval Research Lab
North-South Station Keepi ng
Nat ional Space Weather Program
Oxygen
Positi ve-Negative (junctio n)
Propulsive Small Expendable Deployer System
Radar Cross Secti on
RAdio Detecting A nd Ranging
Radius of Earth = 6500 km
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REM
RKA
RORSAT
SAA
SAMPEX
SCT
SDAG
SEB
SEC
SEE
SEM
SEL
SEP
SEU
SIMS
SEP
SFU
SMES
Si
SIMOX
SMEX
SMM
SOHO
SPE
SREM
SRM
STEREO
SSP

sss

STCA

sw

SWOT

sws

TERESA
TEPC
TICCE

TID
TNF
TRACE
UHF
UN
UNCOPUOS
URL
URSI

us

USAF
USSPACECOM

uv

VHF
WARC

ws

ZHR

Radiation Environment Monitor
Russia n Space Age ncy
The Radar Ocean Reconnaissance Satellites
South Atlantic Anomaly
Solar. Anomalous, and Magnetospheric Particle Explorer
Scienti fic Committee on Telecommunication
Space Debris Advisory Group
Single Event Burn-out
Space Environme nt Center
Single Event Effect
Scanning Electron Microscope
Single Event Latc h-up
Solar Energetic Particle
Single Event Upset
Secondary Ion Mass Spectroscopy
Solar Energetic Partic le
Space Flyer Unit
Superconducting Magnetic Energy Storage
Silicon
Separation by Impl anted Oxygen
SMall EXplorer
Solar Maximum Mission
Solar a nd Heliospheric Observatory
Solar Particle Event
Standard Radiation Environment Monitor
Solid Rocket Motors
Solar Terrestrial Relations Observatory
Summer Session Program
Space Surve illance System
Space Traffic Control Authority
Stuffed Whipple
Strength Weaknesses Opportunities Threats
Space Weather Monitoring a nd Warning Service
Tethered Remover Satellite
Tissue Equivalent Proportional Counter
Time- band Capture Cell Experiment
Total Ionization Dose
Tumor Necrosis Factor
Transition Region and Coronal Explorer
UILra High Frequency
United Nations
United Nations Committee on the Peaceful Uses of Outer Space
Universal Resource Locator (=Internet address)
International Union of Radio Science
United States (of America)
United States Air Force
United States Space Command
Ultraviolet
Very High Freque ncy
W orld Administrative Radio Confe re nce
Whipple Shields
Ze nith Hourl y Rate
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Chapter 1

Introduction

The environment above Earth is becoming more hazardous. tn addition to the
natural hazards that will forever persist above Earth, such as radiation and
meteoroids, there is a growing problem: space debris from human activities. As
with terrestrial human endeavors, the advances to utilize space have also polluted
space. Spent boosters, jettisoned parts, inactive satellites, and even spacecraft
fragments now orbit overhead. They drift in the same environme nt where
satelJ ites provide critical communication, weather monitoring, remote sensing,
and other services to support human activity on Earth. Furthermore, this
environment is where the adventures of human exploration continue to unfold,
like the International Space Station, and where science is conducted to better
understand our place in the universe. With the growing number of spacecraft
launched into space, coupled with the debris multiplying from this activity, the
likelihood that spacecraft will be damaged or destroyed is rapidly increasing. It
should also be noted that, unlike the pollution on Earth where some clean up
methods exist, there are no methods presently to clean up space debris.
The nature of space activities is also changing. Commercial space ventures are
growing rapidly, surpassing the activities of space agencies. Recent examples
include the satellite constellations of Iridium, Globalstar, and Teledesic. This
new trend is changing the motivations behind space activities, shifting them from
politically or technologically driven to economically driven. Such changes affect
how issues, such as the space debris problem, will be addressed.
Furthermore, plans are underway to extend human spaceflight into situations
where the hazards are not fully understood and where the methods to mitigate
these hazards have not been developed. Such plans include human mi ssions to
Mars and the prospects of having tourists in Earth orbit.
Given these changes and the increasing likelihood that space hazards will disrupt
satellite services and increase the risks to humans in space, the subject of space
hazards warrants new attention and action. Also, given that the space
environment is literally global in nature, this problem warrants international
attention. And fi nally, since those who may be effected by these hazards and
those who can take corrective actions span a variety of disciplines, a
multidisciplinary approach is warranted.
Numerous reports have been written about space hazards from a number of
specialized organizations. Although such prior work has been cruciall y valuable
to articulate the risks and suggest mitigation strategies, what has been mi ssing is
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an overall, unaffiliated (neutral), multinational, and multidisciplinary assessment.
Additionally, many of the prior studies were conducted several years ago, before
the rapid growth of commercial ventures that now dominate space activities
above Earth.
To help fill this gap, a project team from the ten-week 1998 Summer Session of
the International Space University (ISU) was tasked to address this topic . This
assessment team has the unique features that it is not affiliated with any single
agency or company and it represents a wide variety of disciplines, nations, and
cultures. Of the 52 students that worked on this project, 20 countries from four
continents are represented, including participants from 5 different space
agencies, 8 companies, and 13 universities or other institutions.
The lectures and references given in the course of the ISU Summer Session
enhanced the multidisciplinary nature of this project. These detailed lectures and
references covered past and present space activities , the space environment, and
the issues facing future space activities. Specifically, the following departments
were included in the curriculum: System Architecture and Mission Design;
Business and Management; Engineering; Life Sciences; Policy and Law; Space
Resources, Robotics, and Manufacturing; Satellite Applications, Physical
Sciences, and Space and Society.
From these multidisciplinary ISU lectures and the prior reports on space hazards,
the students determined the objectives and scope of this study. The chosen
objectives and scope reflect both an assessment of the hazards that warrant
additional attention and the specialized skills of the summer session students.

Objective: The purpose of this report is to inform those who are responsible for
future space activities about the hazards to spaceflight, specifically to identify
and explain the key issues needing attention. The target audience includes
politicians, space agency policy makers, space business planners, mission
designers, spacecraft engineers, and the scientific community. The nature, risks,
and potential consequences of space hazards are described in detail, followed by
recommendations for policy, legal, mission planning, engineering, and scientific
approaches to address these issues. Where possible, new, innovative concepts
are offered. This assessment is from the unique perspective of being an
unaffiliated, multinational, and multidisciplinary group.
Scope: This study is specifically focused on "Hazards to Spaceflight." This
means the features of the space environment, both natural and of human origin,
that may endanger spaceflight, both with and without human crews. The hazards
addressed include debris, meteoroids, and natural radiation. In addition,
microgravity, isolation, and confinement are included as factors that will affect
human crews and more specifically the crew 's ability to adequately perform
during long duration missions. Thi s study does not address hazards at planetary
surfaces, hazards to Earth from collisions with asteroids, comets or spacecraft,
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lhUDDUOIOH
radiation from nuclear powered spacecraft, or the hazards from spurious
equipment failures or human errors. Also, this study does not address hazards for
which engineering solutions already exist, namely the hazard posed by vacuum,
thermal extremes, atorruc oxygen, and ultraviolet radiation.
With this overview and recommendations, it is hoped that those who are
responsible for future space activities can take the necessary steps to avert future
accidents, curb future pollution by space debris, and sustain the safest, peaceful,
and most profitable use of the space environment.
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Chapter 2

2.1

General Survey

Present and future vision of space activities
The history of mankind is replete with stories of dreams. At every stage the
human spirit has been far ahead of actual developments. For example, a vision of
a trip to the Moon was first described by the Greek satirist Lucian in the year 160
AD. It took approximately 2000 years to turn this vision into reality, human
beings turning their efforts first to explore the Earth (more immediate and
accessible) with its continents and oceans, its flora and fauna. At last the
technology was developed to overcome the Earth's gravitational force and this
started the human exploration and exploitation of space.
During the 40 years, which have elapsed since the launching of the first artificial
satellite, Sputnik, spaceflight has undergone an explosive growth. This growth
has been manifested through the number, size, mass, capability and lifetime of
satellites as well as the variety of areas covered, i.e. from science to application
and human spaceflight.
In fact, the utilization of space has progressed into innumerable aspects of our
daily life, be it business or leisure, and the space industry employs more than half
a million people across the world.
Today, space activities are divided in four major areas shown in Figure 2-1. This
report refers mainly to the civil space activities, even though its subject is linked
to all areas of spaceflight.
Space Activities

Earth monitoring

~

natural

resources
agriculture and forestry

ecology
climate research
pollution monitoring

Space Laboratorie s
J hum an operated experim en!

t

tefescience

Interplanetary prob es/mission
Space Astronomy
(inc luding sola r terrestrial issue s)

Figure 2-1 The four areas of today's space activity
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In each of these areas remarkable achievements have been realized. Just to
mention a few outstanding and representative feats in the various areas: the
Hubble space telescope and the probes that explore the solar system in the
scientific area; the worldwide observation of weather by a ring of geostationary
meteorological satellites and the variety of polar earth observation satellites; the
large number of geostationary telecommunication satellites linking fixed and
mobile users across the globe, to which are being added the low orbit satellite
constellations for mobile worldwide communications.
Especially the area of telecommunications via geostationary satellites has grown
rapidly, nearing the point of saturation of the geostationary orbit. This leads to a
necessity for bigger, more complex and longer life satellites in this orbit with one
to several customers using their capacities. The introduction of mini-micro
satellites (one to a few hundred kilogram) in small or large constellations for new
services, focused applications, more limited coverage or for developing countries
in low-Earth orbit (LEO) or medium-Earth orbit (MEO) gives a further explosive
growth impulse to this area. Also nano-satellites (a few kilograms) are
envisioned in numbers at least an order of magnitude greater than the present
constellations. The concept of constellations introduce large numbers of satellites
in selected orbits, increasing drastically the total projected surface area in one
orbit while they are dependent of one another in order to provide the expected
service.
This explosive growth of telecommunication services can be explained by the
fact that many countries are transitioning to an industrial society and,
subsequently an information society (characterized by rapid movements of labor
from the traditional sectors of agriculture and manufacturing to information
related occupations). The improvement of key technologies for spacecraft has
been such in the past decades that it has led to the steady increase in the demand
for telecommunication services, followed by a steady decrease of the service
charge, and thus an increase in the demand again , see Figure 2-2.

Technolegy improvement

HIGH R<\TE OF

UTILIZATION

I

SERVICE CHARGES

Inc~---=====---==~==--F igure 2-2 Commercial telecommunication growth cycle
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Extrapolating on this path, the future prospects of human space activities appear
truly unlimited. The practical possibilities, however, present quite a different
picture. We are at a crucial point in the history of space exploration.
The pioneering spirit (supported by geopolitical competition) that prevailed until
more than a decade ago has disappeared. It has given way in the early nineties to
the sober realization that, even if all the space faring nations of the world would
join forces, none of the tremendously useful projects proposed would be likely to
materialize within the next generation. These include environmentally friendly
solar power generation satellites, orbital flight connections (for mail, cargo and
eventually passengers), manufacturing under weightless condition and
exploitation of resources on the Moon, asteroids and other planets. This is either
because of the technical issues to be solved or on account of the gigantic cost
involved. Also the ability of humans to live and work for an extended duration of
time in outer space is an unknown. T he first elements are now available thanks to
the studies performed during the Russian long duration missions on the Mir
station, and more studies are now planned that will take advantage of the
International Space Station and its crews.
The extent of the necessary efforts has been recognized, and includes the
significant reduction of the cost of access to space. Development in the field of
space also may be restricted until far in the 21 sr century to extending and
perfecting the current applications in Earth orbit: telecommunication
systems, navigation, remote-sensing, and scientific payloads. It will include the
utilization of an increasing number of commercial and emerging technology
devices in order to meet stringent spacecraft requirements (such as volume,
mass, power, cost, and schedule).
The cost involved varies greatly depending on the type of space-segment (GEO,
big/little/broadband constell ations in LEO/MEO, etc.) and the purpose. While
telecommunication is today more developed than remote sensing, there is
evidence that it will demonstrate some commercial development. As for the
scientific experiments, they are taking full advantage of the many improvements
of technologies.
The example of telecommunication is summarized in the following table, from
[Commercial Space Transportation, 1998] and [Sun, 1996] :
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Space
segment

Use

GEO

Telephony, television and data
communication world wide

BIG LEO

(millions)

Number of
satellites

IN TELSAT,
EUTELSAT

100 to 300

I

Voice and data communications

Iridium,
Globalstar, ICO

1300to
5000

10 (ICO) to
66 (Iridium)

LITTLE
LEO

Narrow-band data
communication (e- mail, twoway paging, messaging)

LEO O ne, FAI
Sat, Orbcomm, Esat

50 to 300

6 (E-sat) to
48
(Orbco mm)

BROADBAND
LEO

High-bandwidth data
communications (including
Internet, videoconfere nc ing,
high s_peed data services)
Near-real-time data
communication, computer-tocomputer

Teledesic,
Celestri,
Skybridge

5000to
15000

63 (Celestri)
to 288
(Teledesic)

SSTL [Sun, 1996]

25

8

Regional
LEO

Example

Cost in US$

Table 2-1 Classification of satellites and a rough order of number and cost

Also, there are new initiatives such as the "faster, better, cheaper" approach in
the National Aeronautics and Space Administration (NASA), the development of
smaller mission concepts, the coordination of national and regional scientific
missions, etc. Combined with the outcome of such major programs as the Hubble
Space Telescope (HST) and the International Space Station (ISS) , the excitement
of the public for space exploration and utilization might return. The "overview
effect" [URL 1] may find a new meaning for the general public and the smaller
portion of people attenti ve to space, and lead to a new philosophy of space
exploration, completing the development of current applications with both
space tourism and exploration beyond the Earth. This will also require
financial support from at least one of the major institutions (governments and
major industries). It must be conducted in s uch a way as to encourage a sustained
fascination of the general public with space travel. Present timing may be in
favor of a faster growth of human space activities. The study of the business
cycles by Kondratieff [Kondratieff, 1926] predicts that we are now on the rising
side of the wave, which indicates more years of prosperity. The stable economic
growth in the United States and the large financial resources available for new
ventures are today a key element in support of the growth of the commercial
space telecommunications business for example.

2.1.1

Hazards to space activities
Human activities in space are, however, at ri sk, resulting from the hosti le
environment that outer space represents to humans and hardware, the increased
number of spacecraft in a limited volume, the partially uncontrolled production
by humans of artificial space debris, and the complex ity of the systems used.
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Being concerned with these various hazards one has to assess their relevancy, the
risk level involved and the associated urgency for action. From the time the
mission and the necessary segments are planned/designed/manufactured to the
end of the operation, spacecraft and missions are exposed to many, and
sometimes different hazards.
There are five phases in a spacecraft mission: the pre-launch, the launch, the
positioning, the operating phase, and the recovery/shutdown.
•

The pre-launch phase is entirely Earth-bound and encompasses manufacturing,
storage, transport, etc. (Not Addressed In this Report in details ) {NAIR}

•

The launch and the positioning phases present the greatest hazards for today' s
mission: the launch failure from either destruction or incorrect positioning on
trajectory. Damage to spacecraft due to the vibrations and acoustic environment
generated by the launcher is also possible. {NAIR}

•

The operating and recovery/shutdown phases: risk is considered small today if
the spacecraft has been through the commissioning test successfully. The two
major sources of risks are: the risks originating from the spacecraft itself (either
from its design or its operation, including the other ground or space segments
involved). These are called internal. The extemal risks on the other hand stem
from the environment of the spacecraft and originate from both natural and
human-made sources.
Internal risks include:
- Malfunctions of one subsystem that leads to the reduction in payload capacity
or operation lifetime and more rarely to mission loss, except in the case of
spacecraft with humans aboard. {NAIR}
- Errors in tele-operation. The complete loss of control of the European
communication satellite Olympus in June 199 1 is an example, due to the
misuse of reconfiguration software not being fully tested . Control of the US$
800 million uninsured satellite was recovered only two months later with
great difficulty and some luck, to be put into service at last.
Another example is the error in the manual input for routine update to one of
the Ground Positioning System (GPS) constellation's 24 satellites, which
resulted in a small time error being broadcast on a single satellite for a few
seconds. Over 10% of the cellular telephone sites using the GPS systems for
time accuracy in the Eastern United States failed "for a good many hours"
[Worden, 1998]. {NAIR}
- Human error. Not only must the equipment be of hi gh standard, but also a
highly qualified, trained and experienced team is required, which is capable
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of anticipating problems and preventing technical anomalies for turning into
partial or total failures. {NAIR}
Use of new technology in one or more of the space segments. This includes
the miniaturization of the electronics aboard spacecraft, leading to a higher
sensitivity to radiation. Also, in a different way, the use of consumer market
electronics components instead of space proven developments is a new trend
appearing under some spin-in and standardization initiatives. {Chapter 3}

External risks include:
Vacuum pressure conditions (that need to be taken into account for
pressurized spacecraft, in term of leaks, pressurization gas, etc). {NAIR}
Extreme temperatures (hot and cold, depending on the orientation and
distance towards the sun) and temperature gradients that lead to thermal
stresses in the structure and the components. This implies that the thermal
control is a key element of the design of a spacecraft that must include
thermal blankets, heat sinks, battery and thermal sensitive component
insulation and heaters, etc. {NAIR}
Ultraviolet radia(jon degradation of materials. {NAIR}
Atomic oxygen: in low Earth orbit, the oxygen decomposed by radiation can
react with and degrade the spacecraft structures and instruments. {NAIR}
These four are now considered understood to some extent, at least to the point
where design procedures can efficiently protect a spacecraft against them.
However, the design of spacecraft life support is made more difficult with this
environment.
Isolation and confinement are two essential considerations for missions with
humans aboard, especially for
the
long duration
miSSIOns.
Telecommunication is more and more restricted due to the time delay as of
the distance increases, and thus brings interplanetary travels one step further
into isolation, as compared to an Earth-orbiting station for example.
{Chapter 5}
Micro-gravity. This is another spaceflight environment key feature that is
stressful for human beings. It leads to motion sickness, muscle atrophy, bone
density loss, cardio-vascular anythmias, decreased immune function, etc. It
also increases the bacterial growth rate. {Chapter 5}
Intense radiation is considered today a small risk for spacecraft within the
radiation belt. However, the nature of the 11 year cycle of solar activity and
the prospect of long duration missions beyond Earth orbit, both robotic and
human, is bringing a renewed interest in these hazards. The next maximum
level period is in 2000. The development of miniaturized electronics and the
use of commercially available components, which are both more sensitive to
radiation, are also shifting the relative weight of thi s hazard. Also the fact
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that an unusually high level of radiation would affect several, not to say
numerous satellites at once makes it a substantial potential threat through
loss accumulation (the example of the satellites ANIK El and E2 in 1993 is
presented in details in the following Section 2.2). It can, in the case of
constellations, provoke some interference between satellites communicating
between each other and thus interrupt their coordination. {Chapter 3}
Radiation is also a major issue for human beings who need to be protected
from this hazard. The level and nature of the radiation to which the humans
are exposed depends on the location in space (in the Earth's Van Allen belts,
near the sun, on the way to Mars ... ) and of the time (the sun is emitting
more intense radiation during solar flares for example). {Chapter 5}
Spacecraft collision (between operational spacecraft) is considered for now as
a negligible event (considering the probability). This may change in some
given orbit planes, with the increase of the number of satellites and
constellations, the reduction of the customary distances and economic
consideration for not de-orbiting/parking (but to keep the satellite longer in
service). There is today no global space traffic control, even though the US
Space Command is tracking satellites and large debris and making this
information available to a selected community. {NAIR}
Meteoroids: the probability of impact for meteoroids of 1 to 10 em in size is
usually considered very low for satellites, except in the case of swarms of
meteoroids which would lead to premature drop of power from solar arrays,
impair the capacities and shorten the service life, etc. {Chapter 4}
However, on certain occasions the meteor activity can reach "storm" levels,
with thousands of meteors observed per hour. One example is as the Earth
passes through the debris trail from the comet Temple-Tuttle: the Leonid
meteor shower occurs every year, with a 33 year cycle for its peak, and 1998
and 1999 are the most intense years of the present cycle. An example is the
Olympus satellite operated by the European Space Agency. It is thought to
have been struck in 1993 by a meteor and the satellite's directional control
was destroyed, rendering the satellite useless.
- Debris (fragments from explosions, non-operational spacecraft, jettisoned
materials, etc) on orbit is a serious problem. The only passive removal
process is orbital decay through atmospheric drag. Unfottunatel y this can
take hundreds of thousands of years in high orbits. Historically, the creation
rate of debris has outpaced the removal rate, leading to a net growth in the
debris population. We are seeing now venting of upper-stage tanks (to
prevent explosion and generation of numerous smaller parts), the use of
graveyard orbits for satellites in GEO, and de-orbiting for LEO satellites
becoming more and more a customary practice. These are however actions
that need to be planned at the design stage and performed while the
spacecraft is still operational. As of today, the risk of impact from debris is
considered lower than the ri sk of impact by a meteoroid, and lower in GEO
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than in LEO. Note however that debris can be considerably larger than
meteoroids and create significantly greater damage. {Chapter 4}
The trend toward bigger GEO platforms (considering the finite number of
GEO slots) will increase the probability of debris impact to a level that will
become significant (a ratio of three in growth of the characteristic lengths will
raise the probability of being hit by one order of magnitude). This is also the
case for the International Space Station. The trend toward some small
satellites operating cooperatively in constellations will increase the number of
indi vidual intact objects launched by man in space. Again, the probability of
having one impacted by debris (out of the shear number in satellite
constellations, 66 for Iridium and 288 for Teledesic plus the on-orbit spares)
will be significantly greater, since the overall cross-section impact area is
increased. Also, these are more vulnerable to an impact than larger platforms.

2.1.2

For a greater awareness today
The transition the space world is undergoing leads to two major areas of
activities (regardless of the scenario of growth discussed previously) with their
own concerns:
The commercial sector that is producing and sending an exponentially growing
number of satellites in orbit, and needs to compromise between:
its short term objectives that any private endeavor pursues,
- large initial investments,
- the satisfaction of customers who may not be aware of the space segments
involved in the service provided,
- a highly technically and scientifically sophisticated activity,
- and long term issues for the outer space environment and its protection for
future activities.
Governments have led human space exploration (either individually or in
collaboration). Following the on-going ISS program, missions beyond the Earth
orbit will be planned, Mars being the most likely today. The magnitude of the
hazards faced for such missions are yet to be correctly understood and must not
be under-estimated so that the proper measures can be designed and applied.
It is essential for the main players to coordinate their actions toward a safe and
profitable (economically and/or scientifically) space activity and:
- Assess properly the hazards to a space activity
- Develop the technologies necessary for their prevention, avoidance and/or
mitigation
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Perform the proper trade-off based on a good knowledge of the requirements
and a risk analysis in the design of the space mission.

2.1.3

A simplified view of different hazards to some space missions
This table shows a simplified qualitative view of different sources and extent of
hazards to some space missions. Both internal and external hazards are presented
even though only some of the external ones will be studied in detai l in this report
as explained in the Section 2. 1.
EXTERNAL

INTERNAL
Debris
impact

*Spacecraft
malfuncti o n

*Teleo peration

Isolatio n &
confinement

~~

~

~

~

N/A

~~

~

~

~

N/A

~

~

~

~

N/A

~~

~

~

~

~

~~

~

~

~

~

~~

~

~

~

~

~

~

~

~

~

~

~

Radiation

Meteoroid
impact

*Spacecraft
collision

Remote -Sensing
Satellite

~

~

Telecommunication
and navigation
Satellite

~

~

Inter-planetary
probes

~~

Mars missio ns

~~

O rbi tal Stations
(MTR, ISS)

~

~~

~~

~~

~

~~

Space Touri sm
(sub-orbital night)

~

~~

~

~

~~

~
~~

: Danger to human beings

:Seri ous danger to human beings

Microgravity

~

~
~

~~

~

~

: Danger to hardware leading from partial to total loss

~ ~

: Danger to hardware possibly leadi ng to tota l loss

* : not addressed in detail in this report
Table 2-2 A simplified vision of hazards to some space missions

2.2

Case studies
This next section presents a few examples of past incidents. Accidents do
happen, even if on ly rarely.

2.2.1

Debris collision
On July 24, 1996, at 09:48 UT, the French Cerise satellite was hit by a piece of
debris from an Ariane rocket. Indeed Cerise and this piece of debris were very
close at this date, thei r orbits changed after the shock, and Cerise lost a 4 meter
long boom, which has been detected by radar. All these clues show that this was
the first on-orbit collision between two catalogued objects, which has generated a
third piece of debris.
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On January 15, 1998, a small piece of unidentified orbital debris destroyed the
expended third stage of a modified Minuteman 2 intercontinental ballistic missile
during a test flight over the Marshall Islands. The impact with orbital debris
apparently occuned 30 minutes after the launch, over the Pacific Ocean.

2.2.2

Spacecraft charging
Following are three examples of spacecraft charging anomaly.
On October 9, 1994, Telstar 401 AT&T communications satellite experienced a
one hour disruption in service due to an electrostatic discharge that caused
ground controllers to briefly lose stabilization of the satellite.
On January 20, 1994, INTELSAT K satellite experienced an electrostatic
discharge resulting from a geomagnetic storm that had started on January 13th.
The discharge disabled the momentum wheel control circuitry causing wobbling
and fluctuations in antenna coverage.
The same day, for the same reason, two Telsat Canada communications
satellites, Anik E-1 and E-2, began to spin out of control, because of damage to
the gyroscopic guidance system due to an electrostatic discharge. For Anik E-1,
the backup system was activated and the satellite was brought under control in
about 8 h. For Anik E-2, the backup guidance system failed to operate and the
satellite looked uncontrollable. Telsat engineers, however, using ground based
control system, were able to bring it under control on June 21 , 1994, and restore
a useful service in August 1994.

2.2.3

Meteoroids
After more than four years of operation, on August 11, 1993, the mission of
OLYMPUS telecommunications satellite was terminated prematurely when the
satellite lost its earth pointing attitude and began spinning slowly. This failure
could strongly be related to a possible meteoroid strike while traversing the
Perseids meteoroid belt.
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2.3

Illustrative Example: Destination Mars
The following is a hypothetical scenari o of a future mission to Mars, told from
the point of view of a crewmember. This story introduces various hazards that
are present in different regions of space and illustrates the possible impacts that
these hazards might have to future spacecraft, spacecraft crews, and life on Earth.
The actual risks are discussed in some detail in the other sections of this report.

Day 0. Our mission begins - the first human journey to Mars. Given recent
advances in propulsion, our travel time to Mars will be shorter than the prior
robotic missions, but it will still be a very long trip. Our transit time will be a
little over nine months each way, and our stay on the surface will be even longer.
In preparation for such a long duration mission, we have learned much from the
research conducted aboard the Earth orbital stations. Al so, the equipment that
will support us on the Mars surface is already there and functioning. This is
reassuring. Still, however, I know that this is a risky j ourney. In addition to the
ever-present concern for equipment reliability, far away from any hope of repair,
there are also hazards from the space environment. While in low Earth orbit we
will be susceptible to orbital debris and meteoroids, and further out we will be
vulnerable to meteoroids, solar radiation, and cosmic rays.
From our ground-based training I re member the first sobering lesson: this will be
our only trip . During our long journey, each of us will receive e nough exposure
to the natural radiation in space that we can never fl y again - a "career-limiting
dose," it is called. And this assumes only modest solar activity. If there is any
unusually harsh solar activity during our mission, the dosage could be fatal.
Yes, this is a big risk, but it is also an epic adventure. We will be the first people
visiting a totally new world. Whe n I think about the covered wagons of the
westward American expansion, where many lives were lost, the ri sks of this
Mars venture seem minor compared to the potential gains. There are other
people, however, who feel differently. The safety record of space activities has
been so unusuall y good compared to other human activities, that accidents are
not expected and not tolerated by the spectators. But those of us who have
planned this voyage know the risks very well , and we accept them.

Day 1. We have just reached Earth orbit. The sensations of microgravity have
begun to have their effects. Some of us felt nauseous. I don't think many would
have welcomed the sight of food. After several hours, as we performed o ur postlaunch checkouts, we all noticed that our upper bodies and faces were feeling
fuller while our legs had become much sli mmer - "swollen heads" and "chicken
legs." The famil iar faces of my crewmates became less fam iliar, plumped up by
the redistribution of body fluids.

ISU - Summer Session Progra m 1998 • 15

Day 2. We prepared for the transfer to our Mars Transit Cabin. By now, other
microgravity effects have been felt: backaches from the change in loading on our
spine and headaches from the redistribution of body fluids. I should note,
however, that these unpleasant sensations are in stark contrast to the grandeur of
the view - the Earth's glowing blueness just 400 km below. Also, we have all had
fun floating about the cabin, performing gymnastic feats that are impossible on
Earth. ust a few days more and we should all be adapted to microgravity. Then
the unpleasantness will pass.
Day 4. We encountered our biggest problem to date. It appears that a small
meteoroid or piece of space debris has struck one of the solar panels on the Mars
Transit Cabin. Even though our staging orbit has been chosen by Space Traffic
Control to minimize the chance of such collisions, collisions can still happen.
Fortunately the damage is minor enough not to need any repair. Such impacts
have been anticipated in the design of the spacecraft, and the appropriate margins
have been built in to accommodate minor damage. To protect our cabin from
small particles, Stuffed Whipple Shields surround our vehicle. Larger objects
(bigger than about 1 em), however, are still a problem. At the intersection
velocities possible with criss-crossing orbits, a 1-cm particle would have the
same kinetic energy as an automobile at about 60 km/h. Velocities of space
debris in low Earth orbit can be about 15 km/s, a hundred times greater than a
bullet. Even a particle as small as 1 mm can be dangerous. If a 1-mm particle hit
a crewmember during EVA, for example, it would probably be fatal. Fortunately,
the chances of such an EVA hit are slim (about one in 30 000).
Day 5. We settled into our Mars Transit Cabin, and began our transfer to the
higher orbit where our Mars Transit Vehicle waits. The assigned trajectory was
designed to avoid the orbits of existing satellites and the satellite "graveyard"
above GEO, but now we faced another threat- the radiation in the Van Allen
belts. Although the Van Allen belts help protect the Eruth from space radiation,
thi s region itself is not a friendly environment. As we transferred through the
Van Allen belts our craft was bathed in the high-energy particles oscillating in
the belts. This radiation poses a hazard to the electronics aboard the spacecraft,
causing "single event upsets" or "bit flips" that can disrupt their operation. In
addition to the risk of high-energy protons damaging the electronics, this
radiation can al so cause portions of the spacecraft to charge up to high voltage. If
the spacecraft had not been designed properly, this high voltage could suddenly
discharge across the vehicle, causing serious damage to solar cells or other
electronic components. Fortunately, the vehicle is equipped with surface
conduction paths and plasma contactors to slowly discharge this voltage, and the
electronic components have been designed to resist damage from sudden
discharges.
Day 8. Now our vehicle has moved high enough that we are no longer within
the protective shield of the Van Allen belts and the Earth's magnetosphere. The
radiationin space that is normally blocked by the Earth's magnetic fi eld is now
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impinging on our spacecraft. To some degree, the craft's structure can shield us
from this radiation, but not completely. Although the average quantities of solar
radiation are within tolerable limits, the real danger comes from spurious solar
fl ares and coronal mass ejections that could cause dangerously high level s of
radiation. Our craft is equipped with x-ray detectors that will give us several
minutes of warning should such events occur, since x-rays travel faster than the
more dangerous high-energy particles. In the case of an x-ray alarm, we have
time to move to the "shelter" - the best-shielded portion of our Mars Transit
Cabin. Solar radiation is not the only source of radiation, however. In addition,
high-energy cosmic rays pose some risk. Due to compromises between shielding
mass, trip duration, and "acceptable" risk, the ship has only a certain amount of
shielding. This is due to mass limitations and the fact that some types of
radiation simply cannot be blocked. Also, the ship's materials have been chosen
to minimize secondary radiation. Secondary radiation is the radiation created by
the impact of high-energy particles on the materials in the ship, where other
forms of radiation are created, which can then impact us.

Day 13. A few days ago we reached the Lunar Staging Area. The docking of our
Mars Transit Cabin with the Mars Transit Vehicle went flawlessly. We have
checked out all of the systems of our combined vehicle and feel confident that it
is fully functional. We are ready to begin our journey to Mars.
Day 68. We have been en-route to Mars for a couple of months now. As I was
exercising this morning, I noted a strange smell. I find exercising a boring, yet
necessary, task to keep up my health in rnicrogravity, and I was initially glad to
be diverted. Investigating, I found a swath of a dark furry growth on the inside of
one of the panels next to the air handling equipment. Such "unwanted growth"
poses a pathogenic health hazard . As it turns out, bacteria thrive in microgravity,
and to compound this issue, the human immune system seems to weaken. I
covered my nose and mouth with a fi lter screen, got out the cleansing kit, and
cleaned the panel. The rest of the crew then checked the other locations as well.
It's too bad the growth we scraped off wasn't edible. The monotony of the diet is
beginning to take its toll. Until now I never realized how much mental comfort I
derived from simply eating a variety of tasty foods. Right now I'd feel better if I
could just remember the taste of chocolate.
Finding thi s growth reminds me of a similar concern. Just as bacteria can thrive
in microgravity, they can also mutate. Research on Earth orbital stations has
found that microorgani sms are more prone to mutate in space habitats than on
Earth. This not only poses a pathogenic risk, but also a risk to "good" bacteria.
In our Biowaste Recycling System, for example, bacteria play a crucial role in
breaking down o ur feces. If these bacteria were to mutate, they might lose their
ability to perform thi s necessary function and thus endanger this part of our life
support equipme nt. We are somewhat prepared for this contingency. On board
we ·have back-up cultures of this bacteria that we can reintroduce into our
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Biowaste Recycling System. I dearly hope that this doesn't happen, however.
"Rebooting" our Biowaste system is not a pleasant job.

Day 125. After four months en-route, we have faced our first real emergency:
we had to perform an operation in space. Our geologist had contracted kidney
stones, presumably formed from the calcium that leaches out of the bones in
microgravity. Kidney stones are one of the anticipated medical problems for such
long duration flights and thus we are equipped to deal with it. What surprised us
was how quickly this problem arose and that the medication prescribed to the
geologist had not worked. The pain had become severe enough that he asked our
doctor to operate. The operation went well, and he is recovering nicely. He even
appreciated our joke about him trying to collect rock samples (stones) too early
in the mission.
Day 197. We've now been en-route for six months. According to the mission
doctor, I am in good physical condition, well, as good as can be expected in
microgravity. My state of mind, however, is certainly strained. Even our good
doctor, who is also trained as a psychiatrist, is getting quite irritable. She really
did not take well to my "doctor heal thyself" comment today.
We knew from our training that cramped conditions with the same faces day-in
and day-out would wear on our nerves. Somehow it seems worse now than it did
in the ground simulations back on Earth. Maybe it is the fact that we now
experience difficulties communicating with Earth, an unexpected circumstance.
While we've been en-route to Mars, there was an accident in Earth orbit. Some
fragment of Earth-orbiting debris collided with a satellite, resulting in more
debris, damaging several other satellites. This cascading destruction took out
communication satellites of several constellations, including those used for our
mission operations. Apparently this accident affected far more than just our mere
Mars mission. These satellites were also used for business and financial
communication, mobile phones, and even TV and Internet broadcasts. The
economic impact of such major communication failures is still being assessed.
Many busin~ss and financial transactions were interrupted during the incident,
causing huge amounts of "virtual " money to be misplaced. The disruption in
phone service touched the lives of a large segment of the Earth population. And
the broadcasts of the World Cup games were cut off, triggering riots in some
areas.
The worst of it, however, is that this incide nt has heightened military tensions in
volatile parts of the globe. One of the damaged satellites was from a
"developing" nation , and they are blaming the accident on debris from the
"developed" nations. Since only developed nations have the ability to monitor
space debris, the developing nation is accusing them of withholding data on the
incident and even suggesting that it was deliberate. Although these events have
me concerned, I must instead concentrate on life aboard our own little Mars
Transit Cabin.
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Day 254. We are getting closer to Mars and the crew is finding new energy from
their enthusiasm. We have ramped up our physical conditioning so that we will
be able to work when we get on the surface. Even though Mars has only 38% of
the Earth' s gravity, it is expected that it will take us at least one full day to
become accustomed to having weight again. Without the preconditioning it
would take even longer. To motivate ourselves, we have made a competition on
board. We are ignoring the carefully negotiated mission plan for who will step
first onto the Martian soil. We' ve agreed that the first one of us that can actually
get up and walk around the cabin for 15 minutes will be the one who steps out on
the surface first. I'm not sure yet whether this deal is helping, or further
straining, crew tensions. I am glad that we are, at least, still talking to each other
- well, some of the time.
Day 262. The x-ray detector sounded an alarm - another solar event. This was
the third radiation alert during our mission. We foll owed procedure and got into
the best-shielded area of our craft. Sitting in the shelter, I missed the
"spaciousness" of our normal cramped quarters. Several minutes later, I began
experiencing one of the signs that the radiation had arrived: I saw flashes of
light. The flashes were not in the cabin; they were inside my own eyes. It is
thought that this phenomenon is caused by the high-energy particles striking the
retina, sending false signals to the brain that light-flashes occurred. The Apollo
astronauts in transit to the Moon and even the Mir astronauts noticed this,
particularly when Mir passed through the "South Atlantic Anomaly."
Silently we watched the dosimeter readings, knowing that the shielding could not
protect us from all of the radiation. The readings began to rise. One of us asked
the doctor when we would exceed our "career-limiting dose". She paused and
opened her palmtop, checking for the information. She has been keeping track
of the past events, keeping a running total of the accumulating dosages. She had
also put us on a medical regime after the first solar storm to minimize the
detrimental effects. The radiation had also affected her computer. As she
persisted at her task, the dosimeter continued to rise.
After 70 minutes the storm had passed. The doctor sighed and passed around her
palmtop for all of us to read. Total accumulated dose: 680 rem. I think to myself
that it must have been an anomalou s solar flare, one that coincidentally lined up
with our path. Although the mission was conducted during a time of solar
minimum, solar activity can still surprise us. It did today. Nothing was said. We
left the shelter; several of us already showing some symptoms. Most of us went
quietly to communication stations. We sent the news, and our good byes, to
home. I regret that we will never make it to Mars. I would have much preferred
to meet my end there instead .
End of Story
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Chapter 3

3.1

Radiation Hazards

Introduction
Radiation is an acknowledged primary concern for human space activity. Results
from numerous space probes demonstrate an increased radiation level in free
space compared to the Earth environment. The sources of radiation in space are
the Sun, the cosmic background, and the Earth's radiation belts as sketched in
Figure 3-1. The Sun's radiation is a product of solar plasma ejection (the socalled solar wind), solar flares and coronal mass ejections. A detailed description
of the various radiation sources is given in Section 3.2 .
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Figure 3-1 Sources of Radiation in Space

It is important to know that the radiation environment around the Earth is
significantly changed by the Earth's magnetic field. A s explained in Section 3.3.2
this magnetic field deflects most high-energy particles from the near Earth
region. Without this shielding mechanism, the radiation received on the Earth's
surface would be so hi gh that life on Earth's would be unlikely.
Outside the Earth's magnetic field , radiation has a great variety of effects on
spacecrafts and their payloads, including humans in the case of crewed mi ssion.

ISU - Summer Session Program 1998 • 21

The effects can vary from erosion of surfaces due to low-energy radiation up to
permanent damage to organic tissue and electronics from very high-energy
particles. A breakdown of radiation types with respect to the energy they carry
and their effects is given in Figure 3-2. Section 3.4 and Section 3.5 discuss in
particular the effects of radiation on living and non-living matter, respectively.
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Figure 3-2 Radiation Environments and its Hazards

Countermeasures to radiation hazards on spacecraft, payloads, and organisms are
multifold. Mitigation techniques include, but are not limited to, mechanical
shields, magnetic shields, radiation hardening, charge control, medication for the
crew, etc. Section 3.6 gives an overview of current and future mitigation
measures and discusses their pro's and con's.
The radiation environment in space is not steady. In fact, the amount of radiation
received in space can vary dramatically due to solar activity. This phenomena is
referred to as space weather. The nature of space weather and forecasting
methods are introduced in Section 3.6.6 .
Even though far away in outer space, space radiation significantly effects our life
on Earth. Commercial communication satellites may be affected by so-called
radiation storms causing a disruption in telecommunications. Consequently,
space weather became an economical issue for both commercial applications and
governmental mission. Section 3.7 provides information on the economical
aspects of space radiation and the financing of mitigation. Also addressed in that
section are policy and law aspects of the discussed mitigation methods.
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At the end of this chapter numerous recommendations for minimizing the
radiation hazards are suggested considering physical, medical and economical
aspects.

3.2
3.2.1

Sources
Cosmic Radiation
Cosmic rays are extremely energetic particles found in the interplanetary
medium traveling at almost the speed of light. They consist primarily of
hydrogen nuclei (protons) ( -92%), helium nuclei (-7%), and the heavier nuclei
( 1%). Gamma and X-radiation also occur but flux levels are fairl y low and
insignificant compared to the particle radiation. M ost cosmic rays come from
outside of our solar system. They are generated by various sources within or
outside our galaxy and are then accelerated by some unknown process. The most
likely source of cosmic ray acceleration is thought to be association with
supernova processes.
There are three different types of cosmic rays:
Galactic Cosmic Rays (GCRs) originating from far outside of the solar
system,
Anomalous Cosmic Rays (ACRs) originating from the interstellar space at the
edge of the heliopause,
Solar Energetic Particles (SEPs) originating from solar flares and other
energetic solar events.

3.2.1.1

Galactic Cosmic Rays
Galactic Cosmic Rays are the highest energy particles. Those with energies
below about 10 15 eV have galactic origin [Ramaty, 1998]. They are predominantly accelerated in our galaxy, the Milky W ay. Those with the very
highest energy are believed to be extragalactic, originating from accelerators
located outside of our galaxy. While galactic cosmic rays follow approximately a
power law spectrum, the spectrum for extra galactic cosmic rays steepens and
there is some evidence that the mean mass of particles increases [O'Halloran,
1998]. The power law spectrums indicate that the log of incident energy is
directly proportional to the log of cosmic ray flux as can be seen from
Figure 3-3.
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Figure 3-3 Observed Energy Spectrum of GCRs [O'Halloran, 1998]

Galactic cosmic rays are atomic nuclei that have been stripped of their
sunounding electrons during their high-speed travel through the galaxy. Since
they are trapped by the galactic m agnetic field, they can travel many times across
the galaxy before interacting with a body (star, planet, etc.). Their average travel
through the galaxy is for a period estimated to be on the order of 10 million
years. During the course of this travel, GCRs interact with the interstellar
medium. This is called spallation. Spallation refers to the collisional fragmentation · of heavy nuclei into lighter nuclei. That occurs when a nucleus
interacts with another nucleus, it can break apart and produce secondary nuclei.
Thus the composition and spectra of GCRs evolve during the course of their
travel through the galaxy.

3.2.1.2

Anomalous Cosmic Rays
Anomalous cosmic rays are the second primary component of the
flux. They are thought to be produced by natural atoms in the
medium. ACRs were first discovered in 1973 [URL 1]. They were
peak in the spectra of certain elements such as He, N, 0 and Ne at
- 10 MeV/nucleon.
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Neutral interstellar gas from planets and other sources flows through the solar
system. These neutral atoms become singly ionized by photo-ionization from
solar UV radiation or by charge exchange with the solar wind protons. Once
these particles become charged, they are carried outward to the solar wind
termination shock by the Sun's m agnetic field (see Figure 3-4). These ions
repeatedly collide with the termination shock and gain energy. This continues
until they escape, diffuse and drift into the inner heli osphere as cosmic rays.

Figure 3-4 Diagram of the Formation of A CRs [URL 2]

Anomalous cosmic rays consist of more helium than protons and much more
oxygen than carbon in their composition whereas galactic cosmic rays and solar
energetic particles have many more protons than helium and equal amounts of
carbon and oxygen. They are also not thought to have experienced such violent
processes as GCRs and the energy and speed of ACRs are considerably lower
than those of GCRs.
ACR particles interact with the upper atmosphere of the Earth and become a
distinct population of trapped heavy ions in Earth's inner magnetosphere. They
produce a cascade of particles called an extensive air shower. As these particles
interact deeper in the atmosphere, the energy is subdivided among the secondary
particles (see Figure 3-5). Most of the energy of these secondaries in a shower is
eventuall y carried by electrons and photons, the end products of pion decay
[O'Halloran, 1998]. The particles at sea level are composed primarily of muons,
with some gamma rays, neutrons and electrons and only less than I% are
primary particles.
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Figure 3-5 Cosmic Ray Shower [URL3]

3.2.1.3

Solar Energetic Particles
Solar energetic particles (SEPs) are atoms that are associated with solar flares
and interplanetary shocks. SEPs are occasionally classified as a type of cosmic
ray. They are discussed thoroughly in Section 3.2.1.3 below.

3.2.2

Solar Radiation
Radiation phenomena from the Sun include electromagnetic emission in the form
of photons as well as charged particles covering a wide energy range.
The region of the Sun, which interacts with the interplanetary medium is the
solar corona. This is the outer part of the Sun's atmosphere, where promine nces
appear. These are immense clouds of glowing gas, which erupt from the upper
chromosphere. The outer region of the corona stretches far into space and
consists of particles traveling slowly away from the Sun. The Sun undergoes a
variation in time, which can be quantified by the level of solar activity in the
form of the number of sunspots, the frequency of occurrence of solar flares and
the solar radio emission activity. They are the most prominent visible features
with a size of several thousand kilometers. The main published periodicity in the
Sun's acti vity is the 11-year cycle in the sunspot number. The solar wind is
continuously blowing solar material into interplanetary space, whereas coronal
m ass ejecti ons (CME) and solar flares are the two major forms of eruptive
hydromagnetic phenomena in the solar corona. The Design-Report "Ra" of the
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International Space University Sununer Session Program 1996 m Vienna
contains more detailed information related to the S un [Ra, 1996].

3.2.2.1

Solar Wind
The escaping hot coronal plasma forms the solar wind, which consists largely of
ionized hydrogen (nearly equal number of protons and electrons) with a small
admixture of ionized helium (4%) and still fewer ions of heavier elements ( L% ).
Embedded is a weak magnetic field frozen in the solar plasma, which extends
into interplanetary space forming the intetplanetary magnetic field (IMF) . The
protons carry the major part of the momentum and energy in form of kinetic
energy. The mass transport rate in the solar wind is on the order of L.6 billion
kg/sec, which is a negligible loss compared to the total mass of the sun. The
temperature of the corona is so high that the Sun's gravity cannot hold on to it.
Although we understand why thi s happens, we do not understand the details
about how and where the coronal gases are accelerated to these high velocities.
The solar wind is not uniform in its structure, although it is always directed away
from the Sun. It changes speed and carries with it magnetic clouds, interacting
regions where high-speed wind catches up with slow speed wind , and variations
in the composition.

Figure 3-6 Solar wind speed taken by the Ulysses spacecraft
passing over the Sun's polar regions [URL 4]

T he solar wind speed is high (800 krnls) over coronal holes and low (300 kmls)
over streamers (see Figure 3-6). Coronal holes appear in different time scales
between months and years as variable solar phenomena. They rotate in large
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cells of unipolar magnetic fields on the surface of the Sun extending far into
interplanetary space and allow a permanent outflow of solar materiaL They occur
as large dark holes in soft x-ray wavelengths and are mostly visible at the solar
poles. These high and low speed streams interact with each other and alternately
pass by the Earth as the Sun rotates. These wind speed variations buffet the
Earth's magnetic field and can produce storms in the Earth's magnetosphere. The
temperature, density and velocity vary dramatically on time scales from seconds
to a few hours, as well as over the eleven-year solar activity cycle.

3.2.2.2

Solar Flares
A solar flare is a sudden brightening of a small region of the photosphere seen as
intensification in emission of radiation from x-rays to radio waves. In
conjunction with electromagnetic radiation, there occurs an immediate release of
a fast particle burst traveling along the narrow corridor defined by the
interplanetary magnetic field. The duration of solar flares is from short events on
the order of seconds up to hours. Energy stored in the magnetic field, in active
regions around sunspots, is released impulsively. This is caused by an eruptive
magnetohydrodynamic instability and is followed by reconnections when the
magnetic field closes down. The occurrence rate is modulated by the overall
solar activity cycle and reaches a maximum with several tens of solar flares per
day.
Solar flares constitute a hazard when they I) produce energetic particles of a
significant energy (-MeVs) and 2) when they are located at (or near) the foot of
an interplanetary field line that will connect to the Earth at the time the patticles
reach lAU. They were once thought to be the main source of SEP events. It is
now thought that, although flares produce energetic particles of MeV energies,
most are trapped in field lines close to the Sun and give rise to gamma and Xradiation. The worst case SEPs are now known to be associated with CMEs.

3.2.2.3

Coronal Mass Ejections
CMEs consists of vast bubbles of coronal plasma expanding outwards from the
Sun. Many CMEs start as a slow swelling of a coronal streamer on a time scale
of days [Hundhausen, 1997]. They represent the opening up of previously closed
field lines into interplanetary space with an ejection of mass trapped in the
previously closed magnetic field. Large CMEs eject masses on the order of a
billion tons of solar particles into the interplanetary medium. They also create
interplanetary shock waves that race ahead of this material at speeds of several
hundred to over two thousand krnlsec.
The transient ejections of solar material drag magnetic loops out into interplanetary space. A CME is a complex feature and can be divided in to three
parts: a structure consisting of a curved, loop-like density enhancement at the
front (the shock front) followed by a density depletion region and again an
interior density enhancement [Hundhausen, 1988]. Evidence has been gathered
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that CMEs are not produced by impulsive solar flares, because CMEs lift off
from the Sun before any substantial flaring activity [Hundhausen, 1997]. They
are sometimes followed by a flare, which results from the reclosing of the
magnetic fi eld lines. CMEs have a frequency of occurrence that varies by more
than an order of magnitude over the 11-year solar activity cycle. Near solar
activity maximum they occur at a whole Sun rate of 3.5 events per day and can
be found over a wide range of solar latitudes commonl y at high and low
latitudes.During solar minimum, most of the CMEs occur at low heliocentric
latitudes near the magnetic equator with a frequency of 0.2 events per day
[Gosling, 1997].
The feature of a CME that constitutes a hazard is the interplanetary shock. Most
CME shocks, on reaching Earth, will cause geomagnetic storms (and associated
increases in radiation belt particle fluxes), especially if they are characterized by
a long duration southward facing magnetic field. However it is only the largest
and fastest 1% of CMEs that produce solar particle events due to the high shock
speed (>750 km/s) required to accelerate particles above 10 MeV. Above this,
particle intensities can increase as the 6 1h or 7 1h power of the shock speed and
become very significant for shocks ranging up to -2500 km/s .
On leaving the surface of the Sun, the shock front will sweep up and begin to
accelerate energetic particles that may have been dumped into the solar corona
from previous solar flare events. Once accelerated, these particles can move at a
considerable fraction of the speed of light. However, the intensity of protons
streaming outward from the shock wave is limited by waves that scatter the
particles and impede their fl ow. Therefore, the majority of high energy particles
are effectively trapped at the shock front and hazardous intensities will only
occur when the shock front reaches the Earth or spacecraft. This is nominally
- 12 hours or more after the event onset at the Sun.

3.3

The Radiation Environment
.,.
The radiation that a spacecraft will encounter depends on the attenuating affect
of the environment in which it is present. This section will discuss, how radiation
from the sources as described are transported within the interplanetary medium
and the Earth's magnetosphere. The radiation environment of other planets in the
solar system is beyond the scope of this chapter.

3.3.1

The Interplanetary Environment
The solar wind and the magnetic field that it carries dominate the interplanetary
environment. This forms an attenuating medium for cosmic rays of galactic
origin with the effect that galactic cosmic ray flux varies by about 30% for
particles at energies greater than I GeV over the 11-year solar cycle. Increased

ISU- Summer Session Program 1998 • 29

solar actJ VJty produces an enhanced solar wind flux with the effect that the
observed cosmic ray flux is in anti-phase with this cycle.
Galactic cosmic rays produce a continuous low level radiation of relatively highenergy particles. In contrast, the abundance of accelerated solar protons varies
but can significantly increase the particle flux up to energies beyond 500 MeV.
Figure 3-7 di splays how the increase in particles due to a large solar particle
event (SPE) compares to the background cosmic ray flux at the maximum and
minimum of the solar cycle.
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Figure 3-7 A comparison of the time integrated energy spectrum of protons for the
SPE of August 4-7, 1972, with the spectra of cosmic-ray protons accumulated
in one week. [Silberberg, 1984]

Due to the burst nature of solar particle events the contribution to the total
radiation dose for solar particles will accumulate in a step-wise fashion, with
relati vely little increase between big events. The flux level variation for radial
distance from the Sun follows an inverse square law for electromagntic radiation,
while for low energy particles (1- 30 MeV) it has been shown to follow an
inverse cubed relation. The relation for - 100 MeV particles has not yet been
modeled [Wilson, 1997].
For interplanetary spacecraft the largest consideration for solar particle events is
the topology of interplanetary field lines connecting the spacecraft to regions of
the Sun. These will not be the same field Lines that connect to the Earth and so
the particle fluxes experienced will be different.
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3.3.2

The Near-Earth Environment
The Earth is a planet with a strong inte rnal magnetic field, which extends far into
space. In the absence of any external magnetic field, the geomagnetic field can
be approximated by a dipole field with an axis tilted at about 11 degrees from the
spin axis . The Earth with its m agnetic field can be regarded as an obstacle in the
propagation of the interplanetary magnetic field carried in the solar wind. The
ideal geomagnetic dipole field is m odified by creating a cavity called the
magnetosphere. The existence of the magnetosphere is very important, since it
shelters the surface of the planet from the high energetic particles of the solar
wind.

3.3.2.1

Trapped Particles
The motion of energetic charged particles is mainly guided by the local
distribution of the magnetic field. Electrons and ions tend to circle around
magnetic lines, while at the same time translating along those lines, creating a
spiral trajectory.

M.t..GNETIC

Figure 3-8 Motion of energetic particles in the Earth magnetosphere [URL5 ]

The interaction causes the spiraling particles to be repelled from regions with
stronger magnetic fie lds, where field lines converge. In addition to the rapid
gyration around field lines and the back-and-forth bounce motion from one
hemisphere to the other, trapped particles also undergo a slow drift. Ions drift
one way (clockwise, viewed from north) and electrons drift the other way (see
Figure 3-8). This motion of charged particles induces an electric current circling
the Earth.

3.3.2.2

Van Allen Belts
The trapping regions of high-energy charged particles surrounding the Earth are
called the radiation or Van Allen belts. The inner one, located between about
X = 1.1 - 3.3 Re (Earth radii , geocentric) in the equatorial plane, contains
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primarily protons with energies exceeding 10 MeV. The flux maximum is at
about X = 2 Re, since the location of particles is energy dependent. This is a
fairly stable population but it is subject to occasional perturbations due to
geomagnetic storms, and it varies with the 11-year solar cycle. The source of
protons in this region is the ionization of atmospheric neutral atoms by cosmic
rays. They can readily penetrate spacecraft and for prolonged exposure periods
cause considerable damage to instruments. They also represent a hazard to
humans in space.

Figure 3-9 Van Allen Belts [URL6]

The outer belt contains mainly electrons with energies up to 10 MeV. It is
produced by inj ection and acceleration processes following geomagnetic storms,
which makes it much more dynamic than the inner belt. It is also subj ect to daynight variations. It has an equatorial distance of about 3 to 9 Re (see Figure 3-9),
with a maximum for electrons above 1 MeV occurring near X = 4 Re. 'Horns' of
the outer belt dip sharply towards the polar caps. The radiation belts are of
primary importance with respect to harmful effects of high energetic particles to
humans and sensitive electronic devices. The energy deposition of these particles
leads to degradation of sensitive satellite components, particularly semiconductor
and optical devices, induces errors in digital circuits and can cause electrostatic
charge-up in insulators. The high particle flux is responsible for an increase of
the background noise in scientific detectors. For humans in space in particular,
the radiation belt represents a serious hazard to health in space flight.

3.3.2.3

South Atlantic Anomaly
The offset between the Earth's geographical and magnetic axes is responsible for
the South Atlantic Anomaly where the end of the inner Van Allen belt reaches a
minimum altitude of about 250 km above the Brazilian Coast. The energetic
particles in the inner belt are moving towards the Earth to low altitudes, which is
frequently passed by low orbiting satellites. This causes radiation hazards for
sensitive electronic devices as well as for humans crossing this areas.
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3.3.2.4

Atmospheric Drag
The neutral atmospheric density in low Earth orbit changes about an order-of
magnitude due to variations in the radiation f1ux during solar activity. The upper
atmosphere absorbs most of the solar extreme ultraviolet radiation and this
causes substantial variations in the composition, temperature and density, which
differs also during night and daytime (see Figure 3-10) [Vaugham, 1996].
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Figure 3-10 Typical atmospheric density profiles
at high and low solar activity [Vaugham, 1996]

Furthermore the ultraviolet radiati on heats and expands the upper atmosphere of
the Earth, which increases atmosphe ric drag. These phenomena are secondary
effects of radiation and have significant consequences for spacecraft operating in
low altitude regions. In particular, spacecraft tracking can change with variations
in this density and increase highly reactive constituents such as atomic oxygen
by factors up to 1000. This can lead to degrading chemical reactions, which
decrease significantly the instrument performance and reduces the spacecraft
lifetime by an order of magnitude. Additionally, short term variation lead to
difficulties in tracking and cataloging objects in LEO.

3.3.2.5

The Solar Wind Interaction with the Magnetosphere
The interaction of the solar wind with the geomagnetic field creates a complex
dynamic environment that is still not well understood. The Earth's simple dipole
field, is modified due to forcing by the solar wind to create a cavity called the
magnetosphere. The solar wind , containing the solar magnetic field 'frozen in' to
the plasma cannot pass through the m agnetosphere resulting in a compression of
the day-side magnetic field and the creation of a long magnetotaiJ on the nightside. The respective dimensions of the magnetosphere are displayed in the
following plot.
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Figure 3-11 Scale of the magnetosphere [Stark & Gabriel, 1995]

The boundary between the Earth's magnetic field and the solar field is called the
magnetopause. In front of the dayside magnetopause another boundary, called
the bow shock, is formed due to the flow of the supersonic solar wind past the
obstacle formed by the magnetosphere.
The magnetosphere is filled with plasma that originates both from the ionosphere
(directly via ion outflow and indirectly via the plasmasphere) and the solar wind.
This plasma is concentrated in the Van Allen radiation belts and along the
neutral sheet of the magnetotail known as the plasma sheet. The acceleration of
these charged particles by the magnetic field causes currents to flow leading to a
reduction in the magnetic field intensity. These currents can be seen in
Figure 3-1 2.
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Figure 3-12 Magnetospheric currents. [URL 7)

•

Magnetic Storms

The greatest hazard to spacecraft from the radiation environment comes during
magnetic storms. The following sequence of events is thought to occur (see
Figure 3-13): The solar wind magnetic field at the Earth has no preferred
direction and at certain times may exhibit a southward facing configuration for
extended periods, especially in the case of magnetic clouds from coronal mass
ejections. At this time, closed field lines from the Earth (1) are compressed by
the solar field (2) until a neutral point forms (N) where magnetic reconnection
may occur. These field lines (3) then connect the Earth to the Sun and solar wind
particles can flow directly into the magnetosphere at the polar cusps. The field
lines are swept over to the night-side by the motion of the solar wind (4) to form
part of the magnetotail (5).
Solar
wind

---

Figure 3-13 Magnetic Reconnection [URL 8]
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As this continues, magnetic pressure grows in the tail causing a heightening of
magnetospheric cunents. Eventually a neutral point forms (6) and reconnection
takes place between the oppositely directed field Jines above and below the
plasma sheet at a distance of about 20- 30 Earth Radii. (Near-Earth Neutral Line
model , e.g. Baker, 1996) The field lines either side of this point immediately
snap back resulting in the trapped material of the pl asma sheet being accelerated
towards the Eanh and injected through · the polar cusps (thus enhancing the
radiation environment for spacecraft in high inclination orbits). The energy
released in this process along with the addition of material from the plasma sheet
also leads to an increase in the flux level of the outer radiation belt in the vicinity
of geosynchronous orbit.
The same process is responsible for amplification of the ring current. This leads
to a reduction in the strength of the Earth's dipolar field, though at the surface of
the Earth the effect is always very small, only rarely exceeding 1% of the total
magnetic field intensity.
These reconnection processes (known as substorms) occur daily, even during
quiet periods of solar activity. It is only when the solar magnetic field is
particularly intense or, more importantly, bas a southward component for a long
duration that significant increases in energetic particle flux levels may be
observed.

•

Future Changes in the Environment

The main changes in the magnetospheric e nvironment come with the changes in
solar activity. During solar maximum, coronal mass ejections (leading to
magnetic clouds) are more frequent and a corresponding increase in magnetic
storm activity occurs. These storms therefore follow the 11 year solar cycle
which will reach a maximum in the year 2001.
Protons in the inner radiation belt come from the ionization of neutral atoms by
cosmic rays. As cosmic ray flux changes in anti-phase with the solar cycle, the
flux levels in the inner radiation belt also change in this way.
The number of spacecraft in Earth orbit is growing exponentially, and many of
these spacecraft continue to vent gas and propellant into the space environment.
This material can easily be ionized and accelerated in the magnetic field and will
eventually lead to an increase in the radiation belt particle flu x [Tascione, 1994].

36 • ISU - Summer Session Program 1998

3.4
3.4.1

Effects on Spacecraft
Electrical Equipment Failures
There are three main radiation sources that may affect MOS devices, which are
the parts of electronic equipment most susceptible to radiation. These radiation
components are high energetic protons and electrons trapped in planetary
magnetic fields, cosmic rays consisting of very high energetic particles, and
solar flares which may produce varying quantities of elecu·ons and protons.
Other effects that can affect spacecraft electronics are x-rays emissions created
by particles hitting the walls of the spacecraft. Two main effects occur when
CMOS devices are subjected to high energetic protons and electrons; Total
Ionizing Dose (TID) effects and Single Event Effects.

3.4.1.1

Total Ionizing Dose Effects
With TID effects electron-hole pairs are produced when a c harged particl e
collides with some part of the MOS structures such as that shown in Figure 3-14.
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Figure 3-14 Typical CMOS Structure

The electrons, being lighter are easily swept away by fields within the MOS
structure. The holes, however, will drift toward the negative channel where they
will tend to change the threshold voltage of the device. Although the energy
involved in any one interaction may be insufficient on its ow n to cause damage,
over time the characteristics of the device may be altered and this may result in
permanent damage to the device. The loss of two Anik-E communications
satellites in January 1994 was linked to this type of effect, [KendalJ, 1998]. The
TID is used to measure the amount of energy c reated when energized particles
pass through a material. The unit of TID is the "rad" which is defined as I 00
ergs/g of material. The exposure may vary widely from around ten to 100-200
rad (Si) in LEO or beyond the Van Allen radiation belts to up to over 100 kRad
(Si) within the Van Allen radiation belts, [Stark, 1995].
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The susceptibility of the device depends on oxide thickness, the field applied to
the oxide during and after exposure, as well as trapping and recombination
within the oxide.
Bias conditions can also have an effect. For n-channel devices a positive voltage
at the Gate relative to the Source (device forward biased or in a turned on state)
will cause tran sport and trapping of the holes at the Silicon/Silicon Dioxide
interface, while for a n-channel device this will occur when the device is turned
off. The results of this is to make n-channel devices easier to turn on and pchannel devices easier to turn off; that is altering the threshold voltage of the
device.

3.4.1.2

Single Event Effects (SEE)
When high-energy protons or heavy ions lose energy when passing through a
material such as silicon, they leave a track of electron-hole pairs. Some charge
will recombine while some will collect at the PN junction. The net effect of this
is a short duration current pulse, which will induce a transient charge at various
parts of the integrated circuit. The size of the induced charge will depend on the
size, and charge of the impacting ion as well as its path length within the
material. It is possible for the charge to be sufficient to cause a change in state of
a digital circuit; a so-called Single Event.
A SEE may be classified as either a Single Event Upset (SEU), a Single Event
Latchup (SEL), or a Single Event Burnout (SEB). The SEU is a temporary bitflip, which does no damage and does not interfere with normal operation. The
SEL requires a complete reset or re-power up of the circuit and may cause
permanent damage if left undetected. The SEB results in permanent damage to
the device. All three effects have the potential to cripple a spacecraft.
The transient charge generated may be expressed in charge per unit length; e.g.
pC/micron or in a unit called linear energy transfer (LET).
Generally the most energetic radiation type; cosmic rays will have LET values
less than 26, which means that if the threshold LET to cause a SEE is greater
than 26, the error rate will be low.
The probability of an error due to a SEE de pends on:
the expected distribution of particles with respect to LET
the cross-section for upset/latch up as a function of LET
The error rate is expressed in error per bit-day. An error rate of 10·8 errors/bitday [URL 9] or lower may be expected from hardened devices, while unhardened
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devices can be expected to display error rates several orders of magnitude higher
than this.

3.4.2

Spacecraft Charging
When a spacecraft is exposed to radiation it can cause severe problems to the
spacecraft's electronics, primarily due to the effects that radiation has on
semiconductor elements, but also due to the interactions of the satellite's surface
with the radiation and with the ambient plasma. These interactions cause surface
charging. Because the radiation emitted by the Sun is the main source of ionized
neutral gas, these interactions with the plasma are also considered as a radiation
hazard [Leach, 1995].
Whenever a spacecraft is operated in an environment exposed to radiation it will
electrically charge to balance incoming ambient ions and electron cuiTents.
The fundamental equation for charging theory is that of current balance. This
equation states, that for a surface element on a spacecraft with charge density cr
and area A, the rate at which the charge on the surface changes as a function of
time must be given by the difference between all the currents to the surface
element and all the currents away from this surface element.
da

~A

Equation 1

= lfromsUJface - 110surface = 1net

For a steady state or at equilibrium, the charging eq uation states that the net
current to a surface must be zero. Therefore considering all occmTing currents
that effect the charge-state of a spacecraft looks as follows:

Sunlight

Incident Ions
I

I

'

I
I

Secondary
electrons

I
I
I
I

Photo.
Emission

Back.scattered
electrons

Sheath

;

\/

Figure 3-15 Current Sources
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Equation 2

where:
V 5 •• • satellite surface potential
Ie ... .incident electron current on satellite surface
Ii .... incident Ion current on satellite surface
Ib ..... active current sources such as charged particle beams or ion thrusters
Ise· .. secondary electron current due to Ie
lsi... secondary ion current due to Ii
Ibe····backscattered electrons due to Ie
Iph····active current sources such as charged particle beams or ion thrusters
Is..... surface current to other surfaces or through the surface
The ambient space plasma is the primary natural source for potentials of 10 kV
or higher. The dominant contribution to this current comes from electrons. This
is a direct consequence of the electron's much smaller mass relative to the ion,
which makes them much more mobile.
The current flux to a surface at rest in the plasma (like the situation that prevails
in GEO) and at the plasma potential (i.e. no electric field between the surface and
the far field plasma) is:

n·c· n c
j =-e(- 1 _1 - ~)
a

4

4

Equation 3

ci ..... mean velocity of the ions
Ce .. ... mean velocity of the electrons
ni..... number density of Ions
ne..... number density of electrons
In situ measurements have shown that the ambient plasma flux can be quite
anisotropic with large pitch variations. The result is that ja can vary over the
surface of the satellite in a complex, three-dimensional fashion , leading directly,
for electrically isolated surfaces, to differential charging.
For spaceships in LEO and polar orbits, the situation is different as shown above,
due to the relative motion of the spacecraft. Because the spacecraft is still
moving much slower than the free electrons in the plasma, the electron collection
can be considered as shown in the formula above, but the ion collection will be
dominated by the flux that directly intercepts the body. This flux, of course, is a
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function of the velocity V 0 of the spacecraft. The current flux to a surface
orientated in the direction of the velocity vector at zero potential is:
.
n ece
Ja =-e(n·1v0 - - - )

4

Equation 4

Many of the materials used on spacecraft surfaces emit photoelectrons when
exposed to the UV -component of the solar flux. This can be a very significant
contributor to the current on the spacecraft. This current is a function of the
satellite material, solar flux , solar incidence angle and satellite potential.
Especially in high orbits this effect contributes significantly to the overall
current. Thi s current is a major determinant of three-dimensional effects, because
it is anisotropic, occurring only on the sunlit surfaces of the vehicle. In this
regard, inhomogeneous illumination of the satellite can cause serious threedimensional differential charging effects. To describe the photoelectron current
there are two functions necessary. These are: the solar flux as a function of
energy, S(E), and the electron yield per photon, W(E). The photoelectric current
density, therefore is given by

00

jph =- fW(E)S(E)dE

0

Equation 5

0

If the spacecraft is positively charged, the ambient photoelectron current is
attracted to the surface.
When an electron hits a surface, it is either absorbed into the material or
reflected. If it is absorbed, it may collide with atoms in the material and
eventually reverse direction and backscatter out of the material. The electrons,
which do not backscatter, loose energy in the material. This released energy can
excite other electrons, which may then escape from the material. This process is
called secondary emission. The process of reflection is only significant at very
low energies.
Backscattered electrons can be distinguished from secondary electrons by their
energy. Backscattered electrons leave the material with a slightly lower energy
than the primary electron. Secondary electrons are emitted with a characteristic
energy spectrum and leave the material with energies of, at most, a few eV.
Ions that impact a surface may also give rise to secondary electron emission. The
flux of secondary electrons due to either the impact of electrons or ions can
exceed the incident flu xes under some circumstances and has proven to be an
important contributor to spacecraft charging.
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So it can be seen, various factors contribute to the level of charging of spacecraft
including the plasma environment, the relative speed between the plasma and the
spacecraft, and the exposure to solar radiation.

3.4.3

Radio Communications Disruptions
Signals transmitted to and from sateilites for communication (overall low band
microwave conununications) and navigation purposes (e.g. Global Positioning
System GPS) must pass through the ionosphere. Ionospheric irregularities, most
common at equatorial latitudes, (although they can occur anywhere), can have a
major impact on system performance and reliability. Commercial satellite
designers need to account for their effects.

3.4.3.1

Ionospheric Scintillation
The ionospheric changes that occur during disturbed times (for example during
geomagnetic substorms or during solar radio bursts, which are impulsive
intensifications of radiation from the Sun at radio frequencies), increase the
incidence of electron density irregularities, sometimes leading to severe
variations or scintillations in the phase strength of signals sent from the ground
to satellites at VHF and UHF frequencies (30 MHz to 3 GHz) [URL 10 ]. As a
consequence, the most important disruption in the satellite-to-ground
propagation channel and vice-versa is called ionospheric scintillation. We
understand ionospheric scintillation as the rapid fluctuation of the phase and
intensity of a radio signal that has passed through the Earth's ionosphere [URL 11 ]
(see Figure 3-16).

O p e ration
satcom link

Figure 3-16 Graphic example of amplitude and phase scintillation[URL 12 ]

Amplitude scintillations induce signal fading and, when thi s exceeds the fade
margin of a receiving system, message errors in satellite communications are
encountered and loss of Jock and phase cycle slips occur in navigational systems.
Phase scintillations cause Doppler shifts and may degrade the performance of
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phase-lock loops, such as in GPS navigation systems. They may also affect the
resolution of space-based synthetic aperture radars. In order to provide support to
operational communication and navigation syste ms, the magnitudes of amplitude
and phase scintillations, and the temporal structure of scintillations need to be
specified and predicted [URL 13] (see just after the paragraph "Mitigation in
Radio Communications"). Figure 3-17 shows ionospheric intensity scintillation
11
at VHF as observed at Poker Flat, Ala ka, on May 5. 1976 [URL ].

Figure 3-17 Ionospheric intensity scintillation at VHF as observed at Poker Flat, Alaska, on
5 May 1976.

3.4.3.2

Mid-latitude Ionospheric Scintillation
Most of the communication and remote-sensing satellites are utilized at midlatitudes. This is the reason why this part of the Earth is being studied carefully,
having well developed ionospheric prediction models to warn of ionosphere
disturbances (for instance, without a proper understanding of propagation
conditions for GPS signals, automated navigation system variations could place
lives at risk).
Mid-latitude ionospheric scintillations are known to have an effect on transionospheric radio signals. Specifically, a radio signal is emitted from a source
above the Earth's atmosphere, interacts with the ionosphere and proceeds to
some receiving point, usually a receiving station on the ground. The received
signal, displays rapid fluctuations in phase and amplitude that are not consistent
with changes in the source strength and modulation. In radio frequency
scintillations, records measuring the amplitude and phase of the radio wave show
rapid changes in a like manner. It has been established that, at the frequencies
necessary for transionospheric radio propagation, absorption in the signal is
negligible. Consequently, it is known that fluctuations in signal strength are not
caused by absorption. The actual modification of the signal is due to changes in
the phase of the waveform as it propagates through the ionosphere. Amplitude
scintillations are actually caused by interference between different components
of the wavefront, emergent from the ionosphere, as it travels to the ground.
Amplitude scintillations are the more widely studied form of scintillations.
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Analysis of electromagnetic propagation within the ionosphere reveals that
modification of the phase is caused by changes in the path length traversed by
the wave. As occurs at optical frequencies, deviation to the ray path results as the
wave passes through the ionosphere with different refractive indices. In the
ionosphere, the refractive index n is found as a function of several parameters,
the mostly important being the free electron density. The function describing the
refractive index within the ionosphere is known as the Appleton-Hartree
equation, a complicated expression in its full form. It is possible however to use
a reduced form of the equation as follows [URL 13] :

Equation 6

where n is the refractive index, w is the angular wave frequency and CON is the
angular plasma frequency. WN can be further specified by the relation:

Equation 7

where N is the electron density, e is the electronic charge, eo is the permitivity of
free space and m is the mass of an electron. The dependence of the refractive
index on the electron density becomes obvious from this relation.
The point that emerges from the theory of ray propagation in the ionosphere is
that changes in the phase of the wavefront and therefore the occurrence of
scintill ations is due to a degree of non-uniformity within the ionosphere.
Typically irregularities exist within the ionosphere consisting of anisotropic
electron density distributions. In anisotropic medium, Huygen' s princ iple states
that irregularities within the medium will act as radiators for the wave, with each
point on the wavefront projecting waves of different phase. Of the many attempts
to explain the scintillation process, the diffraction and scattering models are the
most used.
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Figure 3-18 Process that leads to ionospheric scintillations [URL 13]
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Figure 3-1 8 displays the most successful of the theories describing the process
leading to ionospheric scintillations, that of a thin diffracting screen of
ionospheric irregularities.
Diffraction is said to be caused by electron density irregularities, embedded
within the layer, c hanging the phase of the wave.
The presence of an electron density irregularity is mathematically represented by
an excess electron density~. Utilizing a short wavelength approximation, valid
for scintillation, the deviation in the refractive index of the medium due to the
excess electron density is [URL 13 ]:

Equation 8

where 'A is the wavelength and re is the classical radius of the e lectron. In
travelling a distance l through the medium, a phase change in the wave would be
given by

Equation 9

showing explicitly the effect of the irregularity on the phase of a wave passing
through it. At the frequencies involved in scintillation studies and in the realm of
possible electron density fluctu ations (determined by experimental
measurements), deviation of the ray through refraction is quite small.

3.4.3.3

Solar Interference to Satellites
Geosynchronous orbit is now routinely used by many sate llites for telecommunication and broadcast purposes (currently more than 200 comm unication
14
satellites circle the Earth in such orbit) [URL ]. Although communication from
these satellites is less affected by the vagaries of the ionosphere, it can be subject
to interference from the Sun.
The level of interference that will be experienced depends upon a number of
fac tors including the frequency of operation, the antenna beamwidth, the receiver
bandwidth, the acceptable signal to noise ratio and the level of solar activity at
the time [URL 15].
The exact time of year of solar interference varies around the equi noxes
according to the latitude of the observing station. Interference of some intensity
may be experienced up to about a week on either side of the date of maximum
effect. At maximum, the interference may last up to 30 minutes, again depending
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upon the receiving antenna beamwidth (economic impact, provided that not all
the users can afford to buy a large diameter antenna). The time of day at which
the interference will occur depends upon the relative position of the satellite. A
satellite in the western sky will be subject to interference in the afternoon, or in
the morning if in the eastern sky.

Legal Aspects of Communication Disruptions
The Radio Communication sector of the International Telecommunication Union
(ITU), at the General Assembly of URSI (International Union of Radio Science)
taking place in 1990, the Scientific Committee on Telecommunications (SCT)
was established to improve coordination between the work of the URSI
Commissions and the ITU-R Study Groups. The most important topics identified
by the SCT concerning radiowave propagation in and through the Ionosphere
(ITU-R Study Group 3) are [URL 16]:

3.4.3.4

3.4.3.5

•

Development of a recommended solar wind/magnetosphere/ionosphere coupled
model suitable for the prediction of ionospheric parameters on a global scale.

•

Maps of ionospheric characteristics most appropriate to monthly median and
instantaneous conditions.

•

Improved models for quantifying the distribution of ionospheric scintillation in
time and space.

•

How to model ionospheric Doppler shift and Doppler spread.

•

Development of ionospheric propagation models that can be updated by use of
real-time information.

•

Improvement of models of short-term variations of the low-latitude ionosphere
suitable radio communications.

Conclusion
Disruptions in communication systems have wide-ranging effects from social
interactions to economic transactions on a global level to intelligence and
surveillance activities. The human world has changed much since the solar
maximum of 1990. For example, GPS has become ubiquitous and some of its
applications more demanding of system accuracy and therefore, ionospheric
correction. A plethora of communication systems is emerging, including at least
14 Little LEOs employing VHF and/or UHF bands for transionospheric links
[URL 17].
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3.5

Effects on Humans
Humans have had a presence in space since the first flight of the Russian
Cosmonaut Yuri Gagarin in 196 1. During the period of hu man space exploration
the bulk of the experience has been within the Earth's protective magnetosphere.
In 1998, we are entering a new era of human activity in LEO with the
construction of the International Space Station (ISS), requiring approximately
1700 hours of EVA activity. As this construction will be during the period of
solar maximum the concern has been raised over the vulnerability of these
astronauts to solar events. There is a requirement that the astronauts never be
more than 30 minutes away from the air lock of the station. Approximately 10100 rads/hour of radiation are experienced in LEO during a solar event
[Kozlovskaya, 1998]. This means that the astronauts could receive up to 50 rads
in that half an hour period. This is lower than the threshold dose required for
damage to the bone marrow to cause hemopoietic radiation syndrome. Provided
their total dose can be kept below 100 rads they should not experience
hemopoietic syndrome [Jones, 1998]. This syndrome will be di scussed in
chapter 5.
Despite the large body of experience gained over the past thirty years in both the
American and Russian space programs, there is a paucity of data concerning the
impact of the space environment outside the Earth's magnetosphere on the
human body and microbial fl ora. The latter will also be considered in greater
detail in Section 5.

3.5.1.1

Effect of the Radiation Environment outside the Magnetosphere
The different radiation environments have been disc ussed earlier in this chapter.
In this section, the effect of galactic cosmic radiation (GCR) and solar radiation
on biological systems will be considered. Section 3.6.5 will deal with medical
mitigation of the stochastic effects of radiation by considering strategies of
radioprotection. Chapter 5 will consider the medical conditions associated with
acute radiation exposure, and will also consider strategies for their management
in space. Due to constraints of space, this review will be brief, an excellent
review on the subject is recommended [Kiefer, 1996].
From the point of view of biological systems thi s rad iation environment can be
considered as the component arising from galactic cosmic radiation and from
solar energetic particle (SEP) events. The different nature of the radiation from
these two sources has different effects on biological systems. In addition to the
nature of the particles, the other key feature is the dose rate of the radiation.
Acute radiation expos ure is due to solar particle events. Impulsive fl ares have
limited intensity and duration with the few particles accelerated confined to open
magnetic field lines over a limited cone of solar longitude. Consequently, these
solar impulsive flare events are a less serious radiation hazard [Reames, 1997].
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Coronal mass ejections (CMEs) constitute a relatively rare but serious radiation
hazard to humans. Only about 1% of CMEs are large and fast enough for the
production of large solar energetic particle (SEP) events [Reames, 1997].
Although these can be fatal to astronauts they occur only rarely. Fortunately, the
most hazardous part of the event occurs when the shock wave reaches the
spacecraft, which occurs approximately 12 hours after the onset of the event on
the Sun [Reames, 1997]. This underscores the need for accurate and timely
warning for astronauts, a warning which may be difficult to provide to a crew on
the way to Mars on the opposite side of the Sun from the Earth. Protons are seen
early in SEP events and initially are a minimal hazard to the astronauts, however
when the CME driven shock wave arrives the astronauts must be shielded
[Reames, 1997]. It is necessary to be able to measure or predict the intensity of
this shock wave before it reaches the ship. The medical aspects of acute radiation
injury will be handled in chapter 5.
Chronic radiation exposure outside of the Earth's magnetosphere is due to low
background levels of high-energy galactic cosmic radiation (GCR) [Jones, 1998].
GCR ranges from energetic protons with low mean linear energy transfer (LET)
to nuclei of very high atomic number and very high energy (HZE) particles
[Setlow, 1996]. Energy loss during interaction with any material is proportional
to the square of the incident charge of the particle, and inversely proportional to
the velocity of the particle. The rate of energy loss in biological material is the
linear energy transfer (LET) [Badhwar, 1997]. While shielding and radioprotective compounds can provide some protection from the solar particle
events, there are no effective countermeasures currently existing against galactic
cosmic radiation [Jones, 1998]. Thus, radiation exposure leading to cancer is the
main concern in long-duration space flight beyond the protection of the Earth's
magnetosphere.
Radiocarcinogenesis, or cancer initiation by radiation exposure, is a complex
problem. The International Commission on Radiological Protection (ICRP)
draws conclusions on allowable limits for radiation exposure based on the
literature [Kiefer, 1996]. The majority of the data on cancer risk following
exposure to radiation comes from the Japanese populations irradiated by the
Hiroshima and Nagasaki bombing, from therapeutic irradiations, and thyroid
cancer in children contaminated by iodine radioisotopes after the Tchernobyl
accident [Cosset, 1997]. In addition to the cancer risk, ionizing radiation also
represents an increased risk of sterility, malformation of a fetus and mental
retardation [Lenoble, 1996b]. Cataracts are also a risk of long-term exposure to
ionizing radiation. Details concerning the methodology of studying the effect of
radiation on biological systems are beyond the scope of this section. Please see
the following for information on the subject [Kiefer, 1996; Setlow, 1996]. The
US National Council on Radiation Protection and Measurements (NCRP) has
published new exposure guideline in 1997. They are included in the policy and
law Chapter 6. It is important to note that there are limitations in the
extrapolation of terrestrial experience and data to space applications. Radiation
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exposure guidebnes are extrapolated from terrestrial models, which do not reflect
the different space radiation environments (i.e. LEO vs . outside magnetosphere)
as the energies and panicles seen in GCR are difficult to reproduce on Earth.
It is extremely difficult and expensive to do radiobiological experiments in space
and so careful terrestrial experimentation, modeling, and extrapolation have been
preferred [Kiefer, 1996]. However, there are uncertainties not only on the
estimates of the biological effects of the radiation on humans, these estimates do
not consider the impact of biological changes which may occur in that
environment. For instance, we know that there are changes in immune function
in space [Levine, 1998], but we have no idea of how these changes will impact
the immune system's ability to detect and destroy cancer cells. This is a concern
as we do know that immunosuppression due to AIDS or transplantation is
associated with increased risk of malignancy. The issue of immune changes in
space will be discussed in Chapter 5. Consequently, it is a recommendation that
prior to assuming we are correct in our assessment of the risks and send people
to Mars , that we first gain experience in the radiation environment outside of the
magnetosphere.
The minimum experience would be three years in this
environment before initiating a Mars mission. Thi will allow us to check the
validity of some assumptions while reserving the ability to get people home.

3.6
3.6.1

Mitigation
Shielding
The underlying principle of radiation shielding is to protect the crew and
hardware of the spacecraft from the radiation environment encountered in space.
There are many ways in which shielding can be accomplished. However, many
of these methods are not feasible for space applications due to excessive mass,
size, and cost. Current and near future shielding techniques can only provide
partial protection from radiation. Therefore, there is a considerable ri sk involved,
especially when humans are present. It is the level of this risk that affects the
degree of shielding necessary. The amount of required shielding also directly
affects the cost of the mission. T hus, any shielding strategy must balance the risk
with cost.

3.6.1.1

Radiation Shielding Basics
T he key to radiation protection is the understanding of the environment and its
interaction w ith shielding. The radiation shielding problem can be broken down
into four basic components. The first is the external environment to the
spacecraft. The second is the interaction of this external environment with any
shield ing that is present. The third is the internal environment of the spacecraft.
The internal environment is the resul t of the modification of the external
environment by the shielding. The last component is the interaction of this
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resultant internal environment with the spacecraft components and crew. If
accurate models for each of these parts can be obtained, the required shielding
can be designed and evaluated. However, the current models have considerable
uncertainty.
The environmental models are the basis for shielding design. The external
environment consists of many different types of radiation. The three main types
are Galactic Cosmic Radiation (OCR), Solar Energetic Particles (SEP), and
trapped particles in the geomagnetic field [Wilson, 1997]. Depending on the
region of space of interest, the relevance of each of these can be different.
The next step is to use the model of the external environment and the
characteristics of the shielding to determine the interaction between the two. To
do this, transport codes and nuclear databases must be used. These are models
that explain how particle radiation is changed as it is transferred through a
material and how a particular type of material reacts to a certain type of energetic
particle radiation. Another consideration is the geometry of the shielding
material, which can affect the interaction as well.
The internal environment is the resulting environment that occurs after the
radiation interacts with the shielding. This is a very important aspect because it is
this environment to which the crew and spacecraft components are directly
exposed. This leads to the next aspect, which is modeling of the interaction of the
internal radiation environment with specific tissue of the human body. This is
perhaps the most complex and least developed modeling in the process. The
complex geometry of the human body creates difficulties in modeling these
interactions. The Computerized Anatomical Man (CAM) is a representation of
the geometry of an astronaut which contains 2400 separate geometric tissue
regions of different compositions and densities [Wilson, 1997]. Other aspects of
this are the risk models, that are associated with each particular type of biological
tissue. These risk models provide an estimate of the risk of damage (either short
term or long term) to a particular type of tissue. Figure 3-19 shows the
components of the modeling process. This process is used to evaluate different
shielding techniques for effectiveness.
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Figure 3-19 Components of shield modeling [Wilson, 1997].

3.6.1.2

Impacts on Mission Design
Radiation shielding design has implications on the design of the entire mission.
The uncertainty that is present in the modeling techniques leads to risk
uncertainty. There are three basic parts to the shielding design process [Wi lson,
1997]. The first is to predict the risk to the crew for a particular mission
scenario. The second is to determine the necessary architecture to accomplish the
m1sswn. If the risk to the crew is too high for a particular architecture, a
redesign phase must be implemented until acceptable risk limits are achieved.
The next step is to evaluate this mission architecture in terms of mission
objecti ves and cost. If these are not acceptable, a redesign is again necessary.
A guiding principle of shielding design is that if there is error present in the
design, it is in favor of the astronaut. To achieve this, the sources of uncertainty
in the design process must be known and the appropriate safety fac tors applied.
Another relevant aspect of this is the impact of this uncertainty on mission cost.
The inability of the design models to accurately predict the quality of shielding
lead to additional testing in both laboratory and flight experiments. The result is
overly conservative and excessive mission construction and launch costs. For
example, these uncertainties could cause an estimated excess design cost of over
US$ 10 billion for a human Mars mission [Wilson, 1997].
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3.6.1.3

Interplanetary Considerations
As discussed previously, the two main radiation concerns in interplanetary space
are galactic cosmic radiation (GCR) and solar energetic particles (SEP). These
two can be distinguished by their different characteristics as far as shielding
concerns. GCR consists of very high energy particles with a relatively
predictable occurrence rate. SEPs on the other hand have much lower energy
levels and cannot readily be predicted. It is known, however, that SEP are more
likely during solar maximum. These characteristics lead to many considerations
for shielding design and techniques. At this point, GCR cannot readily be
shielded due to its high energy. In fact, the attempt to shield this type of radiation
can be more harmful than good. Due to its high energy, many of the GCR
particles can pass through the spacecraft and humans onboard with relatively
little interaction. If shielding is present, the energy of the incident particles can
be lowered or secondary radiation can be produced, either of which can cause
harmful interactions with ti ssue in the body. When considering SEPs, the fact
that they are not constantly present leads to shielding that is not always needed.
For instance, instead of shielding the entire spacecraft against SEP, a small
portion of the spacecraft could be shielded. In the event of SEP, the crew could
then go to the shielded portion of the spacecraft. This would lead to a more
efficient shielding technique.
GCR contains particles with energies from a few MeV/nucleon to nearly
15
10 MeV/nucleon. A large portion of these are referred to as HZE particles
which are ions of high charge and energy. There is currently little experience
with the effects that these particles have on shielding and biological ti ssue. The
current models and transport codes have considerable uncertainty when
considering these types of particles. The reason for this is that these models are
based on data from ground based and LEO observations. There is a clear need to
improve these models before human interplanetary missions can be accurately
assessed.

3.6.1.4

Shielding Material
Theoretically, we can use many types of materials for radiation shielding if they
are employed in a thickness sufficient to attenuate the radiation. However for
spacecraft for both crewed and uncrewed missions, we have the problem of
weight. This factor imposes a limitation on the material that can be used to
protect the spacecraft.
The choice of material depends on:
•

The position of the spacecraft in Space (LEO, MEO, GEO, or interplanetary)
because the impacts of radiation are different.

•

The time spent in the Van Allen belt because of the high level of radiation.
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•

The kind of mission: crewed or uncrewed.

Some common materials have been ranked from best to worst for radiation
protection [URL 18] (Listed with their density):
Liquid hydrogen (0.07 g/cm 3)
Water ( 1 g/cm3)
Aluminum (2.7 g/cm~)
Lead (1 1.35 g/cm 3)
For present space structures, the choice is between light metal (e.g. aluminum)
and polymer fiber composite materials. For example, the main material used on
the International Space Station or on a LEO satellite is aluminum ["Ra", 1996].
The specific radiation environment will influence the choice of shielding
material [U RL 19].

If we consider an environment with a major presence of Gamma Rays and XRays, their attenuation is dependent upon the density of the shielding material.
Lead has the advantage of being the densest of any commonly available material
and of having a low cost. However materials such as tungsten or uranium are
preferred for protection against gamma-ray radiation, even though they have a
high cost.
For spacecraft such as satellites, the solution of lead shielding is not possible
because of weight consideration that must be respected. It can be used for
sections of human interplanetary spacecraft but there is the same problem
because of weight.
If we consider an environment with a major presence of neutrons, we must have
a material with very low level of absorption in order not to have secondary
effects such as gamma radiation .
The second "'problem is where we can put the shielding on the spacecraft. The
first point is for uncrewed missions such as satellites. If the satellite is in LEO or
MEO, the shielding used for debris or meteorites impacts is sufficient.

If the satellite is in GEO, we must shield the electronic components. The kind of
materials will be detailed in the recommendation subsection and the thickness
depends on the density of these.
The second point is for crewed missions such as the International Space Station.
If the station is in LEO, the shielding used for debris or meteoroid impacts is
sufficient.
If the spacecraft is to undertake an interplanetary manned mission, there must be
special shielding to protect the crew against radiation. For the Mars mJSSJOn,
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water can be used as a shielding material. If we use this kind of material, the
crew will be able to consume water and recycle it. This addresses the problem of
weight. This will be discussed further in the recommendation subsection.

Magnetic and Electric Shielding

3.6.1.5

The idea of magnetic shielding originates from the concept of natural shielding
of the biosphere by the Earth's magnetic field. The magnetosphere is responsible
for the relatively benign radiation environment on Earth, as it deflects charged
high-energy particles, as discussed in Section 3.3 . An important aspect of
magnetic shielding is that it does not produce any secondary radiation in contrast
to physical shielding.
Magnetic shielding was first suggested before crewed spacefl ight was even
realized [Levy, 1961]. The original development of the thought, however, was
limited to low-temperature superconductors (LTS). The use of LTS at liquid
helium temperatures posed a daunting set of problems. Only excessive
impractical active cooling could attain the superconductive state. With the advent
of high-temperature superconductors (HTS) in 1986 the situation for magnetic
shielding strategies had to be reassessed. Cooling of large superconducting coils
became feasible even with the limited power available on interplanetary
spacecraft.
•

Theory
A magnetic shield makes use of the fact that a charged particle's trajectory in a
magnetic field is curved. As a particle enters the region of the magnetic field it's
trajectory will curve away from the region, i.e. the spacecraft, to be protected.
The particle trajectories are sketched in Figure 3-20.
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Figure 3-20 Concept of magnetic shielding
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The magnetic field surrounding the craft mu st be strong e nough to deflect
hazardous charged particles up to the relativistic particle momentum p. There
exists a sphere inside the field, which completely protected from these particles.
The radius of this sphere is called the Stoermer radius [Stoermer, 1955] and is
determined as
fl o ·M
Rs. = .:.__::.
__

Equation 10

47r· p

where q is the particle charge, jl{) the pernuttJvlty of free space and p the
relativistic particle momentum. M is the magnetic moment and is the product of
the loop current, number of turns and area of the exciting coil.
The relativistic particle momentum can be calculated for a given particle mass
and energy as described in [Cocks, 1992]. From this, the required coil (current,
turns, and area) can be determined for a the desired Stoermer radius.
The required magnetic momentum is very large and has to be generated by a
superconductive coil. The coil can be implemented either as an internal coil in
the craft or as a deployable coil outside the craft as shown in Figure 3-2 1. A
small coil inside the craft does not demand much structural support and has a
very low mass. The drawback is that the coil has to carry extreme currents or
needs a vast number of turns to generate the momentum, as the cross-sectional
area is small. Deployable coils exterior to the ship are less demanding on
currents and number of turns, however, they require a sophisticated structure and
deploying mechanism.

Deployable Coi l
Ship-Board Coil

Figure 3-21 Ship-Board versus Deployable Coils

Another limiting factor is the amount of energy required to generate the
magnetostatic field. It can be shown [Cocks, 1992], that the smaller the radius of
the coil the larger the energy required by a mass ive factor (E-R 4 ) .
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•

Numerical examples
Using the theory developed in the previous section, the required magnetic
momentum for a given StOrmer radius and HZE particle energy can be
calculated. The program AMISH (Assessment of Magnetostatics againstInterplanetary Space-Hazards) developed during the ISU summer session 1998
can calculate the coil parameter for any existing HZE particle. Table 3-1 shows
the required magnetic momentum for typical HZE particles.
Stormer
Radius
[m]

Particle

Particle
Energy
[MeV]

Particle
Mass [kg]

25
25
25
25
25
25

Proton
Electron
Oxygen+
Proton
E lectron
Oxygen+

200
200
200
1000
1000
1000

1.66E-27
9.10E-31
1.99E-26
1.66E-27
9.10E-31
1.99E-26

Particle Charge Required Magnetic
[C]
Momentum
[A *tums/m2]
1.60E-19
-1.60E-19
1.92E-l8
1.60E-19
-1.60E-19
1.92E-18

1.34E+ 10
-4.17E+09
3.69E+09
3.52E+l0
-2.08E+l0
8.39E+09

Table 3-1 Magnetic Momentum for Various HZE Particles

It can be seen, that in order to protect the crew from 200 MeV -proton a magnetic
momentum of 1.34 109 A· turns/ m 2 is necessary. Either an internal or external
deployable superconductive coil can generate this momentum. The coil's most
important parameters for an internal and external coil generating the abovementioned momentum are summarized in Table 3-2
Radius

Turns

Stored
Energy

Internal Coil

2m

10 8

5 10 J

-200 kg

Externa l Coil

2 km

100

81

-2000 kg

12

Mass

Table 3":2 Mass and energy requirements for internal and external coil

An internal coil is not technically feasible . The energy required to charge the coil
is not available on the spacecraft. Furthermore, the number of turns necessary is
unachievable with today's technology. Consequently, recent research
concentrates on the development of coils using deployable structures [Cocks,
1992].

56 • ISU - Summer Session Program 1998

•

Realization
A 4 km diameter superconducting coil is still a major technological cha1Ienge.
With recent advances in high-temperature superconductors and the availability of
high-strength and low-weight composite materials, however, such a deployable
coil seems to be possible. There is also a large body of experience in fabricating
strong superconducting magnets on large particle colliders. Moreover,
deployable structures have already been tested in space fo r proposed large
antenna systems and atmospheric drag breaks. It is expected that progress in
these key technologies can result in magnetic shield prototypes within the next
ten years.

•

Cooling
Today's superconductors require extremely low temperatures to operate in the
superconductive, i.e. electricall y lossless, state. Typical critical temperatures for
modern superconductors are around 100 K (- 170 °C). This temperature can be
achieved with a passive as well as active cooling system.
In a passive cooler the wire is coated such that the equilibrium of the energy
received from the Sun and the energy radiated is below the critical temperature
of the superconductor (typically around 100 K). For example, by wrapping the
coil in a Mylar sheet and pointing the coil perpendicular to the Sun an
equilibrium temperature of 29 K can be achieved, as shown in [Cocks, 1992].
Active cooling systems incorporate cryo-coolers with mechanical compressor
systems. Cryo-coolers are already used in satellite systems for infrared sensors or
superconductive microwave filters [Mansour, 1995]. Due to the large volume of
the coil, however, the total cooling power for the magnetic shield must be
relatively high. This means, that active cooling presents a mass and power
penalty.
Passive cooling appears to be the better solution, even though numerous design
problems are still presented by this configuration. The deployment of an
insulating sheet of that size would not be trivial and the maintenance of the fixed
coil orientation is a major constraint for the operation of the spacecraft.

•

Electric Shielding
An alternative to magnetic shielding is to use an electrostatic shield. Since both
solar flare protons and heavy nuclei in GCR are positively charged, it would be
thought that shielding would simply require adding positive charge to the
spacecraft. Shielding against GCR would require as much as 10 10 Volts.
Unfortunately, due to the interplanetary plasma a spacecraft would be discharged
within seconds, as the positively charged spacecraft attracts the negatively
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charged plasma particles. Maintaining the positive charge would require a power
of 107 kW [Levy,1961]. This level of power generation is clearly beyond current
technology.
•

Recapitulation
At this time, electromagnetic shielding is not a mature technology. Most
promising is the utilization of deployable high-temperature superconductive coils
(DHTSC) for future crewed interplanetary missions. The mass penalty of about
2000 kg may be acceptable considering the importance of shielding for
protection of the crew. The major engineering issues to be addressed are the
design of large superconductive magnets, a deploying mechanism for the magnet
and the cooling of such a device. With an investment of about $50M the
development of an engineering prototype can be completed in about ten years.

3.6.2

Mitigation for Electronics
The major mitigation techniques involve
•

Using radiation hardened components

•

Shielding

•

Power limiting to avoid burnout

•

Correct sizing so as to maintain functionality untill the planned end of life

•

Error correction, and redundancy of systems
Processing of the semiconductor wafers can affect the hardness of the device
against the Total Ionizing Dose (TID) as well as against Single Event Effects
(SEE). The techniques used for hardening generally involve changing voltage
thresholds and changes in hole mobility as well as variations in other transistor
parameters. Since these parameters also depend to some extent on bias
conditions one has to apply "worst case" values in performing such designs.
Another mitigation measure is to simply coat the active layer of a device with a
layer of silicon dioxide. This process is called Silicon-on-insulator isolation and
has been fou nd to give less than 7 X 10" 19 errors/bit-day, [URL20].
Other techniques involve enclosing the circuits in metal boxes; for example, ones
made of lead; using circuit redundancy and using shields. Quality control on
purchased components is critical.
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Some specific types of hardening techniques will now be discussed. These
techniques are: junction isolation, dielectric isolation, silicon-on-sapphire, and
silicon-on-insulator. It should be noted that hardening does increase the size and
power consumption of the device as well as increasing the cost. The increased
cost of hardened components has been suffic ient to cause orne commercial
satellite ventures to use non-hardened components. Also there is a limited
selection of radiation hardened components which is another incentive for taking
the risk of using non-hardened components.

3.6.2.1

Junction Isolation
This is typically used for CMOS as well as other bipolar semiconductor devices.
It involves reverse biasing the junctions to isolate components on the same chip.
This process is simple but really only effective for lower radiation levels.

3.6.2.2

Dielectric Isolation
This is a more effective version of Juncti on Isolation. A thick layer of silicon
dioxide is grown between adjacent devices to provide component isolation. The
oxide is only allowed to grow in selected places on the wafer. Thi s method is
considered a better choice for harsher radiation environments

3.6.2.3

Silicon-on-Sapphire
This is a more complex form of dielectric isolation. Sapphire is a dielectric
material with a very high tolerance to radiation. A silicon film is grown over a
sapphire substrate and then doped to create p and n regions. One added
advantage of this technique is that leakage currents between transi stors on the
same chip are non-existent.

Figure 3-22 Field Effect Transistor Constructed using Silicon-On-Sapphire Technique

3.6.2.4

Silicon-on-Insulator
This is similar to the Silicon-on Sapphire technique. The only difference is in the
insulating substrate used. One example of the Silicon-on-Insulator commonly
used is the Separation by Implanted Oxygen (SIMOX) method. In this technique
a heavy concentration of oxygen molecules are injected just below the surface of
the wafer. The wafer is then heated creating an insulating layer of Silicon
Dioxide just below the wafer surface. The surface layer of silicon is then used to
fabricate the device.
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A more detailed description of these hardening techniques may be fou nd m
[URL21 ] and [Grovenor, 1994]
3.6.2.5

Radiation Hardening of Solar Cells
Solar cells being semiconductor devices wi ll also suffer radiation damage. It has
been found that solar cells with the n-type layer uppermost suffer least from
radiation induced degradation and that thinner cells suffer degradation less than
thicker ones, [Stark, 1995]. Fu rthermore, Gallium Arsenide (GaAs) cells are
more robust to radiation than Silicon (S i) ones and Indium Phosphide lnP solar
cells have been found to be even more robust, [Yamaguchi et al, 1984].
Generally the degradation characteristics of solar cells are known in advance as a
function of radiation intensity, so spacecraft designers can choose the appropriate
type of cell to match the expected radiation fluence.
Hardening of solar cells is usuall y achieved by using a cover glass. The
effectiveness of the cover glass is dependent on the density of the material used
and the thickness. A trade-off must be made regarding thickness so as to obtai n
reasonable radiation protection without reducing too much the solar energy
incident on the active surface of the cell. To reduce degradation due to UV
radiation, a UV filter may be used. A shallow (less than 10 )lm) junction can also
increase robustness to radiation [Stark, 1995].

3.6.3

Mitigation for Charging
To minimize the effects of spacecraft charging, different design strategies should
be followed.

In LEO, in order to prevent the spacecraft potential from deviating too far from
the surrounding plasma potential, positive grounding should be used. Negative
grounding should only be used for bus voltages of 30V and lower. It is very
important that the spacecraft exterior surfaces are coated with a uniform
conductive layer and electrically tied together. This helps to avoid or minimize
the effect of differential charging. Scientific missions measuring the plasma
environment or the magnetic field are strongly influenced if the spacecraft is
charged, because the spacec raft as a charged body can cause significant changes
in the environment close to the spacecraft.
A design requirement to be fo llowed to mmmuze this effect for sc ientific
mi ssions is to place the scientific package perpendicular to the solar arrays as far
away as possible from the spacecraft body (at least 2m).
In GEO the situation is slightly different. The main problem there that causes
charging is the non-uniform exposure of the satellite surface to the Sun. To
minimize this effect, all surfaces should also be conductive and tied together to
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the spacecraft ground, but also shaded areas, especially dielectric surfaces, at the
surface should be avoided.
In the spacecraft design it also should be considered that charging can not
generally be totally avoided, it can only be minimized.
A major consequence of high spacecraft potential is arcing. Arcing can occur to
the surrounding environment in the case of too high floating potential, or
between parts of the spacecraft due to too high differential chargi ng.
When arcing occurs, there are two major consequences. First, because of the
high current, thermal destruction of the affected areas can occur. Secondly,
because of the high changing rate of the current, sensitive electronic circuits
within the spacecraft can be damaged due to induced cuiTents. A possibility to
protect sensitive circuits against this hazard is to integrate electric filters.
A very interesting suggestion has been made in 'The NASA Contractor report
19 1149' [URL22 ] , where they suggest, inserting an electrical insulation switch
between spacecraft ground and the conductive coatings. This switch could be
used to float the potential while operating in LEO, and in GEO the surface and
the ground could be tied together again.
This could guarantee a cleaner experimental environment in GEO, but wou ld
also allow minimizing the effects due to differential charging in GEO.
Another way to handle satellite charging is the use of ion emitting sources. Ion
thrusters can be very useful for controlling the satellite potential, if properly
used. If a beam current Ib is emitted, the spacecraft must rise to a positive
potential large enough to either attract a neutralizing return current from the
ambient plasma, or to attract back all the emitted electrons. [Torkar, 1997] So it
can be seen, that if the satellite is negati vely charged, the potential can be kept
low by emitting Ions.
Generally speaking it can be said, that the design strategy to be followed depends
very much on the mission goals. For scientific reasons it might be very important
to keep the surface voltage close to the plasma environment whereas for
communication satellites this problem might not be that important, and a simpler
or not so effic ient method of charge control could be used.
As a conclusion of the mitigation techniques for spacecraft charging, the
following tables show the relationship between phenomena occurring on the
spacecraft, the primary drivers or the causes of these phenomena, and the
techniques which can be used to mitigate these effects.
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Phenomena

Primary Drivers

Minimization

Floating Potential

Array-Voltage
E lectrical Grounding
Ram/Wake Orientati on
Conductive-collecting
area
Array-Design
Floating potential
Material s Properties
Impact Energy/Floating
Potential
Target Characteristics
Floating Potential
Electric-Field-Focusing

Low Voltage
Positi ve grounding

Arcing

Ion Sputtering

Re-attraction of
contaminants

Low floating potential

Low fl oating potential
Material C hoice
Low floating potential
Limit ionization of
neutrals

Table 3-3 Table LEO-Plasma-Effects [URL22]

Phenomena

Primary Drivers

Minimization

Differential charging

Surface Material
Ambient Plasma
Characteristics
Photoelectron Current
Level of differential
charging
Solar an·ay Design
Construction Techniques
Surface Material
Propetties
Level of Differential
charging
Arc discharge rate

Make all exterior surfaces
conducti ve and tie to
spacecraft ground
A void shaded dielectrics

Arc Discharge

Coupling of
Discharge-Induced
Transients into
Electronics

Make all exterior surfaces
conducti ve and tie to
spacecraft ground

Electrical filtering to
protect circuits from
discharge induced upsets

Table 3-4 Table GEO-Plasma Effects [URL 22]
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3.6.4

Mitigation in Radio Communications

3.6.4.1

Forecasting Perturbations of the Ionosphere
The scintillation phenomenon is characterized by extreme temporal and spatial
variability. The associated electron density irregularities are dri ven by complex,
time-dependent ionospheric plasma instabilities. Research into the triggering
mechanisms for the instabili ties is crucial for achieving predictive capabilities
[URL23].
The U.S. National Space Weather Program (N SWP) is very concerned by the
problems caused by ionospheric scintillation. It lists ionospheric irregul arities as
one key component of space weather. The program requires systems capable of
monitoring, now-casting, and forecasting solar influences on Earth ' s space
environment, including global activity of ionospheric irregularities and
scintillation.
A way to forecast is by using the worldwide GPS network to monitor global
ionospheric irregularities. The current global GPS network contains about 165
GPS stations and the number of stations is still increasing. Each receiver at these
stations is capable of receiving L-band dual frequency signals from GPS+8
satellites (total constellation of 24) simultaneously in different directions. GPS
data are uploaded to JPL through the Internet and commercial phone lines on a
near real-time and daily bases. This network is a potential resource that can be
used to achieve the NSWP goals [URL24 ].
The most widely used relationship in scintillation observations is that for
measunng the severity of amplitude scintillations, quoted as the S4 index
[URL 13 ]:

Equation 11

This index measures the time averaged change in the amplitude of the wave
detected by the receiver equipment. Briefly, the levels of scintillation may be
described by:
Weak scintillation, S4 < 0.6
Strong scintillation, S4 > 0.6
Saturation, S4 > 1.0

ISU - Summer Session Program 1998 • 63

The importance of the three cases lies in the analysis of the scintillation behavior
and the level of disruption to communications. Obviously, when the signal
reaches saturation, information content is usually lost. The most important use of
the index is in providing reasonable estimates of signal disruption for a specific
position on the Earth. Propagation models such as the thin diffraction screen,
tend to provide the effects of an electron density level and geometric alignment
in terms of the r.m.s. phase deviation given by the equation [URL 13]:
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Equation 12

where re is the classical radius of the electron, A. is the wavelength, ~N 2 is the
mean excess electron density, i is the zenith angle, \jf is the angle between the ray
and the Earth's magnetic field (or aspect angle), and a is the axial ratio
The r.m.s. phase deviation can be converted to an S4 value that is more valuable
when trying to compare experimental data sets to predictions based on models.
Probability of disruption to ground linked signals as a function of the S4 index
can be achieved. The successful integration of mid-latitude scintillation
morphologies into the models currently being used, which tend to concentrate
only on the equatorial and auroral regions, will be critical in the commercial
success of proposed micro-satellite clusters for use in television and satellite
phone industries. Such low orbit satellites, operating at VHF or possibly UHF
frequencies, will experience the majority of their traffic within mid-latitude
regions. Mid-latitude scintillation behavior, in which signals are sensitive to such
frequencies, will be of more interest in the future when constructing models
using the S4 scintillation index.
Some commercial systems specify in real time that the outage of a satellite
communication link has occurred, not by a failure of the transnl.itter, the receiver
or the satellite system, but by signal fluctuations of scintillations due to
turbulence in the ionosphere. This saves manpower and resources which would
have been spent in unnecessary repair and maintenance operations. As a
consequence, operators of satellite communications systems can now predict
whether the message error from a satellite is due to ionospheric turbulence or is
attributed to system failure [URL 12].
3.6.4.2

Ionospheric Corrections in Real Time
In some systems such as navigation systems, correction of the signal for
ionospheric disturbances in real time is essential for better utilization of these
systems (Of specific concern for aircrafts will be any disruption of the signal
during precision approaches).
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A way of doing this is to use faster and longer codes in the signals of the
navigation systems to provide real-time single frequency ionospheric
measurements.

3.6.5

Medical Mitigation
Acute radiation expos ure mitigation will be dealt with in Chapter 5. This section
will address the concerning issue of tumorigenesis initiated by ionizing radiation.
Section 3.5 described the effects of ionizing radiation on humans. Here we will
discuss prevention of long-term effects of radiation by focussing on the natural
cellular protective mechanisms, and the possibility of using radioprotective drugs
to protect astronauts.
Ionizing radiation can cause mutations in the genetic information within the
cells. Some mutations do not occur in critical areas, others can lead to cell
suicide (apoptosis), and others can lead to genetic changes which can change the
properties of the cell. Cell s have some capacity to repair DNA damage,
additionally, they have protecti ve mechanisms that can detoxify free radicals, or
induce stress-response genes, which increase the capacity of the cells to protect
themselves from radiation. These radioprotective mechanisms, or stress
responses, are upregulated in response to exposure to small doses of ionizing
radiation and other DNA-damaging agents [Joiner et al., 1996]. In vitro
experiments in prokaryotic and eukaryotic cells and in vivo models in animals
have demonstrated two ways in which these mechanisms operate, the adaptive
response and the low-dose hypersensitivity/ induced radioresistance (HRS/IRR)
response [Joiner et al., 1996]. The adaptive response is when a small
conditioning dose provides protection against a larger subsequent, separate
exposure. HRS/IRR response is that small acute exposures, or exposures at very
low dose rates, are more effective per unit dose than larger exposures above the
threshold where induced radioresistance is triggered. The mechanisms
underlying the two adaptive responses may be the same. There is evidence that
the HRS/IRR response operates by increasing the amount of DNA repair [Joiner
et al., 1996]~Elucidation of the biochemical determinants remains an active area
of enquiry and many radioresistance markers are used to study this question
[Mazurik, 1997]. This knowledge is valuable because it may allow the
manipulation of these systems in astronauts, providing them with natural
protection against the radiation in the space environment.
In addition to stress proteins, cellular anti-oxidant systems, and DNA repair of
radiation damage, the other key cellular mediators of the effect of radiation are
cytokines. Cytokines are hormone-like proteins which have been demonstrated to
protect mice against lethal hematopoietic failure caused by ionizing radiation
[Neta, 1997]. Cytokines such as interleukin-1 (IL-l ), tumor necrosis factor alpha
(TNF-alpha), stem cell factor (CSF),and interleukin-12 (IL-12), are known to
exert a radioprotective effect on bone marrow (BM) precursor cells [Dalmau,
1997]. Conversely, another cytokine TGF-beta is a known radiosensitizer. IL-l

ISU- Summer Session Program 1998 • 65

and TNF-alpha are able to induce free-radical scavenging proteins and enzymes,
which are protective against radiation damage [Dalmau, 1997].
In addition to manipulating intrinsic biological systems in order to protect
against radiation damage, there is the possibility of using chemical radioprotective drugs. There is interest in these compounds in oncology as there is a
need to protect normal tissues from damage during chemotherapy and radiation
therapy. Such compounds would permit escalation of the tolerable treatment
dose of radiation. Similarly, in the space environment, such compounds might
permit astronauts to withstand higher doses of radiatjon without ill effect. The
strength of this form of mitigation is the significant economic impact on the
feasibility of long-duration missions outside of the protective magnetosphere
because of reduced mass shielding requirements.
There is considerable research into the mechanisms of radioprotection in order
to apply them in different applications. However, little research has been done in
applying radioprotection for long-duration space flight [Weiss, 1997]. There are
three main classifications of radioprotective molecules: sulfhydryl compounds,
other antioxidants, or receptor-mediated agents (e.g., bioactive lipids, cytokines,
and growth factors) [Weiss, 1997] Phosphorothioates (WR- compounds), with
their high affinity for DNA, the similarity in structure of polyamines to
phosphorothioate metabolites, and their effects on processes related to DNA
structure and synthesis, are the most effective radioprotectors [Weiss, 1997].
One compound, which has generated a lot of interest, is amifostine (WR-2717),
an organic thiophosphate compound [Lenoble, 1996a]. Amifostine is a radioprotective agent that prevents radiation- and chemotherapy-induced cellular
injury. It acts through free radical scavenging, hydrogen donation, and inhibition
of DNA damage [Peters, 1995]. There have been a number of human studies,
which have demonstrated that amifostine can protect against radiation damage.
Additionally, in some animal systems amifostine has been shown to protect
against radiation-induced mutagenesis and carcinogenesis, but these data are not
conclusive in humans [Peters, 1995; Lenoble, I 996a]
The weakness of this form of mitigation is the side effects of the chemical
radioprotective drugs that currently exist. The main adverse effects associated
with amifostine are hypotension, nausea and vomiting, somnolence (i.e.
drowsiness) and sneezing [Held et al., 1995]. In the clinical setting, the deadly
side effects of chemotherapy and radiation therapy are mitigated by amifostine,
so although it has unpleasant side effects the benefits outweigh the negative
effects. It would be desirable to reduce the negative side effects before using it
on long-duration space flights. An increasing number of human clinical trial s
have been conducted that define the toxicity profile and efficacy of
radioprotection by am.ifostine when used during fractionated radiation therapy.
These trials demonstrate that amifostine is safe and practical to administer in the
outpatient setting during radiation therapy [Tannehill, 1996]. It is possible that
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further experiments in the space environment may define a therapeutic window
where desirable radioprotective benefits can be realized while minimizing the
negative side effects.
As of 1997, Department of Energy personnel for planned radiation argued
against the use of WR-272 1 during emergencies. The main concern is the
administration outside of the clinical setting based on drug tolerance levels
available from clinical trials [Weiss, 1997] . However, pharmacological agents
could be useful in accident scenarios if used in combination with therapeutic
measures [Weiss, 1997]. These concerns exte nd to the use of such compounds in
space where there is limited access to supportive care. Research in this area must
consider the interactions of these prophylactic treatments with therapeutic
measures currently in use or ones that might be available in the future for the
treatment of radiation injuries [Weiss , 1997]. These therapeutic measures include
antiemetics (i.e. anti -nausea), purified stem cells, granulocyte colony-stimulating
factor, and other cytokines.
The threat posed by this form of mitigation is that we have no data on the
efficac y of these compounds in the radiation environment beyond the protection
of the Earth's magnetosphere. It would be necessary to evaluate their efficacy
before relying on them as a primary protective countermeasure against radiati on
exposure. The best form of biological mitigation may involve combinations of
different types of radioprotection strategies. Common components of food like
vitamins and caffeine have some ability to scavenge highl y reacti ve free radicals
and excited states of oxygen, protecting biological molecules against these
species. [Devasagayam, 1996; Konopacka, 1996]. They may be combined with
manipulati on of natural systems by cytokines, or by conditi oning radiation
exposure, and also with chemical radioprotective agents. The majority of work in
these areas is in cancer research. In order to develop strategies for use in
radioprotection in space more studies are needed in this field.

3.6.6

Space Weather Forecasting
The best form of mitigation is prevention, or in the case of Space Weather,
avoidance. This can onl y be achieved with reliable descriptions of the
environment that a spacecraft will encounter. Today, there are various centers for
the distribution of Space Weather information. For example, the NOAA Space
Environment Center (SEC) runs a full time operational service 24 hours a day.
The Space Weather Monitoring and Warning Service (SWS) of SEC issues
warnings, alerts, and forecasts in order to help customers (e.g. satellite operators)
avoid damage that might be caused by enh anced patticle fluxes due to magnetic
storms and solar patticle events.
Space Weather descriptions of the 'Geospace' environment rely on a combination
of real time measurements from satellites in Earth orbit and solar orbit
(particularly at the Ll Lagrange point) and models of particle fluxes to
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extrapolate from these measurements. This allows for forecasting m the
following areas:

3.6.6.1

Trapped Radiation
There are a number of models used to calculate radiation belt energetic particle
flu xes. For example the AE8 and AP8 model s for electrons and proton fluxes.
They were developed by Vette and co-workers at the Goddard Space Flight
Center based on data from satellites fl own in the '60s and early '70s. The models
give instantaneous or orbit-averaged omni -directional fluxes for a user-defined
orbit. [Daly, 1988] Apart from separate versions for solar maximum and solar
minimum, there is no description of the temporal behavior of flu xes. At high
altitudes in particular (e.g. around geostationary orbit) fluxes vary by orders of
magnitude over short times and exhibit significant diurnal variations; these
models do not yet describe these adequately. In addition, they do not contai n any
explicit flux directionality.
The Magnetospheric Specification Model (MSM), developed by members of the
Space Physics and Astronomy Department at Rice University, computes fluxes
of energetic electrons and ions in real-time based on inputs from ground-based
observatories and satellite data. It is therefore able to display the effects of
geomagnetic storms, but not predict them.
This is the model currently implemented by the NOAA Space Environment
Center and makes use of an estimated index of geomagnetic activity, Kp. This
estimated Kp is provided to SEC every three hours by the USAF 55th Space
Weather Squadron. Because the Kp geomagnetic index is only an approximate
indication of the global state of the magnetosphere and only available on three
ho ur intervals, the particle fluxes calculated by the model are only expected to
follow the large spatial-scale and long time-scale trends exhibited within the
space environment. An example is shown below:
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Figure 3-23 Magnetospheric Specification Model [URL 25 ]
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These plots display the flux level of electrons and protons in the Geomagnetic
equatorial plane. Geostationary orbit is shown by the solid circle at 6.6 Earth
radii. The main proton flu x is well inside this orbit and the main concern is the
electron flux , particularl y in the midnight-dawn region where particles are
injected from the plasma sheet in the magnetotail. These plots can inform satellite
operators of expected radiation dose and whether countermeasures are required.
A forewarning of heightened trapped particle radiation would come with the
prediction of the onset of magnetic storms. These are often caused by the passage
of large magnetic clouds (from CMEs) that contain a contin uous southward
facing component to the magnetic field. The approach of these phenomena can
be observed and will be discussed below.

3.6.6.2

Solar Event Protons
At present it is not possible to predict the exact occurrence, intensity or duration
of solar proton events. However, short-term forecasts are necessary for any tasks
requiring extra-vehicular activity (EVA) and the operation of radiation-sensitive
detectors. Real-time observation of the Sun can provide useful warning of solar
event activity, as large proton events are usually associated with flares and
coronal mass ejections that can be detected on the solar disk.
For the prediction of solar particle events the NOAA Space Environment Center
employ a computer program known as PROTONS [Kunches, 1991]. The inputs
to this program are as follow s:
•

Flare X-ray data: The X-ray flux from a flare integrated over time can act as a
quantitative measure of the energy output leading to an estimate of the flux of
particles accelerated in the event.

•

Location of the flare site from observations of the solar disk in H-alpha. This can
then be related to the foot of the best connected field line to the Earth (given an
estimate of the topology of the interplanetary medium).

•

Radio data, both of type II (associated with accelerating shocks) and type IV
(associated with high energy electrons, from flares, trapped in the coronal
magnetic field). These data are not direct indicators of proton events but are
often associated with them and so may be used to give a probabilistic weighting
to any predictions.

•

Geomagnetic indices (such as the depression of the magnetic field due to
enhanced ring currents) are used to estimate the bulk velocity of the solar wind.
(High geomagnetic indi ces sometimes result from the fast solar wind.) This can
then be used to estimate the time of arrival of the proton event.
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The output of this model is then a percentage probability of a particle event
occurring and an estimate of the peak flux of the event. Predictions for the month
of October 1989 are shown below.
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Figure 3-24 Observed> lOMeV hourly averaged proton flux for October 1989.
Darkened squares are peak flux predictions by PROTONS following three solar
flares. The increase from an interplanetary shock is shown. [Kunches, 1991]

As can be seen from this plot, the flux caused by an interplanetary shock
produces energetic particles an order of magnitude higher than the predicted
solar flare flux. In fact particle events that cause a significant radiation hazard
especially in relation to human space-flight are almost exclusively related to
interplanetary shocks created by coronal mass ejection's [Reames, 1997].
High energy particles are trapped within these shocks (see Section 3.2.2.3 ),
which reach the Earth -12 hours or more after the event onset at the Sun.
Therefore, if an event can be detected and measured close to the Sun there will
be sufficient warning for satellites and human crews to take relevant
countermeasures. There are currently a number of spacecraft monitoring the Sun
from a variety of viewpoints (see section on current missions) but there is as yet
no coordinated Space Weather effort that can give complete coverage and
comprehensive monitoring for these events. Spacecraft such as SOHO at the
Sun-Earth Lagrange point can detect and measure incoming shocks but they have
no facility to provide real time warnings. (See section on future NASA and ESA
m1sswns relevant to space weather and the Recommendations section that
follows)
As for long term predictions, the mechanisms of solar flares and coronal mass
ejections are not well understood and the precursors to these events are difficult
to identify. Therefore, any predictions of particle event levels days or weeks in
advance are derived from statistical models based on past observations.
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These generally rely on observations of the energy and stability of active regions
and their location on the solar disk. Two such solar event proton models are the
King model, and the JPL model (also refeiTed to as the Feynman model ). The
former has been the standard model used by spacecraft engineers to predict
mission-integrated solar proton flu xes. The latter has been recentl y
recommended for use for future mission planning.

3.6.6.3

Cosmic Rays
The CREME (cosmic-ray environment and effects) model , created by Adams
and co-workers at NRL [Adams, 1986], provides a comprehensive set of energy
spectra for cosmic-ray events. The model also deals with the shielding effect of
the magnetosphere and attenuation in different materials. Any improvement in
the accuracy or forewarning provided by these models would come from more in
depth research and in situ monitoring of the state of the magnetosphere.

3.6.6.4

Current Missions Related to Space Weather
Advanced Composition Explorer (ACE) - Collects observations of particles of
solar, interplanetary, interstellar, and galactic origins, spanning the energy range
from that of KeY solar wind ions to galactic cosmic ray nuclei up to 600
MeV/nucleon. (Launched August 25, 1997)
Fast Auroral Snapshot Explorer (FAST) - The FAST small explorer (SMEX)
studies the detailed plasma physics of the Earth's auroral regions. Will be used to
study the interaction of the solar wind with the Earth's magnetosphere.
(Launc hed August 2 1, 1996)
Geotail - A collaborative project undertaken by the Japanese Institute of Space
and Astronautical Science (ISAS) and NASA. Its primary objective is to study
the tail of the Earth's magnetosphere. (Launched July 24, 1992)
lnterball - The Russian-led Interball project was designed to study various
plasma processes in the circumteiTestrial space. The project consists of two pairs
(satelJite-subsatelJite) at high altitude orbits: to 200,000 km for the Tail Probe
pair and to 20,000 km for the Auroral Probe pair. (Tail Probe lau nch August
1995; Auroral Probe launch August 1996)
Interplanetary Monitoring Platform-S (IMP-8) - Will provide solar wind
parameters as input for magnetospheric studies and as a 1-AU baseline for deep
space studies, and continue solar cycle variation studies with a single set of wellcalibrated instruments. (Launched Oct 26, 1973)
Polar - The second to be launched of the two NASA spacecraft in the Global
Geospace Science initiative. GGS is designed to improve greatly the
understanding of the flow of energy, mass and momentum in the solar-terrestrial
environment. (Launched February 24, 1996)
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Solar, Anomalous, and Magnetospheric Particle Explorer (SAM PEX) - This
fi rst Small Explorer is investigating the composition of local interstellar matter
and solar material and the transport of magnetospheric charged pa1ticles into the
atmosphere. (Launched July 3, 1992)
Solar and Heliospheric Observatory (SOHO) - Studying the structure, chemical
composition, and dynamics of the solar interior; the structure dynamics of the
outer solar atmosphere; and the solar wind and its relation to the solar
atmosphere. (Launched December 2, 1995)
Transition Region and Coronal Explorer (TRACE) - A mission of the Small
Explorer program, TRACE observes the effects of the emergence of magnetic
flux from deep inside the Sun to the outer corona with high spatial and temporal
resolution. (Launched April 1, 1998)
Ulysses - The Ulysses Mission is the first spacecraft to explore interplanetary
space at high solar latitudes, orbiting the Sun nearly perpendicular to the plane in
which the planets orbit. It is a collaboration between ESA and NASA. (Launched
Oct. 6, 1990)
Wind - The first spacecraft in the GGS initiative. WIND has been in a sun ward,
multiple double-lunar swing-by orbit with a maximum apogee of 250Re during
the first two years of operation. This will be followed by a halo orbit at the
Earth-Sun Ll point. (Launched November I , 1994)

Yohkoh- A project of the Institute for Space and Astronautical Sciences, Japan.
Yohkoh's main scientific objectives deal with finding explanations for the solar
X-ray and gamma-ray emission and the interesting phenomena seen only in thi s
kind of radiation. (Launched August 3 1, 199 1)

3.6.6.5

Selected NASA and ESA concept missions related to Space Weather
Solar Terrestrial Relations Observatory (STEREO) - One spacecraft will lead
Earth in its orbit (by 45 degrees after two years) and one will be lagging (by
50 degrees after two years). Each w ill carry a cluster of telescopes, including a
white-light coronagraph and an EUV imager so that the buildup of magnetic
energy and the lift off and trajectory of earthward-directed CMEs can be tracked
in three dimensions. Images from STEREO will give early warnings of solar
eruptions. They will incorporate sophisticated image processing and analysis
software. When an event is detected, key data can be transmitted to a network of
relatively small radio antennas at Earth . When the alert is sounded, STEREO
spacec raft can be commanded to transmit more details to larger antennas.
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Solar Wind Sentinels - The Solar Sentinel mission would determine the threedimensional magnetic and velocity structure of solar wind disturbances before
they strike the Earth, improving our ability to predict space weather. Three small
spacecraft carrying plasma, magnetic field, and energetic-pm1icle instruments in
Earth-synchronous orbit, would be stationed close to the Earth-Sun line, but well
inside 1 AU. The spacecraft would be powered by solar sails that would allow
them to navigate inward from their deployment point at Ll and vary their mutual
separation to investigate three-dimensional structures. An Earth-Sentinel distance
of -0.05 AU is about the furthest that can be achieved with modern sail
materials, giving space weather warning times of up to a few hours.

Magnetospheric Constellation - The Magnetospheric Constellation mission will
deploy tens to hundreds of small, autonomous microsatellites to perform
continuous, in-situ measurements of the magnetospheric plasma with sufficient
resolution to resolve the spatia-temporal ambiguities associated with the driving
microphysical processes. This will allow for predictions of sub-storm onset,
quantitative energy release estimates and predictions of geomagnetic hazards.
Solar Polar Imager - The Solar Polar Imager mission will use solar-sail
propulsion to place a spacecraft in a circular orbit at a distance of 0.5 AU from
the Sun with an inclination of 90 degrees. During the two-year mission the
spacecraft will completely circle the Sun from pole to pole and back again six
times. The spacecraft orbit is phased such that the Earth-Sun-spacecraft angle
ranges from 30 to 150 degrees, allowing (1) stereo copic viewing when
combined with any near-Earth observations, and (2) a capability for spaceweather forecasting over much of each year. [From 'Sun-Earth Connections
Roadmap', NASA- URL26]

SWARM- Designed to deliver a 3D picture of the Earth's magnetosphere using a
'swarm' of small highly autonomous spacecraft. This will allow detailed
monitoring of the effects of magnetic storms and quantitative analysis of the
changes in high energy particle fluxes that m·e harmful to spacecraft. This
information is vital for accurate space weather forecasting.

Standard Radiation Environment Monitor - A revision of the present radiation
environment models is necessary in order to meet future prediction accuracy
requirements. An important prerequisite for the elaboration of such advanced
radiation models is the avail ability of a space radiation data base with good
spatial and temporal resolution based upon long duration monitoring. SREM
performs a wide range of radiation monitoring functions in-orbit, and downloads
the results via the host spacecraft telemetry to a user on the ground. It is designed
as a standard equipment compatible with all common spacecraft interfaces and
mission constraints. The first SREM model is scheduled for flight in earl y 1998,
further models are already planned to be embarked on ESA satelJites such as
Integral and Rosetta [URL 27 ]
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3. 7

Economics Aspects of Radiation Hazards
In the history of space flight many spacecraft have been damaged by radiation,
causing systems to malfunction. Galactic cosmic rays, solar energetic particles,
magnetospheric substorms and very high energy electrons and protons can
produce faults in spacecraft equipment, anomalies in communication circuits and
signal propagation. All of which can lead to the loss of the mission.
Currently there is little data concerning the number of satellites lost due to the
effects of radiation. Insurance companies do not cover losses due to these
problems, similarly to natural disasters on earth. Thus, owners of these satellites
prefer to indicate other factors as the cause of total or partial failures , introducing
more difficulties to the study of this issue.
The importance of these losses has in many instances been great. Table 3-5
provides examples that describe the effects of solar flares on satellites. The
causes of failure of some of these satellites are not clear and are still under
investigation.
SATELLITE

EFFECTS

MARECS-A, 1991

Satellite failure

INTELSAL 602, 1991
GOES 7, 1991

Permanent power degradation
(Decrease of satellite lifetime by 2-3
years)
Single Event Upsets
Software errors
(Increase from I per day to 10-20 per
day)
Spacecraft charging
Deep dielectric charging
Loss of automatic attitude control

TDRSS, 199 1
INTELSAT, 1991
CRRES, 1991
DOD, 1991
DMSP, 1991
NOAA1 1, 199 1
NORAD, 1991

Satellite drag
(Loss of 200 vehicles from catalogue)

ANIK E-1 , 1994

Stabilizing device failure

ANIK E-2, 1994

Stabilizing device fai lure

TELESTAR 40 1, 1997

Satellite failure

GALAXY 4, 1998

Satell ite failure

Table 3-5 Examples of losses in spacecraft missions [Baker D.N., 1998]

The target of this analysis will be to study whether the cost associated with the
improvement of radiation protection compensates the cost of the damage or Joss
of the satellite due to the radiation effects.
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As a first stage, we are going to analyze the current solutions to rrutJgate
problems such as Single Event Upsets, Single Event Latchups or the fai lure of
the mission. Then, we will develop a S.W.O.T. (Strengths, Weaknesses,
Opportunities and Threats) anal ysis for some proposed strategies for dealing with
the radiation effects in the future.
Radiation can produce serious damage not only to spacecraft equipment but also
to any humans onboard. We will study the current solutions to mitigate radiation
effects on spacecraft equipment and on humans.
Radiation effects do not only depend on the satellite's orbit but also on the
duration of the mission. We must consider if the satellite is moving towards the
Sun or away from it and what other sources of radiation we may find in its
trajectory.
In this kind of mission there are three possible effects due to radiation. These are
the Single Event Upset (SEU), the Single Event Latchup (SEL) and the Single
Event Burnout (SEB) which were explained in the Electrical Equipment Failures
section.
•

SEU (Single Event Upset)
In case of memory upsets, the problem can be avoided by usmg redundant
memory.
lf it affects the processors, a special architecture consisting of software and
hardware is used, that generates what is called a "fault tolerant system". This
system consists of several processors working in parallel and whose results are
compared. It is always used for essential functions of the spacecraft, for example
for the attitude control, telemetry or orbit control.
A "fault tolerant system" is essential for crewed rruss1ons. For example, the
Space Shuttle has five computers running in parallel, while scientific missions
normally have three or less. It requires a big investment in the development
phase. The cost of this type of architecture approximately doubles the cost of a
redundant syste m.
To maintain spacecraft reliability, one back-up computer would give enough
protection if it is not operating in real time. H owever, a 'fault tolerant' system is
required for commercial satellites that have real time operational constrai nts.

•

SEL (Single Event Latch up)
The Single Event Latchup is not a software problem, so the way to approach it
must be different.
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Radiation can produce an excessive current in a specific device. It is therefore
required to install some kind of hardware to prevent these peaks of current that
may damage the spacecraft. Once the radiation affect has passed, the protection
system can continue its normal performance after switching the power off and
resetting the systems.
The cost associated with this system of protection is 10% more than a nonprotected system. Referring to the whole spacecraft, the cost would be increased
by approximately 5%.
•

SEB (Single Event Burnout)
Single Event Burnouts degrade the performance of the spacecraft gradually
causing permanent damage to the equipment which may result in the loss of the
mission.
There can be some measures taken to avoid this:
Firstly, a selection of electronic components should be made, to obtain the
highest quality and the highest reliability against radiation. These requirements
are met by the "Class S" components.
The cost of these components is I 0 times the cost of the conventional ones. The
problem is not only this, but that not all parts of the spacecraft can be constructed
with these components. Thus, it is often required to use "Class B" components.
Although "Class B" components do not have as high a quality as "Class S" ones,
the reliability they present is better than the reliability of conventional
components.
Another way to mitigate radiation effects is shielding. The amount of shielding
required to mitigate radiation effects mainly depends on the orbit where the
spacecraft is located and on the duration of the mission. Many materials are used
as shielding, with the main consideration being the mass. In some cases this is
not the only measure to adopt. For example, a spacecraft that passes through the
Van Allen belts or undertakes an interplanetary mission would require not only
strong shielding but also the utilization of "Class S" components.

It must also be taken into account that additional shielding affects the weight and
size of the spacecraft, increasing directly the costs of the launch. A compromise
between shielding and the use of "Class S" parts must be made, so that the costs
are minimized.
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S.W.O.T. ANALYSIS (STRENGTH, WEAKNESSES, OPPORTUNITIES
AND THREATS)
Now that the current methods used to deal with radiation effects have been
covered, a S.W.O.T. analysis (Strength, Weaknesses, Opportunity and
Threats) will be performed for different strategies proposed to avoid or mitigate
these effects in the future.
Hereafter, each one of the proposed strategies which are summarized at the end
of this section in Table 3-6, will be analyzed.
•

The first mitigation strategy proposed is the improved modeling for shield
design.
The current computer programs and transfer codes that model radiation effects
and interactions with different materials do not completely solve the
requirements of the users. More data about radiation would help to improve these
models. However, there are very li mited data available, especially for
interplanetary flight. So, one recommendation is to utilize the transit times of
planned future mission to Mars to take radiation measurements.
For acquiring radiation data, current planned missions could be utilized.
Especially the 2001 missions that will orbit and land on Mars could be equipped
with radiometers. The technology to measure radiation is currently available, so
the investment associated for the implementation of this solution is minimal.
The emphasis for these measurements would be on the biological effects of
radiation. The measurements would need to measure both GCR and SEP ' s. With
this fli ght data, the radiation models could be improved so that the required
shielding for a crewed mission could be determined.
The weakness of this strategy resides in the fact that the equipment required for
the spacecraft to petform the radiation measurements will increase the costs of
the missions and hence, some of the science objectives may be compromised.
By improving the computer modeling of radiation the shielding techniques can
be improved making interplanetary fli ghts possi ble.
Referring to the threats or possible dangers that could occur, one would be the
risk associated with the miniaturization of electronic circ uits and the use of Ku
and Ka bands in telecommunication that make e lectronics more and more
sensitive to the effects of radiation.
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•

The second mitigation strategy proposed is space weather forecasting.
The strength is, that particular radiation hazards may be avoided with the
acquisition of forecast information between two and twelve hours in advance.
A warning of hours in advance is enough to perform countermeasures for
hardware as well as for humans in space.
This strategy also incorporates the production of a database that will be very
useful for scientific research.
The continuous scientific data collection of long term Sun cycle observation
could help to improve the quality and reliability in predicting the space weather.
However, this countermeasure can not protect the satellite against radiation. It
can only reduce the probability of a destructive discharge with permanent
damage and loss of functionality of critical electronic devices. The same
situation exists for crewed missions in the case of an increased radiation event.
There is no way to remove the spacecraft with its crew from the danger zone, but
the humans can at least be in the most radiation secure area of the spacecraft to
minimize the radiation damage. Until now the reliability of space weather
forecast information is not satisfactory and therefore the market for the use of
these services is limited.
The quality of space weather forecasts depends on the ability to process
tremendous amounts of space weather data in very short times. This is a similar
situation as in the meteorological forecast service, where the quality could be
improved by the use of high performance data processing utilities. The increase
of reliable data acquisition in advance may rely on technology developments in
the solar sails sector, which allow the positioning of the space weather satellites
forward of the (L I) Lagrangian point and therefore increases the warning time
and forecast quality. The interest in space weather data provides the opportunity
to create an international institution to coordinate space weather data analysis
and the future mission planning.
Real time data processing and improved data handling combined with new
models to provide scientific data as a commercial service could be seen as future
important issues to consider.
The threats associated with the space weather forecasting strategy will be the
funding and the uncertainty of the establishment of a market for space weather
forecast data. A model of a public funded program for space weather forecast
satellites with the opportunity to provide the scientific data as a commercial
service for the space orientated telecommunication and navigation provider
depends on the need of the commercial market. If in the future there will be a
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market for this kind of information a public funded forecast system can be
commercialized similar to previous public meteorological forecast systems.
•

The third mitigation strategy proposed for radiation effects is the correction of
the signal for ionospheric disturbances in real time. This is an important
problem for navigation sys tems. The solution proposed consist of a design of the
signal of the navigati on syste m using fas ter and longer codes to provide real time
single freq uency ionospheric measurements.
The strengths of this strategy are the enhancement of the accuracy, reliability and
robustness of the system as well as the improvement not only of the navigation
accuracy but also of the communication and surveillance capabilities, thus
increasing safety, gaining time and reducing fuel consumption and costs.
Besides these strengths, there exist some disadvantages from the use of this
mitigation strategy. The costs associated to this are high, and there are still
problems between military and civilian (at the moment, all the navigation
systems are military) . Ionospheric scintill ation is a natural phenomenon that can
not be avoid.
The possible future dangers that can change the ini tial outcome of this mitigation
strategy are the costs required and the disagreement between military and
civilians, so that the owners of the systems have as priority national security.

•

The fourth mitigation strategy proposed for radiation is magnetic shielding.
This strategy consists of a sim ulation of the Earth's magnetosphere in
spacecrafts. As a result of thi s we can obtain the following shielding from
hazardous radiation without any secondary radiation produced. This can be
applied overall in interpl anetary missions.
The weaknesses of this solution are for example, the difficulty of the
implementatio n of this magnetic shielding, technically almost unfeasible at the
moment, and the fac t that the equipment required for that would be fairly heavy,
2000 kg. approximately for a crewed interplanetary mission. The costs associated
to the development of this would be extremely high.
Referring to the opportunities, we may mention the new developments and spinoffs, as the development of deployable structures or the improvement of
superconductor magnets and energy storage, which can be expected when
developing this magnetic shielding.
The threats we find are that it is a mitigation strategy that do not allow crewed
missions and, on the other hand, the development of other cheaper mitigation
strategies can lead to another solution.
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•

The fifth analyzed strategy consists
doing anything against radiation.

10

studying what would happen when not

The strength of this solution resides in that it represents no cost at present. In this
way, the saved money can be shifted to develop or improve other parts or
functions of the spacecraft or of the mission.
The risks associated with the present when adopting this solution are minimized.
The problems or threats will appear in the future. No improvements in the
protection of the spacecraft may increase the losses in the medium or long-term
period of time. The damage caused by radiation can lead either to reversible
faults or to the total failure of the mission, being of very high cost. In the case of
commercial satellites, the result is even worse, so that the failure is not only the
satellite itself. There is a market that does not receive the service from the
satellite anymore. The credibility of the organizations or companies that
performed the mission may be affected forever with the consequent impact 10
revenues.
Taking into account the possible opportunities, we must mention that companies,
organizations, etc. that develop short duration missions could be interested in
adopting this strategy, because the possibility of a spacecraft being damaged if
the duration of the mission is short, is small.
S.W.O.T . ANALYSIS ON MITIGATION STRAT EGIES FOR RADIATION
T hn•a ts
lVUTlG ATIO N
Str e ngths
Weaknesses
O pportun ities
STRAT EGY
Improved
I .Technology to measure !.The equipment required to
!.Improved computer
I. Risk associated to the
miniatUiization of the
modeling for
radiation is curre ntly
perform the radiation
modeling of radiation and
shield interaction can
e lectronic circuits and the
radiation shield
available.
measures increases the costs
of the missions. Some of
improve shielding
use of Ku and Ka bands in
design
the planned science
techniques which would
telecommunication that
objecti ves could be
make interplanetary fl ights make components more and
possible .
more sensiti ve to radiation.
compromised.
2.Right data from many
planned missions which
could be uti lized
espec ially the 200 I
missions to Mars.
---~isses
Op portunities- MITIGATION
T hreats
Stren gths
~~ATE_@:_

Sp ace weather
forecasting

! .Forecast information:
from 2 until 12 hours in
advance in near Earth
orbit I interplanetary
space.
2.The warning time of
hours in advnce and a
suffiecient reliability
allow to keep
countenneasures for
hardware as well as for
humans in space.
3 .Continuous scienti fie
data collection in respect
to long term Sun cycle
observation.

! .It is a passive strategy.
! .Solar sai ls developments
Power down satellites only can increase waming time.
reduce the probability of a
destn1ctive discharge with a
permanent damage and loss
of equipment.
2.ln case of crewed
2.Real time data
missions. it will not be able process ing and improved
to remove the spacecraft
data handling.
with his crew from the
danger zone.

3.Unti l now. the reliabi lity
on space weather forecast
information is not yet
satisfactory.
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3.New models to provide!
scientific data as
commercia l service.

I. Uncertainty of funding.

2 Data intellectual
property.

3. Commercial I
government service.

r.UTIGATION
Strengths
Wcaknc!'scs
Oppo rtunities
STRATEGY
Correction of the
!.Enhance the accuracy.
! .Expensive
I. We cannot a void the
signa l for
reliability and robustness of
ionospheric scintillation
the system.
provided that it is a
io nospheric
natural phenomenon.
disturbances in
realtime
2.lmprove not only
2. Problems between
navigation accuracy but also militaries and civilian (by
enhance communication
the moment. all the
and surveillance
navigation systems arc
military).
capabilities. thus increasing
safety. gaining time and
reducing fuel consumption
.. and costs.
MITIGATION
Strengths
Wt:aknE'S\e.•
Opportunitie•
STRATE-GY
Magnetic
Simulation o f Eanh's
2. Interesting for
!.Technically almost
shielding
magnetosphere. thus:
unfeasible at the moment.
upcoming crewed
interplanetary missions.
I. Shielding from hazardous 2.The required equipment 3.New developments and
s pin-offs to expect:
radiation.
would be fairly heavy. 2000 kg. for a manned
improvement of
interplanetary mission.
superconductive
magnetic energy storage
(S.M.E.S).
2. No secondary rediation 3.Cost associated to the
produced.
development very high.
). Interesting for
i nterplanetary_mi ssion.
MITIGATION
Strength~
Weaknesses
Opportunitie!'

Threats
! .Expensive

-

Threats

··-

I.Do not allow crewed
missions.
2. The development of
other c heaper strategies
can lead to another
mi tigation strategy.

Tbrealtl'

STRATEGY
Not doing
anything

!.Represent no cost at the
present.

2.The saved money can be
shifted to develop or
improve other parts or
functions of the spacecrafts
or of the mission.

!.Medium or long term
!.Possible market in
I.No improvements in
risk.
companies. organizations.
the protection from
radiation may cause
etc. that develop short
duration missions.
partial or total failure of
the missions.
2.ln case of
commercialized satellites.
the losses do not affect
only to the mission but
also the revenues it could
produce it.

Table 3-6 S.W.O.T. Analysis on mitigation strategies for radiation

3.8

Recommendations
This chapter has reviewed what are the main consequences produced in
spacecraft equipment, humans, or in signal propagati on due to radiation effects.
The factors that cause damage or failures and the possible ways to mitigate or
avoid them have been analyzed. So, now we are able to provide some final
recommendations that have not been implemented yet to deal with the problem
of radiation effects in the futu re.
One important recommendation to consider is space weather forecasting. It
consists of a constellation of spacecraft dedicated to complete coverage and
observation of the Sun for the purposes of solar event prediction combined with
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research into the mechanisms of potentially hazardous solar phenomena. This
spacecraft constellation would provide forecast information approximately 12
hours in advance, which is enough time to allow for protecting either spacecraft
hardware or humans.
Important issues to consider are the improvement of real time data analysis and
the study of new ways to provide value-added scientific data as a commercial
service. The complexity and high cost of this project leads to a possible
international cooperation developed in the frame of an international institution.
This institution may decide the way these data can be used, if it should be public
or commercialized and who has access to them. This issue would have many
political implications, because of that, it is more deeply developed in the Policy
and Law chapter of this rep01t.
In the case we are not able to predict space weather, we can base our
recommendation on an improved modeling for shield design. Shielding design
specifications are based on current estimates of the allowable limits of radiation
exposure in humans. There are many unknown quantities that could invalidate
these assumptions. Currently, it is impossible to recreate on Eatth the spectrum
of energies experienced beyond the magnetosphere. We have little direct
experimental knowledge of the effect of this radiation environment on humans.
Further, we have no knowledge of the impact of changes in the human immune
system seen in space on susceptibility to radiation-induced tumorigenesis. It is
very difficult to do radiobiological experiments in space. However there are two
recommendations which would improve confidence in the estimates of allowable
radiation exposure. Using protective shielding designed according to the
terrestrial model s, the dose-distribution of different types of radiation
experienced by physical human tissue analogues should be measured outside of
the magnetosphere. Secondly, we have some applied data from 30 years of space
operations in low Earth orbit, which give us some knowledge about the effect of
this environment on humans. In order to study the efficiency of proposed
protective systems against radiation, a crewed base outside of the magnetosphere
should be constructed. Thi s needs to happen before allowing long-duration
missions at great distances from Earth where there will be no possibility of
emergency return.
There are future mission planned, which could be utilized for this task. NASA's
Mars Surveyor Project has two mission planned for every 26-month launch
opportunity, so the investment associated with the implementation of this
solution would be minimized.
In the case of interplanetary missions, another way that would allow avoidance
of the radiation effects would be magnetic shielding. This will allow the
spacecraft to si mulate the Earth' s magnetosphere, protecting it from hazardous
radiation.
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Although at the moment the technology does not permit the implementation of
this solution, we must mention it as a possible future and innovative
development.
The effects of the radiation on the spacecraft equipment are well known. With
the steady decrease in the size of spacecraft electronic components the
susceptibility of these components to the effects of radiation has increased.
Similarly the degradation of the efficiency of solar arrays due to the long-term
effects of radiation is a problem. The effects on electronics involve the
deposition of charge within the semiconductor material. This may cause the
temporary change of state of a circuit; a so-called single event upset that has
negligible effect, a single event latch-up requiring a system to be reset or a single
event burnout whereby a system suffers permanent damage. Long term exposure
can cause problems with the switching of transistors within circuit.
The recommendations for this kind of effects would be to consider the use of
shielding to protect electrical systems. the use of redundant systems as well as
the carrying of components as spare parts and to investigate the radiation
environment beyond the magnetosphere in order to adequately choose
appropriate countermeasures. Research must be directed at improving both
shielding and hardening. Furthermore it is recommended that research be done
into the effects on electronic components of long-term exposure to the radiation
environment of interplanetary space as well as the use of radiation resistant solar
cells such as those made of lndium Phosphide.
Referring to the transmission of the communication signals , we find that the
propagation media affect the electromagnetic radiation at all frequencies. The
result is a bending or refraction of the rays associated with a time delay of
arriving signals. The propagation media are the troposphere and the ionosphere,
which are characteristically different regions. We only focus on the ionosphere, a
dispersive medium, meaning that the modulations on the amplitude and the phase
of the carrier frequency are affected differently.
In the case of navigation systems, the correction of ionospheric disturbances in
real-time is a very important problem. The recommendation proposed for dealing
with this consist of designing the navigation system signals in such a way that
use faster and longer codes to provide real time single frequency ionospheric
measurements.
In the case of human spaceflight, we must consider biological radiation
protection strategies, to complement physical protective measures. Cells have
DNA repair systems and free radical quenching systems to protect against
radiation damage. Current concepts of radioprotective strategies include
manipulation of these naturally occurring protective systems, and the
administration of radioprotective drugs. If safe and effecti ve pharmacological
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protection could be found it would potentially result in great cost savings by
reducing requirements for physical shielding.
We propose also some recommendations about astronauts. Nations sending
astronauts in space should agree to study the health of their astronauts for their
whole li fetime and also the health of their descendants as exposure to radiation
increases the chance of children developing specific diseases, cataract, cancer
and leukemia especially.

3.9

Summary
Radiation in space includes electromagnetic radiation over a wide range of
energy as well as the plasma flux of charged, high energetic particles. Three
sources of radiation are identified: extremely energetic particles from galactic or
extra galactic origin, electromagnetic radiation and charged particles from the
sun, and the trapped energetic particles in the Van Allen belts of the Earth's
magnetosphere. The solar radiation consists of the continuous emission of solar
wind into interplanetary space. It has temporal variations due to solar events like
solar flares and coronal mass ejection's, and an overall modulation by the elf year
solar activity cycle. The high energetic particles in solar events represent the
most serious threat for space operations in near Earth orbits as well as for
interplanetary missions.
The increasing reliance on space based telecommunication and navigation
systems with global satellite constellations underlines the need for treating the
radiation environment seriously. Three major effects of radiation on spacecraft
are considered: Spacecraft charging, electrical equipment failures and radio
communication disruptions. Spacecraft charging is caused by non-uniform
exposure of the satellite surface to the sun and the interaction with the
surrounding plasma. It leads to arching, whose effects can be minimized by using
electric filters for sensitive circuits. Equipment failure ranges from single event
upsets and degradations of solar arrays up to single event burnouts whereby an
eq uipment suffers permanent damage. Current mitigation meas ures for electronic
components involve the installation of redundant systems, error checking,
shielding and the use of radiation hardened components. During periods of
enhanced geomagnetic acti vities, radio signals travelling trough the Earth 's
ionosphere are subjects to so-called ionospheric sc intillations. These are rapid
fluctuations in the phase and intensity of the radio signal. Amplitude
scinti llations induce signal fading and might lead to message errors in satellite
communications. Phase scintillations cause Doppler shifts and may degrade the
performance of navigation system and affect the resolution of space-based
synthetic aperture radars.
One of the most important methods to protect the crew and the hardware against
radiation is shielding. Appropri ate materials for protection against radiation are
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liquid hydrogen, water, aluminum and lead. As for crewed missions in LEO such
as the International Space Station, the shielding used for debris or meteoroid
impacts is sufficient. As for interplanetary missions however, the galactic cosmic
radiation cannot readily be shielded due to its high energy.
Another way to mitigate is space weather forecasting. It relies on a combination
of real time measurements from satellites and models of particle fluxes. Current
models though, are very poor and give only a rough estimate of the environ ment
with little prediction capability.
The anticipation of the upcoming solar activity maximum at the change of the
millennium and the trend especially in the commercial market to use nonradiation hardened components in the satellites will lead to higher risks of
malfunction and failure during the coming years. The analysis of the situation in
space based operations due to radiation hazards lead us to conc lude that the
radiation problem is a serious one. We came up with the following set of
recommendations:
•

A constellation of 3 spacecrafts in a solar orbi t at l astronomical unit combined
with an enhanced model of the solar wi nd propagation will provide space
weather forecast information approximately twelve hours in advance. It can be
used to predict the impact of solar events on the Earth environment as well as for
interplanetary missions.

•

For interplanetary missions, a study about an active magnetic shielding design is
proposed to minimize the jeopardy through radiation.

•

For navigation systems, the possibility of real ti me signal corrections from
ionospheric di sturbances should be investigated.
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Chapter 4

4.1

Meteoroids and Debris

Introduction
Whether the mission is a human or non-human spaceflight, there is always the
threat to the integrity of a spacecraft hit by either a piece of human-made debris
or a meteoroid. Furthermore, while the population of meteoroids is constant (at
least in human time scale), the number of debris in Earth orbit continues to
increase. Thi s chapter begins by outlining the origins and sources of meteoroids
and debris, and al so details the cataloguing, distribution , and trends of these
items. An integral part of avoidance of collision is the tracking of debris in Earth
orbit. Tracking is conducted using both ground based optical and radar systems,
and the networks for accomplishing this task are explained herein. Even with
state-of-the-art detection systems, the United States Space Command can only
identify and monitor debris as small as 10 em in diameter. A risk analysis is
provided in order to better estimate the probability of a piece of debris or a
meteoroid hitting an Earth orbiting satellite. Based on the results of past
collisions and upon more extensive risk analyses, mission designers are able to
construct missions and spacecraft in such a way a to minimize the threat of
impacts. And in addition to this, mission designers must be concerned about
how to avoid injecting more debris into the space environment with each launch.
Even with attention given to the design of a spacecraft and the mission,
mitigation strategies need to be researched, developed, and implemented in order
to insure m1sswn success.
Given the above-mentioned requirements,
recommendations are established on how to avoid and reduce the threat imposed
by meteoroids and debris.
It is important to analyze the economic aspects of all decisions made in space
programs because money and resources are limited. In this report, one method
of economie analysis, the Strength, Weaknesses, Opportunities and Threats
analysis (SWOT analysis), has been applied to mitigati on measures for debris
and meteoroids. Economic analysis works within a defined framework to
allocate limited resources to items that are deemed important to a particular
interest group. In the space industry there are many interest groups that compete
for the limited resources of money and labor. Each of these groups feels that
their program or idea is worthy of investment, but limited resources constricts
investment to those programs which are judged to be the most beneficial.
The SWOT analysis is a flexi ble technique that allows decision-makers from
many different interest groups to anal yze the strengths, weaknesses,
opportunities, and threats of a particular recommendation or hazard mitigation
strategy. The strengths and weaknesses of a particular mitigation strategy are
self-explanatory. The opportunities represent the hope that future developments

ISU- Summer Session Program 1998 • 9 I

or technologies may change the nature of the hazards or the benefits of the
mitigation strategy. The threats are possible future dangers that can change the
initial outcome of the mitigation strategy. It is important to note that both threats
and opportunities can become strengths or weaknesses in the future if conditions
warrant.

4.2
4.2.1

Origins and Sources of Meteoroids and Orbital Debris
Meteoroids
Meteoroids are small objects, from dust to boulder size, from natural origins that
are floating through the solar system. The mass of these particles ranges from
w-' 8 gram to several kilograms. The composition of the meteoroids depends on
their place of origin. In case the meteoroid originated in the inner solar system,
the composition is mainly based on rocky and metallic material. In the other
case, if the meteoroid originated from the outer solar system, the composition is
of icy material. Furthermore, the velocity of the meteoroids also depends on the
place of origin. This is due to the potential energy difference between the place
of origin and the Earth. Frequently, meteoroids are left by the trails of comets.
Another source of meteoroids is the asteroids in the solar system. During the
early solar system, many collisions took place and filled the solar system with
asteroid fragments. A common feature of meteoroids, which come in the vicinity
of the earth, is the tremendous velocity that can rise up to 70 km/s. Therefore,
most meteoroids that visit the earth only pass once. When a meteoroid enters the
atmosphere of the Earth, it can be seen as a lighting trail in the sky, which is
referred to, as a shooting star or a meteor. In case the meteoroid survives the
entry in the atmosphere and falls on the surface of the Earth, the remaining
'stone' is refe1Ted to as a meteorite.
In case a meteoroid hits a spacecraft or a human in space, it can cause serious
damage because of its high velocity. Impact risks and effects on spacecraft and
humans in space will be elaborated further in Chapter 4.3.
Meteoroids can be divided in two classes: sporadic meteoroids and meteoroid
streams.

4.2.1.1

Sporadic Meteoroids
The first class of meteoroids is the class of sporadic meteoroids. Sporadic
meteoroids can be found in the solar system between distances 0.1 and 20
Astronomical Units (AU).
Illustrated here is a classification model of sporadic meteoroids. However, thi s
model does not include meteoroids related with meteoroid streams. The
classification is derived from a model (Interplanetary Flux Model) which is
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supported by measurements from the Pioneer 10 Meteoroid Experiment,
Pioneer 11 Meteoroid Experiment, Helios 1 & 2, Galileo Dust Detector, Ulysses
Dust Experiment, Radar, Zodiacal Light, meteor observations and analysis of
lunar micro-craters. The basic assumption in defining the classification is that the
sporadic meteoroids foJJow Kepplerian orbits.
The classification proposed is as follows:
•

Core population: The core population is designed to fit as much of the data as is
possible with a single set of distributions, and as such forms the backbone of the
present meteoroid model.

•

Inclined population: The inclined population is designed to fit that portion of the
Helios flu x data that are not included by the core populati on.

•

Eccentric population: The eccentric population is designed to fit the portion of
the Helios event data that are not included by the core or inclined population.

•

Halo population: The Halo population is designed to fit the portions of the
Pioneer and Ulysses data, which are not included by the populations above.

•

Asteroidal popu lation: The asteroidal population is designed to fit the
4
interplanetary flu x model at large masses (mass >I o- g) and the outer component
of the meteor data.
The following table shows the five populations together with the distribution
(Number of meteoroids/m 3) and the mass concentration (g/m 3) at 1 Astronomical
Unit (AU) from the sun. [Divine, 1993]
Population

Distribution at I AU
from sun (log N (m.3))

Mass concentration at I
AU from sun (log Mm
Nm (g/m3)

Core population
Inclined population
Eccentric population
Halo population
Asteroidal
_poQU iation

-20
-26
-27
-23

- 16
-17
-19

-1 7

- 16

-

Table 4-1 Distribution and mass concentration of the populations of meteoroids [ Divine, 1993)

In addition to this model another model exists, which proposes to include the
elliptical and hyperbolical sporadic meteoroid populations considering the
radiation pressure of the sun. These populations are only taken into account for
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particles below 10' g. Moreover, gravitational focusing and planetary shielding
of the earth is also taken into account by this model [Staubach, 1997].
Figure 4-1 shows sporadic meteoroid fluxes dependent on the sporadic meteoroid
mass. The figure evolved from compiling figures in Staubach's paper. The data in
the figure are from sporadic meteoroid fluxes measured on LDEF, E uReCa,
Hubble Space Telescope and the ESA base model [Staubach, 1997].
Debris and micrometeoroid flux
' EuReCa' ' HST' ----·
'DISCOS' ·····
'ESABASE' ····--·

·4

·6

·8

·10

·12

·14 ,___,____,__.....__.____.._

·18

·16

· 14

_.___..___,_ _,____,__,___.___,__.....__.____.._
·12
·10
·8
·6
·4
·2
log(Panicle mass) [g)

_.____,

0

Figure 4-1 Data from sporadic meteoroid fluxes measured on EuReCa, Hubble Space Telescope, the
ESA base model and the DISCOS model [Staubach, 1997]

As can be seen in the Figure 4- 1, the meteoroid flux is largest for smaller
particles.

4.2.1.2

Meteoroid Streams
Comets are well-known travelers in the solar system. The word "Comet" comes
from the Greek word "Kometes", which means "long-haired". Comets consist of
a nucleus, which can be of the size of several kilometers. Comets originate from
a region between 20 000 - 100 000 AU , with the greatest concentration at about
50 000 AU . This region is named the Oort cloud after its discoverer, the
Dutchman Jan Oort (1950). Estimations of the number of comets in thi s region
are uncertain and ranges from milli ons to billions of comets. As a comet
approaches the sun , the solar flux heats the comet's surface and the evaporating
gas is ejected by the solar wind. In thi s highly volatile process, the comet leaves
a meteoroid stream in the opposite direction of the sun. In case the earth passes
the trajectory of the meteoroid stream, the earth's atmosphere w ill encounter the
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meteoroid stream causing meteor showers. From an observational point of view,
meteor showers are characterized by the Zeni th Hourl y Rate (ZHR) which is a
counting unit for the number of meteors observed per hour. Most meteoroid
streams cause a ZHR of about 10-20. However, in some case meteoroid streams
can cause a ZHR of about 150 000. In this case, the meteor shower is referred to
as a meteor storm. (The definition of meteor storm is a ZHR > 1000).
The following table shows the most common known meteor showers. Note that
their presence has a yearly freq uency since the earth passes the orbits of the
particular cornets once a year.
Meteor
shower's name
Quadra nt ids
Lyrids
Eta Aquarids
Kappa
Serpe ntids
Ksi Draconids
Delta
Aquarids

Date
Jan 1-4
April 1324
M ay 4
May 25

5.5 (92 %)
4 .6

69 krnls

Draco
Lyra

?
T hatcher

Aqua rius
Serpens

Draco
Aquari us

Halley
73 p
Schwassmann Wachmann
?
?

6.0 (52 %)
2.4

4 1 krnls

Perseus

S wift Tuttle

57 (890 %)

59 krnls

Cygnus

?

3.3

21 km/s

Perseus
A uriga
Draco

?
?
GiacobiniZinner
Halley
Enc ke
Tempei-Tuttle
Bi ela
Phaeton
(Aste ro id that is
probably an
extinct comet)

9.6 ( 160 %)

?

9
?

?
?

?

?

?

')

20
?

7 1 krnls

?

?

Tuttle
?

17 (230 %)
2.2

33 krnls
?

M u Perseids
Beta Aurigids
Draconids
O rionids
Tau rids

Oct 2 1
Nov2

Leon ids
Andromed ids
Geminids

Nov 17
Nov 20
Dec 14

Orion
T aurus
Leo
A ndromeda
Gemini

Ursids
Coma
Berenicids

Dec 22
Dec 3 1Jan 4

Ursa M inor
Coma
Berenicida

Kappa cygnids

Velocity
( 1996)

Associated
comet

June 15
Jul y 13Aug 15
July 19 Aug24
Aug 12 Aug_ 25
Sep_7
Sep 2 1
Oct 10

Perseids

ZHR
( 1996)
18 (2 10 %)
2.8 (63 %)

Radiant
location

4 l km/s
45 km/s

?

')

Table 4-2 The most common known meteor showers [URL .,Wagn er 1991]

ISU- Summe r Sessio n Program 1998 • 95

.

The Perseid meteor shower is one of the most active visual showers of the year
with a traditional peak ZHR of about 100. Typical activities are with a ZHR
above 50 lasts for 2-3 days. Since 1988 this annual shower has exhibited a new
peak ZHR occurring earlier than usual and lasting a few hours with ZHR of 300400. Each year this has been observed at a slightly earlier time, although the
1992 and 1993 peaks appear at the same solar longitude.
The Leonid shower is also one of the better-known meteor showers. The Leonid
shower is visible in mid November and has a ZHR of about 20. However, every
33 years the observed ZHR is greatly enhanced due to the Earth's encounter with
meteoroid streams that were left behind only shortly ago by the Leonid 's parent
comet Temple-Tuttle. In 1966, the ZHR of the Leonid shower was 150 000.
The probability of occurrence of a Leonid storm (i.e. ZHR > 1000) in the coming
years is: 1999: 100 % and 2000: 25 % [URL 2].
An expression for the Leonid storm flux is derived using a simple velocitycorrected ZHR scaling to the sporadic meteoroid flux, which is then compared
to that obtained from observations of the 1966 Leonid storm.

Fleullld.
Where:

= 3.10- 19 · ZHR · m - u

F 1eonid= Flux (No. of meteoroids I m 2 ·s) of Leonid meteor storm

ZHR= Zenith hourl y rate of meteor storm

m =mass of the meteoroids (grams)
For example, if we take a Leonid meteoroid stream mass of 1o-5 grams and a
ZHR of 1000. The meteoroid stream flux will be 3- 10-3 meteoroids per m2 per
second. Comparing this with the background sporadic meteoroid flux, the Leonid
meteoroid flux is J00 times higher than the background sporadic flux.

4.2.2

Sources of Orbital Debris
Human-made space orbital debris, referred to as "orbital debris" throughout the
remainder of this document, includes all objects in any Earth orbit that are
human-made. Orbital debris differs from meteoroids, or natural debris, because
orbital debris remains in Earth orbit during its lifetime instead of passing through
the space around the Earth.
There are numerous sources of space debris, which can be placed into four
general categories, which include mission-related debris, rocket bodies debris,
fragmentation debris, and deterioration debris (see Figure 4-2).
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Orbital Debris

Mission -Related
Debris

Rocket Bodies

Fragmentation
Debris

Deterioration
Debris

Figure 4-3 Classification of Debris [URL 4]

4.2.2.1

Mission-Related Debris
Mission-related debris are comprised of inactive payloads and objects that are
released during payload delivery or payload operations, payloads include both
human and non-human missions) including separation and packing materials,
ejection of protective covers and shields, spin-up mechanisms, empty propellant
tanks, payload faring I shrouds, and a few o bjects that have escaped during
human activities such as EVA. Motion pictures of Saturn V separation events
show evidence of many small particles flying away into space with each staging
event. The growth of the debris in this category is diminishing as new vehicle
designs are adopted that allow for a "cleaner" deli very of the payload [Kessler,
1985].
Another source of mission-related debri s are Solid Rocket Motors (SRMs) which
contain large quantities of aluminum that burns to aluminum oxide to dampen
burn rate instabilities [Johnson, 1987]. These motors are often used to transfer
spacecraft between LEO and GEO and end up ejecting thousands of kilograms of
aluminum oxide particJes into the orbital environment. The dust is ejected at
several velocity angles at velocities up to 4 krnls and are typically no larger than
0.01 em. In the course of a single solid rocket motor firi ng, as many as 1020
Ab03 particles can be expelled [Kessler, 1985]. SRM particles are typically
ejected in the rocket plume and thus most have retrograde velocities on the order
of 3 krnls. As an example of the damage imparted by an impact from an
aluminum oxide particle, Figure 4-4 is a SEM (scanning electron microscope)
photo of an impact on an orbiter window from STS 50. It shows window number
6 and the flight was a 14-day mission in a 189 km orbit. The interesting thing
about thi s impact is that the approximately 1 mm crater in the window must have
been caused by a 100 - 150 micron object, an X-ray analysis of the residue
showed evidence that the impactor was originally comprised of aluminum oxide.
In theory, such particles are not normally the typical constituents of the particle
f lux from an SRM during full up burn. Thus, this particle most probably came
from either tail off or shutdown or even "cook off" of an SRM. A vail able now
are radar observations of non-spi nning Orbus motors in o rbit that definitely show
an extensive expulsion of small particles after the burn was over. The origin of
these particles is still unknown.
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Figure 4-4 Scanning Electron Microscope image of a nearly 1 mm impact crater on window #6 of
STS 50 [URL3]

4.2.2.2

Rocket Bodies
Spacecraft are usually accompanied into Earth orbit with stages of the rockets
that launch them. These rocket bodies consist of three stages; they are the
parking orbit stages, transfer orbit stages, and final stages. Parking orbit stages
are usuall y large in both volume and mass, possess high ballistic coefficients,
and reenter the Earth's atmosphere within 1-2 days. Because they reenter so fast,
parking orbit stages are considered to be a low risk hazard. Transfer orbit stages
tend to be smaller than parking orbit stages, although they pose a greater risk of
becoming a significant hazard to spaceflight. Orbital decay of transfer orbit
stages may take anywhere from a few to tens of years because of their hi gher
perigee altitudes in comparison to parking orbit stages. A careful selection of the
right ascension of the transfer orbit stage's initial orbital plane can greatl y hasten
the decay process by taking advantage of solar-lunar perturbations. Final stages
deliver payloads to operational altitudes, and thus the final stages typically end
up in long-lived orbits. The possibility of the final stage colliding with its former
payload are remote, however the final stage presents an "excellent" target for
other items orbiting at a similar altitude. Thus final stages are a significant source
of secondary debris [Johnson, 1987]. Some particles come from SRM's used for
final orbit injection. Several impacts of the Space Shuttle Orbiter by Al
(Aluminum) particles have been traced. For more detailed information regarding
Al and AI20 3 impacts on the Orbiter, the reader is referred to Section 4 .3, Risk
Analysis.

4.2.2.3

Fragmentation Debris
Satellite fragmentation is the single largest source of human-made debris.
Satellite fragmentation currently constitutes almost one-half of the known Earth
orbit satellite population (whereas operational satellites only constitute< 5 %). A
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satellite breakup is defined as a debris-producing event, which results in the
disruption of the parent satellite. Thus, normal satellite operational events or
satellite deterioration regardless of the quantity of debris created are not
considered to be breakups. Many satellite fragmentations are the result of
deliberate initiatives on the part of the user. Four rationales for intentionally
destroying a satellite have been proposed: structural testing, disposition of
sensitive equipment, anti-satellite (ASAT) tests, and self-defense.
Since the first detected fragmentation of the Omicron rocket in June of 196 1, 124
4
fragmentation events have been observed and documented [URL ].
Fragmentations typically result from either explosions or collisions. The
explosive mechanisms include:
•

catastrophic failure of internal components such as batteries

•

propellant-related explosions (this would include upper stage explosions - the
current trend among spacecraft operators is to expend all residual propellant at
end-of-life)- high energy explosions

•

failure of pressurized tanks - low energy explosions

•

intentional destruction

•

collision-induced satellite fragmentation
Each fragmentation mechanism produces a characteristic size and velocity
distribution of the resulting debris cloud. Low energy explosions, for example,
typically produce fewer small objects than high-energy explosions do . This is
because in a hypervelocity collision, the impact and resultant shock wave melt
and vaporize satellite materials, yielding many small objects [Kessler, 1985].
Fragmentation can also arise when spacecraft are de-orbited for reentry and
return to Earth. The debris is produced by the ejection of eq uipment just prior to
retrofire; the purpose of the ejection being to Jessen mass and consequently to
4
lessen propulsion requirements [URL ] .

4.2.2.4

Deterioration Debris
The gradual disintegration of spacecraft surfaces resulting from exposure to the
space environment creates very small objects. The deterioration includes paint
fl aking and plastic and metal erosion. It has been suggested that paint flakes are
produced by the erosion of organic binders in the paint due to exposure to atomic
oxygen. Macro-sized paint flakes have been responsible for numerous and
sometimes deep craters in the shuttle windows. Most deterioration events are the
result of exposure to atomic oxygen or thermal stresses imparted to a spacecraft
by cyclic solar radiation heating [Mueller, 1985].
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Also included in this category of debris are objects, not necessarily smaJl , that
are materials that have been periodically shed by spacecraft over long periods of
time. These materials could be deteriorating thermal blankets and insulation, or
the more recently discovered drops from RORSAT (Radar Oceanography
Reconnaissance) satellites - ROR satellites are Russian spacecraft in high
graveyard orbits that have ejected their nuclear cores and have consequently
suffered coolant leaks. Investigators have recently detected drops from these
cores that are former coolants in fluid form made up most likel y of sodium and
potassium [Kessler, 1985]. There are also secondary ejection's by meteoroids and
debris impacts on items such as solar cells.

4.2.3

Cataloging
Since the beginning of space activities in October 1957, NORAD (the North
American Aerospace Defense Command) and its successor organization the
United States Space Command (USSPACECOM) have been tracking some
21 000 space objects, of which nearly 8000 are still in orbit. Within 2000 km of
Earth's surface, the estimated mass of orbital debris is nearly 2 000 000 kg. Most
of these objects are in high inclination orbits and possess closing velocities of
around 10 krnlsec or 22 000 mph. The majority of this mass is comprised of
about 3000 spent rocket stages, inactive satellites, and a comparatively few
active satellites. The remaining 4000 to 5000 objects being tracked make up a
cumulative mass of 40 000 kg. Most of these smaller objects are borne out of
over 115 on-orbit fragmentation and 20 anomalous events. Of the nearl y 8000
catalogue entries, about 25 % are updated within 2 days, and more than 50% are
updated within 1 week. Table 4-3 lists the catalogued orbital debris objects by
altitude ranges.
Orbit Type
Catalogued Objects

LEO
5747

MEO
134

GEO
601

Table 4-3 Catalogued Objects by Altitude Ranges [URL

Other
1447

Total
7929

4
]

The tracked space objects have a diameter larger than 10 em in LEO and 1 min
GEO. These sizes mark the operational limits of the radar and optical tracking
network of the USSPACECOM. Table 4-4 yields information on the estimated
debris population.
Size [em]

> 10
1- 10
0.1 - 1
Total

Number of Objects
8000
110 000
35 000 000
35 11 7 000

Number Percentage[%]
0.020
0.310
99.670
100.000

Table 4-4 Estimated Debris Population [URL4]
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Mass Percentage[%]
99.930
0.035
0.035
100.000

Recent investigation s by scientists have demon strated that an estimated 1000 kg
of the total orbital debris mass is made up of objects smaller than 1.0 em, and
there is also 300 kg of objects smaller than 0. 1 em. Measurements made with
experimental ground-based sensors indicate that the deterministic population is
outnumbered by operationally untraceable objects of more than 1 em diameter by
a factor of 3 to 9. The technology necessary to track object smaller than 10 em is
likely available, but the ability to process and store the accompanying
tremendous amount of data is much greater challenge both technologically and
financially.
Figure 4-5 shows the relation between the altitude and the number of
particles/km altitude.
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The data for two different orbits, circular orbit and elliptical orbit, are presented.
In the case of circular orbits, two peaks of the number of particles occur around
the altitude of 1000 km and 1500 km. A dip in the population occurs between an
altitude of 1000 to 1500 km regardless of the particle sizes.
The debris peak on the left is believed to originate from GEO stages and the
right-hand peak from leaking coolant of ROR satellites (nuclear powered
satellites of the former Soviet Union that use NaK as coolant). On the other hand,
in case of elliptical orbit, a peak of the number of particles can be seen around
the altitude of 300 km regardless of the particle sizes.
The relation between orbit altitude and lifetime of circular orbits is shown in
Table 4-5.
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Orbit Altitude (km)
200
600
1000

Lifetime
1-4 days
25-30 years
2000 years

2000
GEO (36 000)

20 000 years
Forever

Table 4-5 Lifetime of circular orbits: For an average-type satellite the lifetime for sever al circular
orbits is shown [Position Paper O n Orbital Debris, International Academy of Astronautics]

As the altitude of orbit increase, the lifetime grows drastically and in case of
2000 km of altitude, the lifetime shows 20 000 years.
Since the lifetime is short in low orbit of which altitude is 200 km, the debris in
those low orbit can be negligible. However in high altitude orbit, the debris
impacts should be taken into account because of its extremel y long lifetime.
The European Space Agency (ESA) has a database on orbital debris (DISCOS Database and Information System Characterizing Objects in Space) and has
developed MASTER (Meteoroid and Space Debris Terrestrial Environment
Reference), a model to simulate the Earth's orbital environment for particles
larger than 0.1 mm. The DISCOS catalogue maintains launch- and object-related
information, orbital time histories and fragmentation-event records for all
observable space objects. Information extracted from the DISCOS catalogue wi ll
now be used to chart different aspects of the trackable-debris environment.

4.2.3.1

Population and Distribution
Using the USSPACECOM cataloguing data and Haystack radar data as
reference, the population di stribution results from the breakup models, traffic
models and orbit propagation models in EVOLVE, which are developed at
NASA Johnson Space Center, can be validated. As modifications are made to the
program and as launch data becomes available for successive modeling,
EVOLVE is periodically compared to the Catalogue by inclination and
eccentricity group and by their types of objects such as intact objects, operational
debris and fragmentation debris. The best fit between EVOLVE and the
Catalogue is with objects of diameter 20 em or larger. The comparison suggests
that the breakup models and the modeling of atmospheric drag effects must be
consistent with processes occurring in orbit.
Based on the USSPACECOM catalogue, spatial distributi ons of objects are
derived. Due to mission constraints associated with the launchers selected,
launch stations, scientific objectives and payload capabilities, most of the debris
are grouped around certain classes of orbi ts according to orbital eccentricity,
orbital period (semi-major ax is), and orbital-plane orientation (inclination and
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ascending-node position). Figure 4-6 shows catalogued object counts versus
eccentricities.
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It is evident that the vast majority of orbi ts are near-circular, with eccentricities
of e $ 0.01. Another preferred eccentricity is around 0.72, covering transfer
orbits to GEO. The majority of debris orbits remain in a ring around the source
orbit with only slightly increased eccentricity. In Figure 4-7 the catalogued
population is analyzed with respect to the semi-major axes of the orbits
(corresponding to orbital periods).
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Most mission-related objects are located in the LEO environment below altitudes
of 3000 km (a < 9380 km). This altitude regime also contains more than 99 % of
all known fragments. Further concentration peaks mark highly eccentric GTO
and Molnya orbits, near-circular navigation-satellite orbits (GPS and
GLONASS) and geosynchronous orbits. Because of the poor coverage by the
operational USSP ACECOM ground-sensor network the low number of fragment
counts outside the LEO band is probably unrealistic.
Figure 4-8 shows catalogued object counts versus inclination.
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The peaks in this distribution can be related either to launch-site constraints, or to
certain mission objectives. T he following maxima for example are related to
launch sites: 6.5° for Kourou, 28.5° for Cape Canaveral and 5 1° for Baikonur.
Other concentrations of orbit inclinations for example are around oo due to
geostationary orbit, 55° due to GPS satellites, 90° due to polar weather satellites
and 98° due to sun-synchronous orbits.

4.2.3.2

Trends
It is agreed amongst many space debris experts that if current rates of growth of
debris continue, then an increasingly significant risk to both human and nonhuman missions will be posed. In its recent report on space debris, the US
National Research Council stated that, "The threat that orbital debris poses to
international space activities is presently not large, but it may be on the verge of
becoming significant. "[Warren, 1995] To be more particular, the current threat of
significant damage to any spacecraft is relatively small. However, if the number
of worldwide launches increases by only 5 % each year, and if preventative and
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mitigati on measures are not taken, the n the debris population by the year 2090
will have risen substantially [CSA, 1997].
There are several models available, many of them based on population "birth and
death" models, that take into consideration the various parameters affecting the
lifetime of orbital debris. Most of the models assume the deployment of new
constellations, some of which are already in orbit and others scheduled for
launching in the near future among which are hidium, Globalstar, Odyssey,
Orbcom, Ellipso, Concordia, leo, Ecco, Teledesic, M-Star and Celestri [Rossi,
1997].
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Figure 4-9 Number of orbital debris larger than 1 em vs. time below 2000 km [Rossi, 1997]

Illustrated in Figure 4-9 is the interaction of the constellations with the debris
environment, using the 10 Monte Carlo simulations, for the following scenarios
[Rossi, 1997]:
•

NOCONST - represents "no constellations", and assuming only a constant
routine launch rate (78 per year) and the assembly and servicing of the
International Space Station. The mitigation measure adopted in this case is the
elimination of in-orbit explosions after 2010.
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•

CONST -represents "constellations", includes the above and the satellite
constellations. The constellations upper stages and satellites no more operational
are left into orbit in this "worst case" scenario, but both classes of objects are
supposed to be effectively passivated, at the end of their life, to prevent in-orbit
explosions. Moreover, we assume that the operational spacecraft of a given
constellation cannot collide with each other, as they are supposed to be
controlled.

•

CONST_MIT-represents "constellations and adoption of mitigation" , includes
both of the above with de-orbiting measures.
However it is difficult to describe specific numbers concerning the tre nds in
space debris. First, the existing models lay on different populations, assumptions
and breakup models, etc. Moreover, since 1957, increases have been steady,
however future predictions are based on several parameters. The future launch
rate, the sizes of future spacecraft, and the distribution of the orbits into which
these spacecraft will be placed is dependant upon many unpredictable factors
including technologies, mission requirements, economic environment, and global
politics.
The trend shown on this graph reveals the necessity of eliminating in-orbit
explosions. Assuming no more explosions after the year 2010, the number of
debris would decrease steadily and this trend would be confirmed, at least for
30 years. But after this period of time, if de-orbiting measures were not
implemented then the number of objects created by collisions would greatly
outweigh the number of obj ects that decay naturally. The collisional cascading
processing (defined inSection 4.3.1) is a real threat. Indeed the critical density
would have been exceeded in crowded altitudes (around 1000 km and above
1300 km). Without de-orbiting spacecraft and upper-stages measures, the
number of objects existing at the end of the in-orbit explosions would be reached
again within 40 years. Thus mitigation measures have to be implemented right
now.

4.3

Monitoring
To accomplish the USSPACECOM catalogue a worldwide array of sensors has
been established. These sensors can be divided into two categories: radar and
optical. Radar is typically used for LEO observations since it provides
continuous coverage, independent of weather and twilight conditions. Typically,
optical sensors are used for deep space observations since the sensor's sensitivity
falls off less rapidly with range. Because of variation in physical properties of
debris, causing some objects to be more difficult to be detected by one sensor
than another, the optical and radar measurements are complementary.
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To determine flux characterization of debris particles less than 1mm in diameter
in situ measurements are carried out by specially designed impact sensors or by
examination of spacecraft surfaces, which have been exposed to the LEO
environment and retrieved back to the Earth by Space Shuttle.

4.3.1

Ground-Based Measurements

4.3.1.1

Radar
Radar is the abbreviation of 'radio detecting and ranging' . The basic idea is that
the radar sends out a beam of radiation and then receives, records, and processes
the time, intensity, Doppler shift, and energy spectrum of the echo that is
scattered or reflected back to the radar. By measuring the amount of the time, the
radar can determine the distance to objects. By measuring the intensity, radar can
give us the RCS (Radar Cross Section) of objects. B y processing the Doppler
shift, radar can work out the velocity of objects. By analyzing the energy
spectrum, radar maybe can show some physical and chemical features of objects.
There is a new technique called Lidar (light detecting and ranging), it uses the
same principles with light that radar uses with radio waves.
There are many types of radar such as continuous wave radar, single pulse radar,
micro-power impulse radar, synthetic aperture radar, phased array radar, etc.
Different types of radar have different characteristics. There are several radar
systems used to detect meteoroids and debris in space, which are described
below.
•

Haystack radar and Haystack Auxiliary radar.
Haystack radar is located near Boston, Massachusetts, USA. The radar, with a
37-m-diameter antenna, is enclosed in a radome and used for space surveillance
and debris measurement at 3cm wavelength. The Haystack radar has been
operated in a "staring" mode and has been used to collect orbital debris data,
which are used to characterize the debris population by size, altitude and
inclinati on. In this mode, the radar is positioned near the zenith, and debris
objects are detected as they cross the 0.05-degree beam of the radar. This radar is
one of the most powerful in the world, it can detect debris with size lcm and
larger at I 000 km altitude.
The Haystack Auxiliary radar is located next to the main Haystack radar.
Although Haystack Auxiliary radar is less sensitive than Haystack, it operates at
a different wavelength ( 1.8 em) but is available more of the time.
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•

The NASA Deep Space Network radar.
The NASA Deep Space Network (DSN) is an international network of antennas
that support interplanetary spacecraft missions and radio and radar astronomy
observations for the exploration of the Solar System and the Universe. The DSN
currently consists of three deep-space communication facilities placed
approximately 120 degrees apart around the world (Goldstone, California
Mojave Desert; near Madrid, Spain; near Canberra, Australia) . Each complex
consists of at least four stations equipped with ultra sensitive receiving system
and large parabolic disc antennas (two 34-meter, one 26-meter and one 70-meter
diameter antenna).
The Goldstone deep space network radar, parts of the DSN, have been used to
obtain statistical data on small debris. This radar can detect debris with size 2mm
and larger at 1000 km altitude.

•

Ionization radar.
Ionization radar was designed and constructed at the Johnson Space Center (JSC)
for investigation of meteors, re-entering orbital debris, and to study the breakup
of re-entering rocket stages. Ionization radar detects the ionization trail behind
re-entering objects, rather than tracks the object itself.
Ionization radar, operated in long wavelength band (50 MHz), is very sensitive to
ionization trails. It can detect meteors as small as 100 microns as they enter the
atmosphere.

Radar
Haystack
DSN
Ionization radar

Country
USA
USA
USA

Antenna
37m
70 m, 32 m, 26 m
Antenna array

Capability
1 em at 1000 km
2 mm at 1000 km
0.1 mm, atmosphere

Table 4-6 Radar sensors

4.3.1.2

Optical
Optical observations using telescopes are one of the basic techniques for
detection and tracking of human-made debris mainl y in orbits outside the LEO
band. Visible light sensors are subject to weather constraints, which can render
sites inoperable for substantial periods. The fain tness and the high angular
velocities of the objects make it difficult to track objects with diameters less than
one meter. Only CCD detectors (Charge Coupled Devices) with high quantum
efficiency in combinati on with the telescopes and image processing software can
meet the requirements.
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Recentl y, interest in ground-based observations of debris near GEO has grown.
Table 4-7 shows the optical measurement facilities in different countries. The US
has the premier debris monitoring and cataloguing facilities in the world, the US
Space Surveillance Network. In conjunction with other CIS member states,
Russia operates the Space Surveillance System (SSS). ESA created the Space
Debris Advisory group (S DAG) with experts from several ESA Member States
and Canada.
USA

Russia and CIS
ESA and
European
me mber states
Japan

GEODSS (US Ground-based Electro-Optical Space Surveillance)
MOTIF (Maui Optical Tracki ng and Identification Facility)
AEOS (Ad vanced Electro-Optical System)
CDT (CCD Debris Telescope)
LMT (Liquid Mirror Telescope)
AMOS (US Air Force Maui Optical Station)
SSS (Ru ssian Space Surveillance System)
several observatories of the forme r Soviet Academy of Sc iences
GTC (Great Telescope Canary)
Zimmerwald - Switzerland
ROSACE, Calern Observatory, OCA- France
CLR (Communication Research Laboratory)
KSC (Kagoshima Space Center)

China

several observatories
Table 4-7 International optical measurement facilities

The above mentioned detection facilities have diameters less than 1.5 m and are
mostl y combined with CCD image-processing techniques. In order to detect
space debris on CCD images one has to compare consecutive frames of the same
sky region. Star positions are known and therefore it is possible to calculate the
position of the debris and the orbital parameters.
The US has developed a telescope employing a liquid metal mirror (LMT) that is
three meters in diameter for the purpose of measuring the population of small
orbital debris. It is capable of detecting debris as small as 2.5 em at 900 km
altitude, and less than 10 em at geosynchronous altitudes. In combination with
the Haystack radar the data of the LMT will give a better understanding of the
orbital debris environment. This knowledge is important for orbiting spacecraft,
including the International Space Station.

4.3.1.3

In-Situ Measurements
Particles with sizes lower than about 1 mm are too small to be detected by means
of remote sensing. However, their presence in outer space can be infen·ed by
their direct interaction with the surfaces of orbiting or interplanetary spacecraft.
Measurements of this type can be divided into acti ve detection of micro-particle
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impacts and passive collection on exposed surfaces preceding post-fli ght analysis
of the retrieved spacecraft.
Active detectors can consist of eithe r metal-oxide-silicon (MOS) semiconductor
capacitors, whi ch are discharged by an impacting particle, or charge collector
plates, which measure the plasma of ions and electrons generated by hyper
velocity impacts of small particles on a target surface. This method yie lds the
number of impact events as a functi on of time, and in the latter case also the
velocity and mass of the impactor can be induced from the rise times and total
intensities of the plasma signals. One problem that has to be considered here is
the distinction of real impacts from electromagnetic noise and internal events.
Active detectors have been used mainly on interpl anetary probes, such as Giotto,
Vega, Ulysses, Galileo, Cassini, and the Munich Dust Counter (MDC) on the
Japanese HITEN and Nozomi spacecraft [URL5] . But they have also been
implemented in several LEO experiments, namely the Interplanetary Dust
Experiment (IDE) on the NASA Long Duration Exposure Facility (LDEF)
[Oliver, 1994] , the Momentum Stage ln1pact Detector installed on MIR during
the E uroMir '95 Mission [Bibring, 1997; Maag, 1997], a dust detector on the
upper stage of the Clementine mission [Yano, 1998], and MDC on BREMS AT.
The only experiment located in GEO is the Geostationary Orbit Impact Detector
(GORID), which is a joint project between ESA and the Novosibirsk State
University and has recorded more than 1,000 events since its launch in 1996
[Drolshagen, 1997]. For the near future, three MOS detector systems are pl anned
to be installed by NASA on orbiting satellites [URL6].
Post-fli ght analysis of long exposed surfaces yield the cumulative flux per unit
area for a cettain period of time. Since the achieved sampling statistics improve
with exposure duration and exposed area. large components of orbital spacecraft,
such as Multi Layer Insulators, Thermal Blankets, Solar Cell Arrays and
spacecraft structures are well suited for such an investigation.
The impact of a micro-particle on the surface results in two features that are
subject to analysis. The first is a crater with a certain size and morphology,
which depend on both the characteristics of the impactor (size, density, velocity,
trajectory) and the target materi al (e.g. glass or metal). To convert the crater
parameters to particle characteristics, hypervelocity impact experiments have to
be conducted in the laboratory. In these experiments, particles of known size and
density, e.g. Ah0 3, glass, copper or iron [Yano et al., 1998], are shot on an
appropriate target with an electrostatic accelerator for particle sizes of the order
of I !lJ11 or with a two-stage light-gas gun for larger particles. The impact
velocities range from I to 14 km·s· 1 for the smaller particles and from 3 to
8 km·s· 1 for the larger particles [Berthoud and Mandeville, 1997; Morishige et
al. , 1998]. B y measuring the resulting crater diameters and depths, an empirical
relation to particle size, velocity and density can be derived. Larger particle
diameters and velocities lead to larger crater diameters. A problem with the
appl icati on of these relationships to the in situ measurements ari ses from the fact
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that meteoroids have velocities up to several tenths of kms· 1 (see Section 4. 1.2).
Recent results of Space Flyer Unit (SFU) investigations and corresponding
calibration shots suggest that the ratio of crater depth to crater diameter increases
w ith projectile density [Morishige et al., 1998; Y ano, 1998]. An estimation of the
angle of incidence can be made by regarding the ellipticity of the impact crater.
For a metallic surface, an obvious deviation from a circul ar crater occurs for
angles above 60°, whereas on glass targets the craters become elliptical for lower
angles (: : : 30°) [Berthoud and Mandeville, 1997] .
The second feature is a residue of the impacting particle, which can be analyzed
chemically. This is typically done by the combined use of a scanning electron
microscope (SEM) for the detection of residue sites and an energy dispersive
X-ray analyzer (EDX), with which the spectrum of the elements contained in the
residue is obtained. In this way, the distinction between meteoroids and orbital
debris can be made. T he former show features typical for interplanetary dust
particles trapped in the stratosphere, that is strong Si, Fe, Mg and Ca lines and a
few weak lines of other elements. The latter show features corresponding to the
materials used for spacecraft elements, e.g. AI (structures), Ni, Cr, Fe (stainless
steel), Ti, S, Cl, Zn (paint), Ag, Cu, Pb, Sn (electrical components) or Na, K
(coolant in nuclear reactors). Figure 4- 10 shows an example of the SEM image
(right) and the EDX spectrum (left) of a particle detected in a 17 mm hole on the
door of STS-73. The features in the spectrum correspond to electrical solder
[URe].
.
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Figure 4-10 EDX spectrum and SEM image of a particle detected on STS-73 [URL

7
]

However, the chemical analysis is complicated by several factors. In addition to
the lines mentioned above, the EDX spectra exhibit feature s of the target
material, which have to be excluded, and sometimes feature s of other materials,
such as oil, plastic bags, or waste, which contaminated the surface during
manufacturing, operation and post-flight handling. Sometimes, the spectra do not
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match with known patterns because one or more elements are missing, which
could be due to partial vaporization. The largest problem is encountered when
the analyzed crater contains only target material, within the accuracy of the
method used for the analysis. This implies that either the particle vaporized due
to the heat generated during the impact wi th possible remnants being ejected and
could have been both natural debris, or the impactor material was similar to the
target material, which could be the case for orbital debris. These are the reasons
for the small percentage of determined origins (:::::50% on the average) for most of
the experiments using conventional surfaces (metals, Teflon , Kapton). A high
percentage (80%) was achieved for the glass surface of the HST solar panel
[Yano, 1995; Yano et al. , 1998].
Experiments designed particularly for the capture of dust particles have used
successive fo ils, e.g. the CIMMS (Chemical and Isotopic Measurements of
Micrometeoroids by Secondary Ion Mass Spectrometry) experiment on LDEF
(almost 100% origins determined). Another possibility for return of intact
particles to the ground is to use materials with very low density, such as organic
foam and silica aerogel, which permit gentle deceleration of high-speed particles.
Such capture devices have been employed on few experiments up to now.
Examples are the TICCE (Time-band Capture Cell Experiment) on the European
Retrievable Carrier [Brownlee et al., 1994], and the Orbital Debris Collector and
the European Science Exposure Facility installed on MIR by use of the Space
Shuttle and during the EuroMir mission, respectively [URL8]. An additional
advantage of this method is the possibility of determining the impact direction of
a particle by examining the track left behind in the aerogel material.
The flux measured on brittle surfaces like glass can be falsified by secondary
impacts. These are caused by material ejected from a spallation zone, w hich is
formed around craters of sizes greater than about 1 mm.

In general, the particle flu x measurements are influenced by another factor,
which has to be considered for the interpretation of the results, namely the
pointing of the exposed surface. Preferably the surface should always point in the
same direction with respect to the spacecraft velocity vector. If the incidence
angle of the particles can be determined, then the distribution of the trajectories
of meteoroids and debris surrounding an orbiting spacecraft can be established.
Sun-pointing surfaces, such as on solar arrays and on the spacecraft if they are
rigidly attached, are therefore not suited for such an investigation, since the
orientation of the surfaces with regard to the flight direction will be constantly
changing. The resulting flux will be an average over all directions.
Looking back into history, the first micro-craters were found on the sur faces of
the Pegasus and the Explorer missions. In the following, specifically designed
experiments were installed on the Gemini and Skylab missions. Other recovered
surfaces with micro-craters came for example from Apollo 16, Surveyor III and
Lunar rocks, which were used for input to meteoroid flu x models [Berthoud and
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Mandeville 1997]. The main low Earth orbit satellites subject to post-flight
analyses since 1980 are listed in Table 4-9 together with their main
characteristics, such as the agency or country conducting the experiments, the
median date and the duration of the exposure, the examined area and the orbital
parameters. An example for the results of these experiments is the documentation
of over 35 000 impacts greater than 0.5 mm on LDEF [URL9]. From the figures
in Table 4-9 one can see that the altitudes and inclinations of these spacecraft are
similar. This reveals the need for additi onal measurements in different orbits,
which could be implemented in missions planned for other purposes, such as
telecommunication or remote sensing satellites. One can also see that there has
been no gap over time in the exposures, and a continuation would be desirable.
The long duration exposures listed in Table 4-9 are complemented by analyses of
shorter duration impact exposures (one to two weeks) as encountered by the
Space Shuttle during 1995 to 1997. Several thousand impacts have been
documented during post-flight inspection of the Shuttle Orbiter, including over
200 impacts on the windows. This made the replacement of 50 windows
necessary. The results show that for every mission from STS-72 to STS-84, at
least one crater with a diameter greater than 1 mm has been found on the
windows as well as the radiators and payload bay doors [URL 10]. However, the
largest crater found was located on the wing and had a diameter of 4.8 em. The
chemical analysis of residues lead to the conclusion that the majority of the
impacts had been caused by orbital debris particles.
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Spacecraft
Agency/Country
Median Epoch
Duration [yr]
...,
Area [m· ]
Surface Material

SMM
NASA
1982/3
4.156
2.4
Thermal Louver
(Kapton),
Thermal Blanket
(Maylar)

Palapa-B2
NASNindonesia
198417
0.75
1.0
Thermal Blanket,
Solar Cells

Median Altitude [km]
Inclination [0 ]
Pointing

560
28.5
Sun

LEO
Earth

Spacecraft
Agency
Median Epoch
Duration [yr.]
?
Area [m-]
Surface Material

MIR (Echantillons)
Russia/France
198917
1.083
0.0031
One or more thin
Aluminum foils

HST
NASNESA
1992/3
3.68
60.9
Solar Cells,
Faint Object
Camera Body

Median Altitude [km]
Inclination [0 ]
Pointing

387
51.6
Earth

614
28.5
Objects/Sun

LDEF
NASA
1987/3
5.778
80.7
57 Experiments,
Thermal Blanket
(Teflon),
Intercostal Frames,
Clamps (Al)
458
28.5
Earth
EuReCa
ESA
199311
0.893
145.0
Solar Cells,
Multi Layer
Insulation,
Painted AI plate,
Sign plate
508
28.5
Sun

Table 4-8 Characteristics of post-flight analyzed spacecraft (SMM = Solar Maximum Mission, LDEF
=Long Duration Exposure Facility, HST =H ubble Space Telescope, EuReCa = European
Retrievable Carrier, SFU =Space Flyer Unit)
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Spacecraft
Agency
Median Epoch
Duration [yr.]
Area [m2]
Surface Material

SFU
ISAS/NASDA
1995/8
0.82
52.0
Silverized Teflon ,
Aluminized Kapton,
Painted AI plates

Median Altitude [km]
Inclination [0 ]
Pointing

480
28.5
Sun

MIR (EuroMir)
ESA
1995112
0.417
0.1 1
Au/Ni Sheets,
Polyimid Foam,
Silica Aerogel,
AI foil I Cu plate,
Successive thin
AI/Au/Ni films
400
51.6
Earth

MIR (Shuttle)
NASA
1997/1
1.5
0.7
Si0 2 Aerogel

400
51.6
Earth

Table 4-9 Characteristics of post-flight analyzed spacecraft (continued)

4.3.2

Conclusions and Recommendations
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F igure 4-11 Number of objects in LEO

Figure 4- 11 shows the number of objects in LEO as estimated from various
measurements. It is evident that there is a gap of detection for objects from
0.1 mm to I mm in diameter. Data that is derived from Haystack or Goldstone
Radar is only statistical. There is a need for tracking objects with a diameter of

ISU- Summer Session Program 1998 • 11 5

0.1 mm to 10 em, for example with the combination of radar and optical
measurements.
The accuracy of orbits derived from radar measurements should be improved to
narrow down the safety area of the Space Shuttle and therefore avoid
unnecessary maneuvers.
Most of the detection sensors are located in the Northern Hemisphere at latitudes
higher than 30°. It is therefore impossible to detect debris with a low inclination
(e.g. debris derived from Ariane launches). There is a need for sensors at the
equator.
In GEO only satellites can be tracked with optical measurements. There is a need
to track smaller particles. This could be done with telescopes in GEO.
The existing capabilities-radar can not cover the space under 1000 km altitude, it
is necessary to develop and establish new radar systems especially for Asian
area.
There are many military radar systems, which have high capabilities to detect
objects in space, maybe they can be used to detect debris and meteoroids
temporarily.
Concerning the in-situ measurements we should achieve spatial and temporal
coverage of exposed surfaces, that means we have to measure the particle flux
continuously in all locations and from all directions:
Continuation of Impact Experiments in space are necessary, e.g. on the Space
Station
We need measurements in other LEO altitudes and inclinations than up to now
(e.g. on telecommunication constellations like the next generation of
Iridium)
We need measurements in GEO (up to now there is only one experiment in
GEO)
Research and Development for active detectors has to be intensified to enable
impact measurements as a function of time.
Laboratory experiments should be improved to velocities greater than 5 krnls.
Experiments with retrieval of almost 100% of the impact particles should be
developed for residue chemical analysis, which, in combination with dedicated
laboratory experiments, could reduce the percentage of unknown or
undetermined impact particle material. For this purpose one should use material
for the exposed surface that is different from any possible impact particle
material, multi-layer surfaces, or aerogel surfaces.
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4.4

A

Risk Analysis
The purpose of risk analysis is to identify, characterize, quantify and evaluate
hazards and their consequences with the objective to prevent the occurrence of
an accident by reducing their probability or minimizing consequences of an
impact. Thus, risk analysis is a decision tool. Furthermore, risk analysis is not an
exact science as qualitative and subjective judgments, which may influence the
final decision whatever the probability is. The risk acceptability depends on the
expected benefit and on the possibility to avoid such a risk . As an example, the
risk of an human injury as a consequence of a satellite Earth reentry
(consequence of mitigation decision) may be unacceptable by public, although
the occurrence probability is far smaller than for a car accident with death
[Transportation System Center, 1988].
Many processes have been developed and are currently used in industry or space
agency for technical or political risk evaluation. For our concern, Table 4-10
cou ld be a guideline to classify the criticality of the event. Criticality could also
be understood and classified as the product of the impact probabi lity for the
given mi ssion duration with the gravity of the impact consequence
Frequency of
occurre nce
(probability)

I
Catastrophic

Hazard Categories (consequence gravity)
2
3
Marginal
Critical

I
2

A - Freque nt
B - Probable
C - Occasional

4

D- Re mote

8

E - Improbable

12
I -5
6 -9
I0 - 17
18 - 20

4
Negligible

3

7

13

5
6

9
ll

16

10
15

14

19

17

20

18

Unacceptable.
Undesirable (Management Authority Decision required).
Acceptable with review by management a uthority.
Acceptable without review.

Table 4-10 Risk assessment matrix- criticality evaluation [Transportation System Center, 1988]
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Section 4.4. 1 presents the evaluation process of the collision probability of a
specific spacecraft with regards to the debris or meteoroid characteri stic, as
Section 4.4.2 is a survey of the collision effect. Section 4.4.3 assesses the
specificity of crewed missions.

4.4.1
4.4.1.1

Impact Probability
Debris Impact Probability
The process of probability evaluation starts with the determination of the debris
flux for the spacecraft orbital region (see Figure 4-12). The result is then
combined with the spacecraft configuration and orbital attitude in order to
estimate the spacecraft areas that are likely to be impacted. The probability is
proportional to the spacecraft's cross sectional area relative to the debri s flu x and
exposed duration in a given environment.
The main parameters of the debris flux are the spacecraft's orbital altitude, and,
to a lesser extent, the orbital inclination. From the catalog or distribution models
that are discussed in chapter 4.1 , several software have been developed to
estimate the debris flux for a given mission. As the debris population evalu ation
presents uncertainties, either for current state (engineering model) or for trend
(evolutionary model), the evaluation cannot be very accurate and the models may
give different results. Table 4-9 presents several probabilities for a near-circul ar
polar orbit (89 °) at an altitude of 700 km (ESA-MASTER 1997 and DustMod
software). Small particles flux are mainly meteoroid, as bigger ones are mainl y
debris.

parameter
Average velocity (km/s)
Average azimuth angle (0 )
Average elevation angle ( 0 )

De bris size (ESA MASTER a nalysis)
>.001 mm
> 1mm
> IOmm
> 0 .1 mm
I
12. 1
11.8 1
11.7
- 1.4
-.73
I
-.56
I

-.01

-.07

Debris flu x (impactlyearlm2)

1.62
.0080
I
Me teoroid flu x compari so n (Dust Mod analysis)
M eteoroid flux
9460
13.2
.0078
(impact/yearlm2)

-. 12
0.00043
::::: 0

Table 4-11 ESA-MASTER 1997 and DustMod analysis ISU SSP 1998

Using Table 4- 11 results, one can observe that if the satellite cross sectional area
is 10 m 2 and its mission lifetime is ten years with the actual debris population, it
will be impacted by about 160 debri smaller than 1 mm. It also has 80 % and
4.3 % risk to be impacted once respectively by a 1 to 10 and 10 to 100 mm
debris. As debris have preferential directions (leading velocity vector - see
Figure 4-1 3), this allows to define which part of the satellite is more likely to be
impacted. The corresponding cross section should be minimized as much as
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possible. Such data permits to establish the shielding req uirements for each area
of the spacecraft, with regards to a certain level of accepted risk.
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Figure 4-13 Impact Flux as a function of azimuth- ESA MASTER ANALYSIS [ISU SSP 1998]

Table 4-12 gives an example of the impact probability for a constellation of 240
satellites in four inclinations plane in a near circular orbit at 700 km, assuming a
cross section area of 10m2 and a mission duration from year 2000 to 2010. The
polar orbit is the critical one, as probability and relative velocity are higher near
the polar regions. The main conclusion is that several tens of satellites will be
impacted by high-energy debris. Even worse, in case of this impact, the cascade
effect is not considered. We have considered the cuJTent debris population
distribution without any growth of the debris sources, which assumption is
optimistic (see chapter 4.1 ). If a 5 % increase rate per year is considered, then the
impact probability will rise in the same proportion, but the effect should be
moderate for thi s LEO orbit as being partially compensated by the solar activity
pick foreseen for the corning years. This should not be the case for higher orbits about 1000 to 1500 km (at 700 km altitude, the effects of atmospheric drag still
exist but not at the peak level).
The evolution of the probability within the orbital parameter follows the
distribution of the debri s population given in Chapter 4. 1. For the same type of
orbit, the probability will be in the same order of magnitude up to 2000 km, and
decrease above, (: : : 0.13e-4/year/m 2 at 20000 km for debris size > I mm). As a
consequence of the orbital parameters, the impact velocity also decreases with
altitude.
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Flux (number/year/m2) vs.
debris size (mm)
>lmm
> IOmm
0.35.10-2
0.19.10-4
0.39.10-2
0.21.10-4
0.45.10-2
0.24.10-4

Inclination plane (0 )

0
30
60
89
Total constellation impact
Constant debris environment
Total constellation impact
With 5% linear increasing rate per
year

0.60.10-2
107

0.31.1 0-4
0.57

161

0.85

Average relative
velocity (krn/s)
8.8
9.1
10
11.8

Table 4-12 Statistical number of impact for a constellation: 700 km/240 satellites/10 years/10m2

In LEO, the induced effect due to the break-up of one satellite or a rocket body
containing propellant has been the subject of many investigations dealing with
the so-called "risk of a cascade effect" with regard to the critical spatial density
of debris population [D. Kessler, 1985] . According to this theory, if the critical
density of debris is exceeded, brake-up events may create more debris than the
atmospheric drag can clean even without insertion of new objects in the same
altitude. This will then lead to other break up in a chain reaction effect. Some
specialists already think that some orbits have already reached or are close to
reach the critical density, as presented in the Figure 4-14 [D. Kessler, 1985].
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Figure 4-14 critical density as a function of the orbit altitude [IAA Committee on Safety, 1995]
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The recent occurrence of constellation in which satellites are close to each other
with similar orbital parameters leads to a new type of collision risk. An analysis
of the break-up event in a large constellation is given in [Swinerd, 1997]. The
survey assumes a constellation of 800 satellites of 500 kg each, distributed
within ten near-circular polar orbits at an altitude of 700 km. The 900-kg second
stage Delta 2 rocket body is assumed to be in a 500-km circular orbit. Such a
launch configuration is analog to the one used for the Iridium TM constellation.
The survey assumes a malfunction of the tank venting system that could lead to
an explosion.
Four scenarios have been considered due to the combination of either a collision
with a lkg fragment at 10 km/s or to an explosive break-up with either one of the
satellites or the rocket body. The general conclusion is that the breakup of both a
satellite and a rocket body induces a risk of secondary fragmentation of the
remainder satellites of the constellation (and also for other spacecraft). Scenarios
with a rocket body or with a satellite as a debris source lead to similar result in
term of risk probability. In case of fragmentation break-up events, the collision
cumulative probability increases with time and reaches about 0.0002 per satellite
after 800 minutes (end of the time calculation). As several impacts have
sufficient energy to induce a new break-up event, a cascade phenomenon may
occur. This probability is greater than the analysis made before, but it concerns a
shorter duration. Such an analysis should be pursued with a longer duration to
study the evolution of the phenomenon. Although the collision probability is
lower in case of an explosive break-up, the resultant abu ndance of large fragment
induces the possibility of lethal secondary fragmentation. The collision
probability is higher for the satellites being in phase with the destroyed body,
with a maximal risk for those with high relative orbital velocity (opposite orbital
plane). This survey confirms that altitude spacing won't be long-term solution
and that it is necessary to passivate rocket bodies and satellites, and at least to deorbit the satellite near or at EOL.
In MEO and GEO, the probability of impact and the relative velocity (average
velocity of 3.1 krnls) are smaller than in LEO. But the clean up by atmospheric
drag in GEO does not work, and the high altitude space should be considered as
a natural resource with limited capacity. Thus, it is necessary to avoid debris
creation and to remove a satellite in order to permit its refurbishment, as shown
in Figure 4-15 . Note that even with a constant population, the risk evolves as the
debris orbital parameters fluctuate with Moon and Sun perturbations.
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Figure 4-15 GEO probability of impact for 10m

4.4.1.2

-

10 year mission- debris size >1 mm [ISU SSP '98]

Meteoroid Impact Probability
Meteoroid storms do not occur very often. There are typically 2 to 4 of such
events per century [Beech et al., 1995], but it is also one of the critical hazard if
the spacecraft encounters the meteoroid streams. Consequently, mission
designers and spacecraft shield-designing engineers should know the impact
probability from meteoroids to their new spacecraft before they make final
decision.
To estimate the impact probability of meteoroids, the essential concept is
meteoroid impact fluxes as well as debris, which is determined by meteoroid
population, spacecraft orbit, its position and configuration. Divine's meteoroid
distributions from the "Five Populations of Interplanetary Meteoroids" model
[Divine, 1993] or its modified set which are based upon recent Galileo and
Ulysses dust measurements considering interstellar particles and radiation
pressure qf the Sun, can be used to evaluate the fluxes. For a specific spacecraft,
the probability of being impacted by meteoroid stream also depends on the
operational period and orientation of spacecraft, because the meteoroid stream
has its own path in space. As for sporadic meteoroids, they impact the spacecraft
randomly, so that it's difficult to predict and measure the probability precisely.
The different faces in the same spacecraft have different impact probabilities, so
that the impact surface would be considered individually. There are some other
factors influencing the impact probability of meteoroids, such as planetary
shielding (Earth shielding) and gravitational focusing. The former can decrease
the probability and the latter increase it.
In general, meteoroid stream fluxes onto distinct surfaces of Earth-orbiting
satellites can be calculated using specific models. There are various kinds of
analysis methods. Several numerical simulation packages dealing with different
spacecraft orbits or configurations are used to analyze the meteoroid impact
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probability, including ESABASE [Klinkrad, et al.,l997] and DustMod
[Staubach, et al., 1996]. Those software packages are helpful for spacecraft
shield-designing engineers. The meteoroid flux is presented as a function of
population, mass threshold and position along the orbital path etc. The mass
threshold is the limited mass for visual observations, which is determined by the
condition that a meteor of visual magnitude +6.5 , or brighter, is produced during
the meteoroid ablation process. For instance, the limited mass of Leonid,
Draconid and Andromedid streams are 10·5 , 10·3 and 2x 1o-:l g respectively. For
any given points of time and typical spacecraft platform, meteoroid fluxes can be
evaluated for a chosen population and a limited mass threshold. Also a mean flux
over specific spacecraft orbit around the Earth can be calculated.
Especially, the eq uivalent time to realize the same 'storm' impact probability
from sporadic background meteoroids can be calculated from the interplanetary
flux model of Gri.in et al. (1985). At a sporadic meteoroid mass of 10·3 g (i.e., the
limiting sporadic meteoroid mass to produce a visible meteor) the equivalent
time is typically of order I 0 to 100 days, but at a sporadic meteoroid mass of 1o-5
g, the eq uivalent time is of order 1 to 10 hours.
The database should be updated year by year since the meteoroid streams will
change with time. The lower mass threshold is also expected in order to gain
more precise probability evaluation of meteoroid impacts, because more impacts
by meteoroids with mass below the mass threshold should happen. Using the
data coming from the post-flight impact analysis, the calculation model or
database can be modified efficiently.
The most likely meteoroid stream to yield a storm in the near future is that of the
Leonids. The numerical simulations of the orbital evolution of hypothetical
Leonid meteoroids suggest that storms in the mid-November of both 1998 and
1999 will be the strongest. For GEO satellites, the danger will be predictable in
terms of preferred impact directions [Beech, et al. , 1997].

4.4.1.3

Risk Analysis of Probability of Impact on EMU TGPL
The EMU TGPL (Thermal Garment Protective Layer) is the only protection
astronauts/cosmonauts have when doing EVA. Studies have shown that this
"spacesuit" is able to absorb 3.2 J energy (0.1 6 mm Al sphere at 10 km/s). Any
impact b~yond this level represents a ri sk to human life. It is c urrently thought
that any impact producing about 80 J will incapacitate the victim, and any above
400-600 J is enough to cause a lethal inj ury.
Table 4- 13 compares different sizes of debris/meteoroids and the severity of
consequences of collision [J ones, 1998b].
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Size of Debris/meteoroids

Effects of Collision

<0, 16 mm particle
0. 16- 1.4 mm avg. speed debris
> 1.4 mm avg. speed impact
> 1.5- 1.5 mm particle
2.4 mm avg. speed impact

Protected by EMU
Injury potential
Incapacitate victim
Ebulism through decompression of suit
Possibly instantaneously fatal

Table 4-13 Comparison of size and collision sevierety

It is expected that a 0.6 mm AI particle will produce a 4 mm breach in the suit,
resulting in decompression to 3.9 psi or below, at which point the SOP
(secondary oxygen pack) switches to the purge mode. This measure can maintain
pressure in the su it for 30 min. Studies have shown that it takes 25-35 min for an
astronaut/cosmonaut to bring back an incapacitated crewmember to the
spacecraft [Jones, 1998b].
Data exist on the risk of a colli sion with a meteoroid. The probability of being hit
by an object large enough to penetrate the EMU in the current debri s
environment is 0.8%, per 6 hours of EVA. The chance of EMU penetration
during the lifetime of ISS (1700 hours of paired EVA) is 2.5 %. The chance of
having a particle of 4 mm hit an astronaut/cosmonaut over the life of ISS is
0.78%. We can however keep in mind that there is a reduction of risk of 10 fold
if EVA is performed in the shadow of a larger object (trailing in orbital
progression) [Jones, 1998b] .
The types of injuries expected are discussed in Section 5.5. We can however
keep in mind some of the effects of collisions with debris/meteoroids. For the
skeletal system, there would be open or closed fractures. The effect on blood
vessels and nerves would be severance. Any injury to the head, hea1t and great
vessels would be lethal; for the lung, it would also most probably be lethal. If the
abdomen is affected, it could result in hemorrhage and organ failure for the solid
viscera, and/or perforation and sepsis in the case of hollow viscera. Injury to the
extremities would range from loss of use to complete amputation.
4.4.1.4

Difference between Debris and Meteoroids
For spacecraft using the an Earth gravity gradient stabilized altitude control, such
as LDEF and the International Space Station, the leading surface (east surface of
satellites) is mainly dominated by debris impacts. The debris particles are mainl y
confined to circular orbits so that they cannot reach spacecraft faces that are
parallel to the Earth's surface, i.e. space face, and west surface. As to Sunpointing spacecraft, such as HST, SFU and EuReCa, the debris impact surface
changes randomly with the change of spacecraft orientation. However, several
surfaces have enhanced impacts by meteoroids from the Ea1th's apex direction.
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For the interpl anetary missions, though there is no more artificial debris, the risk
of meteoroid impact still exists, and some of them are many ' untracked '
meteoroid streams that follow the path of parent bodies (i.e. mostly short-period
comets). Several o f such 'comet trails' which stretch a train of dense meteoroid
cl ouds to a few percent of l AU have been discovered by space infrared
telescopes (i.e. IRAS). If the interplanetary spacecraft encounters one of such
streams, the impact ri sk will shoot up due to its hi gh flux and large scale
structure of the trail. For a Mars mission, there is a hypothesis that there are dust
ring/torus formed by micrometeoroids ejected from Phobos and Deimos around
the equatorial orbit. Former USSR spacecraft reported an unconfirmed signal of
the detection and the Japanese NOZOMI spacecraft (formerly known as PlanetB) is now on its way to Mars to detect and measure the flux of each torus.
Around Jupiter, a swarm of sub-micron particles following the magnetic field
line of Jupiter continuously hit the Galileo and Ulysses spacecraft. Damages
were only surface degradati on and slight charging of the spacecraft surface but it
was a totally unexpected hazard.

4.4.2
4.4.2.1

Impact Effects
Description of the Impact Effect on Spacecraft
Depending on their kinetic energy and flux, the impact of debris or meteoroids
on the various components of a spacecraft can have various effects. On the minor
range comes surface erosion and degradation, which can occ ur for repetitive
impacts of small particles, especially on sensitive surfaces such as optics,
thermal protection or solar arrays, and may degrade the long-term performances
of these components [Yano, 1998]. In addition, the micro impact craters may
initiate delamination or cracks depending on the material of the surface.
If no preventative measure such as shielding is undertaken, and if the impactor
has enough kinetic energy, the surface may be penetrated, leading to internal
damages. Typical penetration depth for an aluminum spherical projectile hitting
an aluminum plate at 10 krn/s is of 5 1 mm for a 2-mm diameter sphere (O.Olg)
and of 109 mm for a 42-mm diameter sphere (100g) [Eifer, 1996] . These
numbers clearly show that it becomes rapidl y unpractical to design single layer
shields for somewhat large impactors.
The damage inside of the spacecraft may not only be due to the impactor itself,
but also to secondary ejecta from the surface. These then distribute randomly and
may hit other components. If a pressurized tank is hit, thi s can lead to leakage, or
to a more or Jess rapid depressurization. This is of particular concern for crewed
spacecraft, where the rate of loss of pressure is critical to determine the chances
of survival of the crew. Another fai lure mode specific to pressurized tanks is so
the called "zipping": the impact generates a crack, which propagates along the
wall of the structure so rapidly that there is no time for crew to take any
countermeasures.

ISU- Summer Session Program 1998 • 125

For propellant tanks, the hyper velocity impactor can cause a pressure wave,
which may trigger an explosion inside of the tank. This catastrophic failure mode
generates a rapid rupture of the structure and fragments of the spacecraft can be
ejected with high velocities in any direction. For low energy explosion, 11 V of a
few hundreds of m/s are encountered. For high energy explosions such as
detonation, 11 V of up to 1500rn!s have been reported for the external tank of the
space shuttle. If the kinetic energy or the cross section area of the impactor is
even higher, a catastrophic break up of the structure may happen, leading to the
generation of more debris.
Another consequence may be the loss of attitude control of the spacecraft due to
the large momentum impulsion generated by the impact. In addit ion to these
mechanical effects, meteoroid impact has plasma nature [Beech, M., 1997].
Impact induced plasma results in both charge prod uctions on insulated surface or
subsystem and plasma current flow in conductive surface or subsystem, which
induces loss of communication or sending false signal to on-board computer. The
plasma cloud produced from meteoroid impacts may trigger electrostatic
discharge events, and may possibly allow surface charges to enter otherwise
insulated electronic sub-systems. For example, during the Perseids outburst of
1993, it was suspected that a meteoroid hit ESA's Olympus communication
satellite and the plasma plume caused shortcuts in the electronics of the
gyrostabilizers. Control of the spacecraft was lost for a while and it took so much
of the remaining propellant on board to bring the satellite back in control that the
mission had to be terminated shortly after.
As can be seen from the above examples, the consequences on the mi ssion are
very dependent on the location and energy of impact. The loss of critical
components may irremediably put the mission to an end. A partial impairment of
solar arrays or optics may shorten the mission lifetime or degrade the
performances of attitude control. There can also be delays in launch
opportunities: Space shuttle missions have already been postponed because of
threats due to meteoroid streams (e.g. Perseids in I 993).

Basic Parameters to Assess the Effects on Spacecraft

4.4.2.2

Three parameters are determinant to assess the effects of impacts on the
spacecraft:
•

The kinetic energy and size of the impacting particles.

•

The design and materials of the spacecraft

•

The geometry of the collision
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For a given particle mass, the kinetic energy is very dependent on the orbit of the
spacecraft. In LEO, collision velocities can reach up to 15 krnls, whereas they do
not exceed 3 km/s on GEO. These high velocities result in large energy focused
on small surface area, which explains the destructive effect of the particle
impact. For example, an aluminum bead of 1em diameter ( 1.4 gram) impacting
at 15 km/s has a kinetic energy equivalent to a 1 metric ton car impacting at
65 kmlh (40 mi./h). However the density and cross section area are also
determinant in the penetration of the surface of the spacecraft by the impactor, as
the kinetic energy can be spread out over larger surfaces.
The impact velocity of meteoroid is generally higher than that of debris. For
instance, the highest impact velocity with respect to the Earth for meteoroid
streams is up to 70 km/s, the average is 40 km/s. Even the average impact
velocity of sporadic meteoroids is about 20 km/s. For instance, using a
geocentric encounter velocity for the Leonid meteoroid storm of V =7 1 km/s (at
the top of the atmosphere), one can consider the typical mean impact velocity to
a LEO spacecraft is - 7 1.2 km/s, with the maximum and minimum impact
velocity of a variation of ±7.6 krn/s. For a GEO spacecraft, the corresponding
velocity is 70.3±3. 1 krn/s, and for LEO polar orbit of 500 km, the value is
7 1.4±7.6 krn/s. Because of the high impact velocity, the plasma nature of
meteoroid impact may be particularly important, especially in the case of charge
production scales as Q/m- V3·5, while Q is the charge production of the impact
effect and m is the mass of the impact meteoroid, V is the impact velocity
[McDonnell, et al. , 1997].
As each material reacts differently to the impact and breaks-up in very distinct
manner, it is also important to know the design of the spacecraft in order to
assess the effects of impacts. At a higher level, critical non-redundant
components on board may be shielded behind other less critical equipment.
Indeed, the destructive effect of the particle decrease sharply after passing
through a wall as it is completely disrupted and even vaporized if the velocity is
very high. Similarly, the angle of impact may affect differently the spacecraft.
For orbital debris, this angle is not random: because of orbital mechanics
constraints, the impact is generally coming from forward direction. This is
especiall y true for Earth gravity gradient stabilized attitude control (e.g. LDEF
and ISS).

4.4.2.3

Methods for Understanding the Effects of Impacts
Our understandi ng of the effects of hypervelocity impact stems from:
•

In-situ measurements

•

On-ground experiments
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•

Theoretical models and simulations
In-situ measurements can be carried out by dedicated detectors on spacecraft
(counters of impacts), or by post-flight analysis on retrieved spacecraft such as
LDEF, HST, SFU or EuReCa. They give the best insight on the actual
environment perceived by satellites in orbit and on the degradation generated
[Herbert, 1997; Neish et. al. , 1997]. They are also the only way to correctly
estimate the population of debris and meteoroids which are too small to be
detected from the ground (see chapter 4.2). However, they can be difficult and
expensive to realize, except if no dedicated experimental setup is required (such
for retrieved spacecraft). They offer little flexibility on selecting the driving
parameters, and generally require extensive analyses before meaningful
information is return.
On ground tests are generally required to verify test theories or analytical models
for hypervelocity impacts or secondary debris generation. They allow to
reproduce well-defined conditions, and to vary specific parameters such as
impact velocity or material to check their influence. Various technologies for
accelerating projectiles at velocity of several krnls and several tenth of krnls for
electrostatic accelerator (e.g. Van de Graaff) have been developed, such as light
gas gun or plasma drag accelerators. However, the whole range of impact
conditions encountered in space cannot be reproduced on Earth, as the
technologies to accelerate masses typical of debri s or meteoroids at very high
velocity are not completely mastered so far.
An alternate way of assessing impact effects is by theoretical analysis and
numerical models. A variety of models has been developed over the years for
hypervelocity impacts [Elfer, 1996]. These models typically relate the
penetration depth to the kinetic energy of the projectile and to some other
characteristics of the material s. Empirical formulae have been, but detailed
numerical analyses are more and more commonly used. Besides the fact that
these are applicable in a wider range of conditions, they also help to gain a better
understanding of the formation of impacts. They can be efficiently used to screen
out some design options before actually testing them.
Considering the fact that 40% of the large debris in orbit can be considered as
secondary debris (resulting from the degradation as the primary source:
explosions of tanks and upper stages, fragmentation of spacecraft after impact),
models for secondary debris formation are also determinant as input for the
population models [Swinerd, 1997]. These models provide information on the
di stribution in mass, ejection velocity and number of secondary debris generated
after an event such as an explosion or an impact. For instance, in the case of
telecommunication constellation like Iridium and Teledesic, in order to avoid
any cascade effects where the fragmentation of a satellite could damage other
spacecraft on comparable orbits, it is critical to know the characteristics of the
debris generated during the fragmentation [Walker et. al. , 1997].
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Unfortunately, these fragmentation models still have a poor reliability, and very
dependent on the technical design of the spacecraft. For example, composite
tanks and metallic tank fragment in very different manners. This fragmentation
also depends on the inside pressure and on the content of the tank (neutral
gas/propellant).
It is worth mentioning that a great deal of research has been done in the
hypervelocity impacts and explosion effects, but some of these are military
related and consequently often classified.

4.4.3

Impact of Hypervelocity Particles on Crewed Spacecraft:
In this chapter, impact phenomenology and penetration effects of macroscopic
particles on crewed spacecraft will be mentioned.

4.4.3.1

Effects on Pressurized Vessels
The risk to crewed spacecraft being impacted can be broken down into two
elements: the probability that the spacecraft or crew will be struck
(susceptibility) and the probability that an impact will affect the mission
(vulnerability). The spacecraft's survivability is understood as a combin ation of
susceptibility and vulnerability. [Committee on Space Shuttle Meteoroid/ Debris
Risk Management et al., 1997]. For Space Shuttle missions, and for a typical
velocity of7 to 10 km/s, the damage thresholds are[Jackson, 1997]:
- 0.4 rnm

to penetrate EMU

- 3-5 mm

to penetrate the orbiter's thermal protection system tiles

5mm
- 0.04 mm

to penetrate the crew cabin
to require replacement of an orbiter window

The energy released due to hyperveloci ty macroscopic particle penetration leads
to:
- Mechanical defects (puncture, rupture, crack of vessel wall)
- Fragment cascade within the vessel
- Pressure shock wave
- Heat blast
- Light fl ash
The relative amount of penetration energy that is transformed into each of the
above mentioned damage mechanisms is still unknown, although it is reasonable
to assume that their magnitude is somehow related to the total amount of
penetration energy entering the spacecraft. However, any of these penetration-
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induced hazards can be reduced by particular placement of internal racks and
structure.
•

Mechanical defects
The most dangerous penetration-induced hazard is the loss of cabin pressure
initiated by a mechanical defect of the pressure wall (i.e. puncture, rupture or
crack). Various sizes of holes and crack lengths ("zipping") will result depending
on the particle impact parameters and material properties of the vessel wall. The
limiting factor for crew reaction is the remaining time of sufficient cabin
pressure. A rapid depressurization will lead to decompression sickness as well as
hypoxia. If zipping takes place, the decompression will be so fast that there is no
time for the crew to react. The influence on the human body is described in
chapter 5.
Furthermore, external atmospheric outgassing will follow up a vessel rupture.
The thrust from air loss through the module pressure wall causes the spacecraft
to tumble out of control.

•

Fragments
A hypervelocity impact of a particle will generate a cascade of fragments inside
the spacecraft. Although various investigation have been done (data mainly from
military sources), most effects of fragments hitting crewmembers are not
established yet, see chapter 5.5.10. By using a module wall syste m consisting of
several layers of bumpers, this risk can significantly be reduced.

•

Overpressure
Investigations on test pressure chambers have shown that a particle impact can
cause overpressure peaks that can cause damage to the eardrums [Serrano, 1996] .
.,.

•

Temperature
Following a particle impact, a heat blast will penetrate the interior of a spacecraft
causing temperature peaks of several hundreds of degrees Celsius. However, the
highest observed product of air temperature times duration observed by NASA
did not exceed the air temperature levels that might reasonably be expected to
induce second degree burns [Serrano, 1996].
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•

Light Flash
The combustion effect occurring at an impact induces a light flash . Depending
from the viewing angle, temporary blindness and other incapacitating effects can
result.

4.4.3.2

Case Study: Extravehicular Activity
Astronauts performing tasks outside the spacecraft are exposed at impact risk
from meteoroids and orbital debris. The most vulnerable parts of the EVA
mobility unit (EMU) are the soft areas of the space suit, the arms, gloves, and
lower torso. (NASA calculated that the harder areas of the space suit contribute
Jess than 10 percent of the overall risk) . Estimates of the risk to an astronaut
show that the probability of no penetration during a 6 hour EVA is 99.98% (i.e. 1
out of 4800) whereas the probability of no critical penetration is 99.997% (i.e. 1
out of 31 000)
Because of the relatively small surface area of a space suit, the limiting exposure
time involved, and the light shielding offered by the suits, the primary threat to
astronauts performing EVA comes from particles in the 1 mm range. NASA
estimates that a 2 mm diameter particle could cause a 4 mm hole, and a 0.1 mm
particle could cause a minute puncture. [Helfin, 1997]. Currently, there is no
detailed assessment of the degree of damage.
The secondary oxygen pack on the EMU is sized with a 30 minute supply of
oxygen in case of a 4 mm puncture of the space suit. Presumably, this would be
sufficient time for an injured astronaut to be assisted back to the pressurized
crew compartment near the Jock. In order to expand the remaining time, the
EMU should be equipped with emergency pressure seals for isolating ruptured
soft areas of the space suit.

4.5

Mitigation of Meteoroids & Debris
The previous sections dealt with physical descriptions of the meteoroids and
debris hazard, the risks and effects of impacts and ways to track, detect and
collect meteoroids and debris. This section deal s with mitigation of the
meteoroids and debris hazard. From a mission designing point of view,
mitigation is dealt with from two perspectives. Firstly, spacecraft and humans in
space are protected from the meteoroids and debris hazard by shielding and
collision avoidance maneuvers. Secondly, there is a need to prevent or minimize
the debris production during operations of spacecraft and humans. Finall y, the
mitigati on strategies that are described in this chapter are put in an economical
context.
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4.5.1

Protection strategies
Once a spacecraft is in space, it must be protected from the meteoroids and
debris hazard. Two means of protections are identified: Colli sion A voidance
Maneuver and shielding.

4.5.1.1

Protection Strategies - Collision A voidance Maneuver
•

Description of Collision A voidance Maneuver
Collision Avoidance Maneuver (CAM) is defined as a measure of protecting the
spacecraft from collision with meteoroids and debris by changing the position in
space of the on-orbit vehicle. This could only be done to avoid tracked debris or
known meteoroids. It must be emphasized that CAM is realized by operating the
vehicle and hence there is no need for some dedicated on-orbit equipment that
would change the inner structure of the spacecraft. In other words, CAM is
different from shielding methods which require additional structures (shields) to
be attached to the spacecraft, and is also different from damage control measures
which need some on-orbit reparative action to be carried out in the case of the
Space Shuttle Spacecraft. Obviously, the motion status of an orbiting spacecraft
can be described by the orbital status and attitude status of the spacecraft. Thus,
CAM can have two cases: orbital maneuvers and attitude maneuvers. We execute
an attitude maneuver by using thrusters or momentum wheels, but an orbital
maneuver can be executed only by using thrusters.
For example, the International Space Station (ISS) will maneuver itself to avoid
catalogued debris by firing thrusters to raise the orbital altitude with a velocity
increment of less than 1 rnls. The ISS is expected to execute similar maneuvers
about once a month to maintain orbital altitude anyway.
CAM can be an ordinary maneuver except for the related decision-making and
information support systems. Whether or not a CAM is executed will depend on
the type of data base and impact prediction software. This system would give a
description of the probability and/or characteristics of future collisions. Another
important factor for supporting the CAM decision-making activities is a groundbase collision warning system, which relates to ground and space segments and
includes telescope, radar and other measures. In a CAM system, the warning
should be disseminated in sufficient time to allow for the calculation and
implementation of an avoidance maneuver.
In a modified scheme for the space shuttle program, the US Space Surveillance
Network (SSN) routinely screens the catalog for objects, predicted to approach
the spacecraft, within a defined "warning box". The "warning box" is
approximately 25 km along the track of the orbit (either leading or trailing), 5 km
across the track of the orbit, and 5 km out of the plane of the orbit. The estimated
10 to 30 objects per day which come wi thin the warni ng box are reassessed using
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a ·more accurate algorithm to determine whether any come within a "maneuver
box", which is 5 km along track x 2 km across track in the radial direction. If an
object does, the Shuttle may initiate a maneuver to avoid impact.
•

Attitude maneuver
Except for meteoroid streams, the travelling direction of a meteoroid is usually
arbitrary. Therefore, an orbital maneuver is less applicable in avoiding
meteoroids than it is for debris.
The attitude maneuver can be proposed as the adopted manner of CAM to the
meteoroid hazard. The reason for this is that even though meteoroids generally
have small size (for example, most visible Leonids are between 1 mm and I em
in diameter) because of their high velocity, they can produce great damages to
the spacecraft. In this case, it is necessary to reduce the impact number by
minimizing the cross sectional area of the spacecraft that faces the predicted
inbound direction of the meteoroid stream [URL 11 , URL 12].

•

A voidance mode
As debris generally move in the tangential direction of the orbits around the
Earth, the spacecraft is enabled to fl y in a 'safe' mode. This involves a trade-off
between the minimal exposure of the susceptible parts and the minimization of
the cross sectional area. Such a mode exists for the shuttle to decrease the
number of window replacements, as indicated below.
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Figure 4-16 Flux rate for Shuttle in different positions [NASA JSC in Orbital Debris National
Research Council]

Just as the so-called 'safe' mode of the Shuttle Spacecraft, a concept of
'avoidance' mode can be introduced into the operation modes of the concerned
spacecraft. A description for the susceptible parts of the spacecraft will be
helpful to the vehicle operators who can configure the vehicle to be in an
'avoidance' mode before the arrival of a meteoroid stream or a meteoroid storm.
•

Long-term interplanetary missions
As to the long-term interplanetary missions, the meteoroid hazard would share
more probability with respect to debris hazard than that of a LEO mission. Both
sporadic and untracked meteoroid streams far from the Earth's pose a new
challenge to the protection strategy for the interplanetary vehicles. Along with
this challenge, problems, such as the time-delay of communication between the
spacecraft and the ground station, the warning-range limitation of the groundbased collision warning systems, and the complexity of decision-making system
for protection strategy, will arise.
To solve the above problems, the first step would require detection of
meteoroids. For this purpose, the possible countermeasures can be one of two
approaches. The first is to develop an on-board collision warning system and an
on-board decision-making system. These systems will autonomously guide the
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l

concerned spacecraft to execute maneuvers for avoiding predicted collisions in
an on-line or real-time manner. The second approach is to expand the range and
increase the accuracy of the ground-based collision warning system by
elaborating and expanding the astronomical observation ability with new
advanced sensor systems and by establishing a public and international service
system for providing space traffic information.
•

CAM issues involved in mission design
At the phase of spacecraft design, the issue of whether, when and in which case
we put to use of CAM should be settled. The anti-impact ability of shields, the
collision warning capabilities of the available mission support system, and the
damage control and repair ability of the mission (including the vehicle and the
crew), etc. should be introduced into the mission design. The propellant budget
for the spacecraft should include the amount to be used for predicted CAM's
during the mission process. In the design of structure and pointing plan of the
vehicle, it is necessary to consider the demand of minimizing the cross sectional
area of the spacecraft that faces to the predicted coming direction of the
meteoroid stream.

4.5.1.2

Protection Strategies - Shielding
•

Introduction
As the number of space debris increases, the more important the shielding
becomes in designing a spacecraft. Also current or future spacecraft have a long
duration time and a large surface area. For example International Space Station
(ISS) has a initial operation period of 10 years and a surface area of over 2000
m2. So the impact probability of debris or meteoroids is much higher. At present,
space debris of over 10 em diameter, we can track it from the ground by radar.
As debris approaches the spacecraft, maneuvers to avoid the space debris
passage can be taken.

•

Some differences between space debris and meteoroids:
One of the differences between space debris and meteoroids is velocity. The
velocity of space debris is about 8-14 km/sec [URL 13 ]. On the other hand, the
average velocity of meteoroids is over 20 kmlsec. The velocity directly relates to
the impact kinetic energy that relates to the penetration damage. Therefore the
velocity is one of the most important factors for shielding.
Meteoroids also often have charges. The effects of the impact of meteoroids
include not only the penetration damage but also plasma charge and current
production [McDonnell, et al, 1997]. That often influence signals for the
operation of a satellite.
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Debris has fixed fluxes. The orbit and the direction of large debris flux are
known by using the ground based measurement catalogue. On the other hand ,
meteoroids have the possibility to come from all directions and cannot be
included in a catalogue. Except for large meteoroid fluxes, the trajectory and the
direction of meteoroids cannot be identified.
•

How to select shields:
In designing a spacecraft, A lightweight a shield as is possible is chosen. The
probability of the impacts by debris and meteoroids is different between different
faces of spacecraft. Different shields are chosen according to impact risks of
debri s and meteoroids of each face, and the structural configuration (i.e.,
pressure shell determine thickness and standoff space available) [Beruto, et. al. ,
1997]. For example, the case of Meteoroids and Debris Protection System
(MOPS) of the Columbus Orbital Facility (COF), which is the European module
attached to the ISS, indicates in Table 4-14. The COF located at the leading face
of ISS, thus it has the highest risk of impacts. In the areas less exposed to the
debris flux, simple Whipple Shields (WS) are envisaged. For the more impacting
areas, higher resistance shielding called Advanced shields (AS), which are
similar to the Stuffed Whipple Shields, are adopted. AS are able to stop the
comparatively massive debris.
Module Zone

Stand~ IT
M/OD
Shell
Threat Thickness Spacing
[em]
(Density) [mm]

Cylinder Fwd
( 180 degrees section)

High

Cylinder Aft
(180 degrees section)

Shieldin g Type

Shield
Areal
Density
{g/cm'J

Total
Areal
Density
(g/cm1]

4.8

13.0

Reinforced Advanced Shield
(AS2-N4KE6)

!.8

3.2

Low
(0. 1)

4.8

13.0

Aluminium Whipple Shield

0.7

2.1

Port Cone Fwd
( 180 degrees section)

Medium
(2.1)

3.8

17.0

Reinforced Advanced Shield
(AS2-N4KE4)

!.6

2.7

Port Cone Aft
(180 degrees section)

Low
(0.4)

3.8

17.0

Aluminium Whipple Shield

0.7

1.7

Starboard Cone

High

3.8

20.0

Reinforced Advanced Shield
(AS2-N4KE4)

!.6

2.7

(3.0)

(2.6)

Table 4-14 Debris threat, structural configuration and directional MDPS for Columbus according to
the zone. The threat density is given in arbitrary units [Beruto, et. al., 1997]

The impact probability is roughly estimated as we compared it with its orbital
attitude (Table 4- 15 and Figure 4-17). The comprehensive assessment on the
impact probability is carried out by the product of area * time (year * m2 ) and the
cross sectional area flux (CSAF) (impacts/m2 *year) in its orbital attitude.
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Total surface area or duration time was assumed.
The va lue is calcul ated by using Fi oure 4-1 7 and area * time [ (area * ti me) *(cross sectional area fl ux) ].
5

0

Table 4-15 Proba bility of Impact and Orbital Attitude in Present and Future Spacecraft [ISU
SSP'98, 1998]
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Figure 4-17 Cross-sectional area flux of intact space systems and large debris [NASA Standard, 1998]

In comparison between the ISS (include COF) and a space shuttle orbiter,
duration time of the ISS is much longer than that of the shuttle. The result shows
that the impact probability on the ISS is much higher than that for the shuttle. In
addi tion, the mission lifetime of each Iridium satellite (5 years) is half as long as
that of the ISS, and the tota l area of one of each Iridium satellite (220 m 2) is
about 20 times as small as that of the ISS. As a result, the impact probability
against one of the Iridium satellites is only half of the ISS. This is mainly due to
the difference between two CSAFs (CSAF of Iridium satellite is about 11 times
larger than the ISS).
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•

The Whipple Bumper Shield
The Whipple Bumper (Figure 4-18) is an effective and simple bumper. The
bumper was initially developed to protect a spacecraft from meteoroids. Other
advanced bumpers to protect from meteoroids and space debris are also based
this design. A particle penetrating the first aluminum bumper is broken up and
partially vaporized before striking the aluminum main wall. The design is named
after the astronomer Fred Whipple, who first proposed the concept in 1947. On
August 131h,1972, an experimental Whipple Bumper meteoroid shield together
with condenser type impact detectors, which is a modification to the bumper,
was used in the Explorer 46 satellite [Portree, et al. , 1993]

aluminum
backplate

aluminum
backplate

Whipple Bumper Shield

fabric

Multi-Shock Shield

aluminum
mesh

Mesh Double Bumper Shield

Figure 4-18 Various bumper shields [Portree, et al, 1993]

•

The Multi-Shock Shield, The Mesh Double Bumper Shield
The Multi-Shock Shield (MSS) and the Mesh Double Bumper Shield (MDB)
(Figure 4-18) are variations on the Whipple Bumper shield designed to reduce its
weight and enhance its effectiveness as protection from orbital debris at the same
time. The MSS relies on multiple layers of ceramic fiber to disrupt impactors and
shock them to higher temperatures. They melt and sometimes vaporize before
they reach the aluminum main wall. The MDB augments the basic Whipple
design by placing a layer of lightweight ceramic fabric between its aluminum
bumper and the aluminum main wall. A layer of lightweight aluminum mesh is
placed above the bumper. The mesh disrupts impactors, permitting the bumper
to be thin and light. The layer of ceramic fabric catches fragments of the
impactor which penetrate the bumper as well as catches fragments of the bumper
punched out by the impactor [Portree, et al, 1993].
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•

The Stuffed Whipple Shield
The S tuffed Whipple (SW) shield (Figure 4-19) contains an intermediate blanket
of ceramic cloth (Nextel™) and high-strength cloth (Kelvar™) between the
Whipple bumper and the rear wall. In some SW shield applications, an aluminum
mesh is added on the intermediate Nextel™/ KelvarTM blanket materials, or on
the first bumper (either directly on top or just behind the first bumper)
[Williamsen, et. al. , 1995]. These applications are used on modules of the
International Space Station such as the Japanese Experiment Module (JEM ) and
the European module (Columbus) [Beruto, et. al., 1997] . The mesh has been
shown to increase the protection performance with minimal shield weight
increase, although this adds to the complexity of the shield design.
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Figure 4-19 Stuffed Whipple shield (left) [Portree, et al, 1993]. and lightweight bumper employing
multiple meshes (right) [Horz, et. al., 1993].

The Nextel™/ Kelvar™ blanket provides a combination of materials with greater
hypervelocity impact (HVI) protection effectiveness than a solid-aluminum
second bumper of equal mass per unit area. T he Nextel™ ceramic cloth in the
blanket is more effective than aluminum at shocking and disrupting fragments of
impacts and the bumper. The Kelvar™ , with a greater strength to weight ratio
than aluminum, provides superior capability to show the expansion speed of the
debris cloud before impact with the inner wall of the shield. The bumper
materials from the Nextel™/ Kelvar™ intermediate layer (small size due to small
diameter fibers) are less damaging contributors to debris cloud lethality than
fragments from a solid metal bumper. The purpose of the mesh is to create
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dispersive stresses in the impact fragments that cause a wider spread of the
debris cloud, which is an advantage at short stand-off distances [Williamsen, et.
a!., 1995].
•

The Lightweight bumpers employing multiple meshes (NASA Johnson Space
Center)
Lightweight bumper employing multiple meshes (Figure 4-14) is another
multiple bumper as well as the Stuffed Whipple bumper [Horz, et.al. , 1993]. It
attracts a great number of spacecraft designers as a new bumper for the future,
because this bumper is lighter than any other bumper without reduction of
performance of the usual bumper. The structure is a highly idealized,
discontinuous bumper, and composed of multiple-mesh layers. Successive mesh
layers produce repetitive shocks in the projectile and its fragments, and constitute
a particularly effective means to promote heating, comminution, dispersion, and
deceleration of hypervelocity impactors [Horz, et. a!., 1993]. Each mesh is
constructed from wires of either square or round cross-section such that
dimension T may define both the vertical and lateral extent of a single wire
target. Each successive mesh is a half-scale version of the preceding mesh with
regard to wire thickness (T) and mesh size (M). Any number of correspondingly
scaled mesh layers may be stacked to provide successive comminution
opportunities. Absolute dimensions M and T of the first mesh are crucial for the
cumulative, specific areal mass (SM; g/cm2) of the entire bumper stack, because
all additional meshes are merely dimensionally scaled versions of M and T for
this first mesh.

•

Comparison between various bumpers
- The Stuffed Whipple (SW) shield
Shielding from small space debris is one of the most important requirements by
mission design. Recently the ISS program is being carried out and its mission
lifetime is longer (10 years) than any other previous mission. We need very
effective shields for the ISS. In 1992, NASA proposed the new bumper shield,
the Stuffed Whipple (SW) shield, for the Space Station Freedom (SSF) (the SSF
program was changed to the ISS program). The Stuffed Whipple shield was
developed based on advanced shielding research that resulted in development of
lightweight shields such as Multi-Shock (MS) shields and Mesh Double-Bumper
(MDB) shields. The MS and MDB shield reduce shielding weights by less than
50 % compared to the SW shield for optimum standoffs: i.e. , when Sid ~ 30.
However due to the small standoffs available for the ISS module protection
(S = below I 1 em and S/d < 11), the MS and MDB are not as effective
[Williamsen, et. al., 1995]. So it was decided to adopt the SW whose protection
performance is higher than that of the MS and MDB in the standoffs for ISS
module protection.
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The HVT tests from the light-gas gun (LGG), shaped-charge launcher (SCL), and
SNL hypervelocity launcher (HVL), all indicate that the Stuffed Whipple shield
provides better protection than the aluminum double-bumper shield of equivalent
weight. And also the ballistic limit curves for fu ll-scale shield are higher for the
Stuffed Whipple shield compared to the all-aluminum shield.
- Lightweight bumpers employing multiple meshes
When we choose shields, they should be as light as possible . Increased weight
leads to increased launch mass, effective payload penalties, and associated costs.
Horz, et al. proposed lightweight bumpers employing multiple meshes [Horz, et.
al., 1993]. The bumper has not been utilized in any space mission yet. It is lighter
than any other lightweight bumper shields (MS, MDB, etc.) without almost
reducing the protection performance. So this bumper is the new bumper
attracting our attention in the future.

4.5.1.3

Spacecraft Design
Spacecraft design is one of the principal elements in mission design .
•

Configuration
Regarding spacecraft design, it is necessary to choose a configuration that can
minimize the risk of getting hit by debris/meteoroids. First, the choice of a less
crowded orbit is fundamental. Then an effective method is to minimize the cross
sectional area of the spacecraft towards the velocity direction since most debris is
found there. Meteoroids come from all directions but are fewer than debris.

•

Part allocation
Allocation of parts is also important. Especially in the case of critical parts that
may cause catastrophic damage on a spacecraft, allocation that make it difficult
to get hit by debris/meteoroids should be chosen. For example, critical
components"'shall be placed on the opposite side of the velocity vector since the
debris flux is lower there.

•

Redundancy
Basically a spacecraft has some redundancy in it and each redundant system is
located apart from each other. However, when designing redundancy, the impact
of debris/meteoroids is not taken into account. It should be effective to place
parts or components m redundant systems considering impacts of
debris/meteoroids.
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•

Damage Control and Reparability
No matter how strong protection is installed or what maneuver capability is
provided, the impact of debris/meteoroids can not be avoided perfectly.
Therefore the damage control and repair capability of a spacecraft should be
considered in case of emergency. A spacecraft should be designed to have not
only a capability to detect the portion of damage caused by debris/meteoroids,
but also good reparability.

Minimizing Debris Generation

4.5.2

This subchapter deals with minimizing debris generation. Several technical
solutions are proposed. The next subchapter will deal with an economical
analysis of these technical solutions.

4.5.2.1

Avoidance of Mission-Related Objects
There are three main types of mission-related debris: Objects released during
deployment and operations refuse from human missions and exhaust products of
solid rocket motors.
•

Objects released during deployment and operations
Boosters and payloads often release debris during insertion and/or separation
events. Therefore they should be designed in such a way that they are "litterfree" [URL 13], which implies that they should either release debris at such low
altitudes that their orbital life is short, or they should not release any debris at all.
In the past, these objects used to be simply jettisoned. Since the 1980's other
methods have been implemented such as to discard the upper stage in a lower
orbit where its orbit can rapidly decay. The second option was to continue to the
final payload orbit while retaining the upper stage. In thi s manner, all energy
required to put the payload in its final orbit can come from the upper stage as
opposed to the spacecraft bus - a considerable propellant saving technique. Also
components are tethered with the main object. Furthermore, the following
actions were taken in order to minimize debris: clean pyrotechnic cuts, use of
trappers for explosive bolts, and equipment clamp bands with debris catchers.
Mitigation strategies combine both design and operational practices. These
techniques are efficient and easy to implement. The French space agency, CNES,
is already implementing such measures: there should not be more than one piece
of passive debris rendered per satellite placed in orbit.
The trade-off is that these meas ures do not reduce the total mass in orbit.
Problems remain with adapters in the case of two payloads on the same launch
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vehicle (e.g. SPELDA for Ariane) and with spent apogee motors for GEO
meteorological satellites.
•

Refuse from human mission
This type of debris has a very short life time (< 1 year) because of their low
alti tude but they still are important in short-term hazards in an area where there
are many valuable spacecraft. Therefore, low cost methods should be
implemented such as to bring the refu se back to Earth at the end of the mission,
attach a drag device to the object or to recycle the refuse.

•

Exhaust products of solid rocket motors
The main mitigating option is to avoid the use of solid propul sion in orbit. The
aluminum oxide particles expelled by solid rocket motors are very small (less
than 10 !J.II1) and so they represent less of a risk to spacecraft. These particles
mainly induce surface degradation, and perturbations from things such as solar
radiation pressure have a strong effect on these particles and shorten their orbital
life time. The need for a mitigation in this area is justified by the larger pieces of
slag (> 1 em) that are also believed to be ejected during solid rocket burns.

4.5.2.2

Preventing Explosions of Spacecraft and Rocket Bodies
•

Spontaneous and accidental explosions during mission operation
There are several main measures to preclude accidental explosion, which have to
be applied during the design of a spacecraft. First of all, increasing spacecraft
reliability by analyzing all potential failure modes and their effects. In addition,
demonstrating that either there is no credible failure mode for accidental
explosion or if such mode exists then invoke a design or operational procedures
that will limit the probability of occurrence of such failure modes. Secondly,
increasing spacecraft survivability for instance by protecting it from debri s
14
impact damage that could ca use an explosion [URL ] .

•

Spontaneous and accidental explosions after completion of mission operations
Thirty percent of all debris is produced by upper stage fragmentation. The refore,
the spacecraft should be passivated, which means that any source of strored
energy is removed. Executing proper passivation techniques could have
prevented the average of 4 explosions per year. The method consists of three
steps that have to be planned in the development of the spacecraft:
1) Determine all potential sources of stored energy potentiall y remaining on the
spacecraft at the end of its lifetime.
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2) Provide a method of passivation for each of these sources.
3) Activate these means at the end of life of the end of life.
Table 4-16 shows the methods of passivation that are currently used for sources
on in or on the spacecraft.
Source
Residual
propellant

Pressurized gas

Battery

Method of passivation
By e vaporating propellant and venting it out through valves (particular
attention must be given to a constant pressure differential in the case of a
common tank for fue l and oxidizer separated only by a membrane)
Depletion burns (i mpl y re-ignition of the engine, if possible, to reduce the
orbital lifetime. Such a maneuver usually req uires using the battery for
power and the auxiliary thrusters for attitude control)
Keep propellant lines and vents open for longer periods
Pyrotechnic valves
Designed to resist orbital environment (particularly thermal cycling)
Left in a comp letely discharged state and short-circuited to prevent
recharging
Disabling command destruct system and thermally insulating pyrotechnics
to preclude spontaneous explosions
De-energi ze control moment gyroscopes

Explosives
Kinetic energy

Table 4-16 Methods of passivation [URL 15]

NASA has been implementing these methods of passivation since the earl y
1980's after observing that Delta upper stages would often explode some time
after completion of the mission. Many other launchers are already passivated.
Table 4- 17 gives the main strategy used to passivate some launchers.
Delta 2"d stage
Centaur launcher

USA
USA

~

Ariane
Long March 4

France
China

Depletion burst implemented since SeQ(ember 198 1
Collision avoidance maneuver
graveyard orbit
depletion burst
pressurants vented
Fuel venting since flight Y-59
Release residual propellant from the tank
Release residual gas from the high pressure conta iner in the
booster

Table 4-17 Cu rrent methods of passivation depending on the source of energy [URL 15]

In the case of a serious failure, and the spacecraft is unrecoverable, a measure
should be found for complete passivation. An option should be to include a
red undant system that periodically sends a signal to valves. The signal is sent as
long as one piece of equipment of the spacecraft is still operational. The valves
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are automatically acti vated in case of the loss of the signal and the remaining fuel
is then vented. This system has to be redundant in case of a failure of the
equipment on the spacecraft.
•

Deliberate breakups
Intentional breakups have been used to provide on-orbit tests and a better
understanding of the evolution of a debris cloud. Therefore good mitigation
measures should be used to avoid such intentional breakups as much as possible
and to limit the risks of such planned test explosions. Furthermore, numerical
simulations can be used to simulate explosions instead of doing the explosion in
space.

4.5.2.3

Reducing the Creation of Debris by Degradation
Debris resulting from degradation are typically small and have fairly short orbital
lifetimes but could be a threat for unprotected spacecraft components such as
optics, windows and tethers. They can also cause surface degradation. The main
mitigation strategy is to educate spacecraft and rocket bodies designers so that
they become aware of the hazards caused by surface degradation and start to
consider the lifetime of paint or surface material longer than the operational
lifetime of the spacecraft or the rocket body.

4.5.2.4

End of Mission Disposal of Spacecraft and Upper Stages
One very important and effective procedure for limiting growth of the orbital
debris environment has been identified to be mitigation of the accumulation of
mass in orbit, in order to prevent collisions among large, massive objects in orbit.
The fragments generated by such collisions would be a source of risk to
operating spacecraft. To mitigate the accumulation of mass in orbit, NASA has
published the Standard NS 87 19. 14 "Guidelines and Assessment Procedures for
Limiting Orbital Debris" [NASA, 1998].
Chapter 6 of this NASA Standard addresses the issue of post-mission disposal of
space structures. The guidelines for di sposal of spacecraft and upper stages in or
passing through LEO (i.e. with a perigee below 2000 km) are to:
- Leave the space structure in an orbit where atmospheric drag will li mit the
lifetime to no longer than 25 years after completion of the mission.
- Maneuver to a storage orbit no lower than 2500 km altitude.
- Retrieve the structure and remove it from orbit within ten years after
completion of the mission.
Those spacecraft and upper stages with perigee altitudes above 2000 km are
required to be maneuvered to a storage orbit of (a) at least 300 + [1000 times
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area-to-mass-ratio] km above GEO or (b) of at least 500 km below GEO and
above 2500 km.
A problem inherent to the use of storage orbits is the continuo us increase of the
risk of collision in the storage region together with the fact that breakups in the
storage orbits will lead to an increase of the debris population also in the useful
orbits. The region above 2500 km, which is envisaged to be used as a storage
area by the NASA guideline, is certainly rarely used and thus offers much space
for disposed satellites and upper stages. Therefore, the risk of collision in that
region is currently quite small. However, against the background of the
upcoming LEO constelJations w ith about 100 satellite replacements per year, this
is certainl y not a long-term disposal solution. Similarly, moving GEO objects a
few hundred kilometers away from geostationary o rbit, is at present a viable
option to reduce the debris hazard in GEO, but does not clearly offer a long-term
mitigation.
In order to completely and permanently eliminate the hazard posed by spacecraft
and upper stages in orbits around the Earth, these objects either sho uld be
returned to Earth to burn up in the atmosphere (de-orbiting) or should be boosted
away from the Earth into a heliocentric orbit (escape). Another disposal option,
which - for objects in GEO - was found to require less energy than the escape
scenario, is to send the object onto a trajectory to crash onto the Moon. These
options will be investigated in more detail in the folJowing.
•

Upper Stages
NASA Johnson Space Center undertook a series of studies to investigate the
most efficient and cost-effective options for reducing orbital lifetime. One of the
studies focused on post-mission disposal optio ns for upper stages. Excellent
examinations of the bas ic capabilities of various options for cost-effecti ve postmission disposal of upper stages can be found in [Reynolds, et al., 1997] and
[Eichler, et al. 1997]. These options include the use of natural forces for lifetime
reductions (e.g., using mission orbits with lower perigee altitudes, air drag
enhancement devices, and lunar-solar perturbations), adding propulsive
capabi lities (e.g., use of solid rocket motors, use of attitude control thrusters) and
the use of residual propellant for lifetime reductio n maneuvers.
Thi s sectio n will not provide a review of all the options that are being considered
for lifetime reduction . For this, the reader is referred to the above mentioned
articles. Out of the variety of lifetime reduction options, we will briefly discuss
the two most easily realizable ones. These should be of interest to current as well
as to future program managers, especiall y because they are ready to be used
today, i.e. they require no technology development o r space qualification of
existing techno logy.
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•

Use of lunar-solar perturbations to reduce orbital lifetime
The gravitational forces of the Moon and the Sun may be used to decrease the
average perigee altitude of systems in highly eccentric orbits and thereby reduce
their orbital lifetime. This effect is dependent on the time of day and time of year
that the upper stage is placed in orbit and on the location of the perigee point
relative to the Earth's equator. It has been treated in detail by [Siebold, 1994;
Eichler et a!. 1997; Reynolds et al. 1997]. In the following, we will summarize
their results in view of the magnitude of their effect and the impact on the launch
window.
[Reynolds et al. 1997] showed a significant reduction of perigee altitude by
lunar-solar perturbations would occur during approximately 10% of randomly
chosen launch times and launch dates. With this selection of launch
opportunities, for missions from Kourou, Tanegashima and Kennedy Space
Center, the effect could be used to lower the perigee by about 60 km. For flights
from these launch sites, the magnitude of the effect is relatively insensitive to the
actual transfer orbit inclination. For missions out of the Russian launch facility of
Baikonur, satellite perigee could be lowered by more than 300 km with the same
selection of opportunities. However, there would be a significant reduction in
magnitude, if additional inclination were removed during e.g. perigee motor
firing.
The constraints that are imposed on the launch window if solar-lunar
perturbations are to be used also depend on the inclination of the orbit. For
inclinations near 28°, which are characteristic of U.S. and Japanese-launched
missions, a fixed difference between the initial right ascension of the ascending
node of the transfer orbit and the right ascension of the Sun of± 90° [Reynolds et
a!., 1997] is required. This translates to a fixed launch time anytime throughout
the year. This launch window constraint may or may not be compatible with
constraints arising from the design.
For the higher inclination Russian launches (48°), the case is much different. The
constraint is on the right ascension of the ascending node of the transfer orbit
with essentially no dependence on the location of the Sun [Reynolds et a!. ,
1997]. This is a somewhat weaker constraint than for inclinations near 28°.
As noted previously, the magnitude of the perigee lowering is quite sensitive to
the orbital inclination for Russian launches. There is a similar sensitivity for the
launch window. So, if a mission profile was planned which removed significant
inclination with the perigee motor firing, a preliminary assessment of launch
window compatibility should be conducted.
This effect is of interest because it requires no design modifications (if it does
not introduce a launch window conflict), has no impact on the deli verable
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payload weight, and may be used with operational systems as well as
implemented in new designs. Launch window conflicts might result if design
constraints required for power or thermal control conflict with the launch times
required for accessing these perturbations to reduce lifetime. The drawback for
this option is that it can be used only for programs leaving upper stages in highly
eccentric orbits with apogee altitudes above -10,000 km altitude, and the method
is beco ming less efficient as the transfer orbit inclination decreases.
•

Main propulsion system restart, main propulsion system idle-mode burn
This option is limited to liquid propellant upper stages that can either be restarted
or can burn in an idle mode from propellant feeding into the combustion
chamber under residual pressure. An extensive discussion of this option can be
found in [Reynolds et al. 1996; Eichler et al. 1997; Rex, 1998].
To limit the orbit lifetime, the primary objective of a post-mission burn is to
lower the perigee altitude of the upper stage. This technique has successfully
been demonstrated by the lowering of perigee altitudes of a Japanese H2 upper
stage in GTO and a Delta upper stage in LEO [Eichler, et al., 1997]. The H2
upper stage of launch ETS 6 (1994) lowered its orbital altitude from
36,336 x 251 km to 32,185 x 152 km by burning the residual propellant in idle
mode, and thus reducing the orbital lifetime to Jess than one year. By restarting
the engine and burning the residual propellant, the Delta upper stage of the
launch vehicle of the MSX satellite (1996) lowered its orbital altitude from 906 x
897 km to 867 x 224 km, reducing the orbital lifetime from several hundred
years to less than one year. The Delta now routinely uses its depletion burn to
reduce the lifetime of the upper stage [Eichler, et al., 1997].
Perigee lowering maneuvers are also under consideration for the Ariane 5 rocket,
as can be found in an article by [Bonnal , et al. 1997]. According to these authors
a practical implementation of this maneuver would be very complex:
controllability of the upper stage is low without payload and mission duration
would be drastically increased.
However, [Reynolds, et al. 1996] and [Rex, 1998] have demonstrated that
perigee lowering maneuvers with residual propellants, if properly optimized, can
be performed without adding much complexity to the mission in terms of
mission duration and hardware changes. The most effecti ve place to conduct an
orbital maneuver for the reduction of satellite lifetime is at apogee. However,
that position is not reached until after more than five hours, long after the end of
battery capacity. The de-orbit maneuver, though, can be performed earlier on the
way from perigee to apogee. It is a less efficient method but [Reynolds, et al.,
1996] and [Rex, 1998] show that such mane uvers are capable of lifetime
reductions of upper stages to less than 25 years.
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The obvious advantage of these options is that no propulsive system has to be
added to the upper stage. Therefore, their implementation requires only minimal
design and software modification. The primary disadvantage is that the increase
in maneuver capability and/or propellant availability may reduce the maximum
mass of the deliverable payload. Thi s impact however, can be minimized by
trade studies on the specific mission parameters [E ichler, et al., 1997].
As can be seen from our discussion, the use of lunar-solar perturbations or
residual fuel are, among others, two lifetime reduction measurements for upper
stages that can rather easily be implemented. What can, however, be a main
driver in the mission designers' reluctance to employ lifetime reduction measures
for upper stages and also spacecraft is the issue of liability for potential damage
to the Earth's population after atmospheric re-entry (see Policy and Law
Chapter). The risk of such a damage is addressed in the NASA Standard. It
requires an upper limit of 8 square meters on the total casualty area of debris that
impacts Earth. This reduces the risk of human casualty to 0.000 1 per re-entry
event. The NASA Standard provides guidelines for spacecraft designers to meet
this requirement and methods to assess compliance. So the risk of damage to
humans by re-entering space-objects is certainly manageable.
•

Spacecraft
The NASA Standard mentioned at the beginning of this section does not only
cover the disposal of upper stages, but also of spacecraft. These guidelines
require the de-orbiting of payloads within 25 years after their useful life, or their
removal into a storage orbit. For spacecraft in circular orbits with altitudes below
about 600 km, or in elliptical orbits with perigees lower than about 400 km, the
natural atmospheric drag wi!J provide a reduction of the lifetime to no longer
than 25 years. For spacecraft with higher orbits, though, these guidelines ask for
feasible and affordable technical sol.utions for disposal. As pointed out above, the
storage orbit option clearly does not offer a long-term solution. The viability of
a complete removal of spacecraft through de-orbiting within 25 years, escape
into deep space, or crash onto the Moon will be discussed along with an
evaluation of the most feasible techniques for these disposal options: chemical
propulsion, electric propulsion and the use of electrodynamic tethers.

•

Electric propulsion versus chemical propulsion
A crucial figu re to look at when assessing the viability of a spacecraft disposal
method, is the additional satellite mass at launch, calculated for a metric ton
EOL (end of life) mass, compared to a mission where disposal is not performed.
The additional satellite mass at launch includes the propellant for the disposal
maneuver, the additional dry mass for the disposal hardware and the extra
propellant needed to lift the latter two additional masses into final orbit.
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!J.v (m/s)
Electrical (kg)
C hemical (kg)

GEO
35,700 km , 1=0°
De-orbit
Escape
1485
1220
191
1088

MEO
I0,300 km , 1=45°
De-orbit
Escape
1234
2029

135
853

192
786

254
1500

LEO
800 km
De-orbit
195

Escape
3092

57
69

204
1799

Table 4-18 Required ~v and additional launch mass (in kg) for implementing electrical or
chemical disposal functions, based on 1 metric ton EOL mass excluding disposal fuel
[modified after Ryden and Fearn, 1995].

An illustration of the additional mass at launch in the case of electrical and
chemical propulsion for various orbits can be found in Table 4-18. The chemical
propulsion disposal maneuver is assumed to be a single propulsive burn with an
exhaust velocity of 2.9 krnfs. In case of de-orbiting this maneuver reduces the
orbital velocity such that the perigee falls to 100 km, low enough for atmospheric
capture of the satellite. For the de-orbiting by electrical propulsion, a continuous
spiral orbital contraction to a 200-km orbit is assumed. An effective exhaust
velocity of 52 krnfs and an additional dry mass penalty of 20 kg are taken. The
exact numbers depend of course on mi ssion details; Table 4-18 is just meant to
give a rough idea.
It can be readily seen from Table 4-18, that for the MEO and GEO mi ssions, the
mass penalty for either disposal option is, when employing chemical propulsion,
entirely prohibitive. For these orbit types, the additional launch masses for
implementing electric propulsion disposal are drastically smaller. The assumed
extra dry mass for the electric disposal hardware could even be decreased,
because future systems might be capable of complementing also other functions,
e.g. North South Station Keeping (NSSK) on GEO satellites, or the initial orbit
insertion and maneuvering [Ryden, et al. , 1997]. For LEO altitudes, the decision
between electric and chemical propulsion will be rather sensitive to the actual
orbital altitude of the spacecraft and its mass. Heavier satellites of approximately
one metric ton or more may benefit significantly from using electrical propulsion
[Ryden, et al., 1997].
As pointed out above, for GEO satellites, an escape maneuver is more energy
efficient than de-orbiting. An option that requires even less energy is to send the
spacecraft to the Moon: the necessary /1v for a crash onto the Moon from
geostationary orbit is about 1.0 km/s compared to 1.22 krnls for escape. This
translates into additional launch masses on the order of 550 kg and 95 kg for
chemical and electric propulsion, respectively (for one metric ton EOL satellite
mass). This disposal option would certainly require a very careful mission
planning. Moreover, it might not be compliant with the Moon Treaty, in case
satellites are considered as garbage rather than for example material resources for
future lunar bases. The Moon-crash alternative should be investigated in more
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detail as well as the possibility of a gravity assist by the Moon for an escape
maneuver that could lead to further fuel savings.
Apart from the significantly smaller mass penalty for electric propulsion, it has
also other advantages as compared to chemical propulsion. It presents less risk in
the case of a propulsion failure during the disposal maneuver: an electrically
driven ascending GEO satellite will be left in a nearly circular orbit, whereas a
chemical propulsion failure might lead to a high speed GEO crossover trajectory.
Furthermore, the overall risk of explosion of the propellant tank is much larger in
the case of chemical propulsion.
Due to the low thrust inherent to electrical propulsion, disposal missions will be
of very long duration. Thus, the necessity of controlling the entire disposal
trajectory, imposes an eminent drawback of disposal through electric propulsion.
One way out of this difficulty is the usage of autonomous navigation and
guidance systems that do not need permanent ground support. NASA's DeepSpace-! mission, which is to be launched in October 1998, actually includes such
kind of autonomous navigation systems paired with an ion propulsion engine.
GPS receivers can readily be installed on LEO and MEO spacecraft, as is done
for the OrbcommTM satellites, and could be used for autonomous navigation
purposes.
We conclude that, through the use of electric propulsion, reali stic options for
disposal even from geostationary orbits are available. While electric propulsion
systems are actually obtainable as "off-the-shelf-technology" (like the Russian
Stationary Plasma Thruster, SPT), further activities in the areas of development
and improvement of autonomous navigation and electrical propulsion systems
that combine several functions (disposal, NSSK, etc.) are necessary. An agencyled experimental demonstration program for electrical propulsion disposal may
promote and accelerate the necessary improvements and demonstrate feasibility.
Consideration should also be given to the international regulation of disposal to
deep space (escape) and onto the Moon, and its incorporation into international
guidelines instead of storage orbits.
•

Electro-dynamic tethers
An alternative method of de-orbiting spacecraft (and also upper stages) fro m
LEO orbits is to use electro-dynamic tethers. This idea has been promoted only
recentl y by [Forward, et al., 1998]. The tether system will be a package bolted
onto the satellite. At both ends of the tether, a means of providing electrical
contact with the ambient plasma is provided to enable current to be transmitted
to and from the ion ospheric plasma. The electrodynamic interaction of the
conducting tether moving at orbital speeds across the Earth's magnetic field will
induce current flow along the tether. The resulting energy loss from the
generated resisting force will remove energy from the spacecraft. Consequently,
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the orbital energy of the spacecraft will decay, causing it to de-orbit far more
rapidly than it would due to atmospheric drag alone.

Constellation

A ltitude
(km)

lnc lination
(degrees)

De-orbit time,
no te ther
(years)

Initial Orbit
Decay Rate
(km/day)

De-orbit
time, with
tether

TM
Orbcomm

775

45

100

44

II days

1390

52

9,000

22.3

37 days

780

86.4

100

2.1

7.5 months

GlobaiStar™
IridiumTM

Table 4-19 De-orbit times from example constellation orbits. All spacecraft are assumed to
have an effective drag cross section of 10m2 [modified after Forward et al., 1998].

Table 4-19 illustrates the effect of such a tether system. It shows the de-orbit
times for example constellation orbits using an aluminum tether massing 2.5% of
the spacecraft mass. The tether length is of the order of 15 km, and its diameter is
of the order of 1 em. As can readily be seen from the figures in Table 4-19, the
tether reduces the orbital lifetime significantly. The magnitude of this reduction
depends strongly on the orbital inclination, as may be seen from a comparison
between the Orbcomrn™ and the IridiumTM satellites, which have similar
altitudes. High inclination spacecraft need much more time for de-orbit than
lower inclination ones. This is of course due to the dipolar topology of the
Earth's magnetic field. As the atmospheric drag decreases exponentially with
height, while the strength of the magnetic field drops only with the third power
of the distance, the magnitude of the lifetime reduction increases with increasing
altitude.
The use of a several kilometer long tether will increase the cross-sectional area of
the spacecraft system. The true measure of the effectiveness of a tethered deorbit method is therefore not just whether it reduces the orbital lifetime compared
to atmospheric drag decay, but whether it reduces the product of orbital lifetime
times the collision cross-sectional area of the spacecraft. This area-time product
provides a measure of the risk of the defunct spacecraft colliding with another
spacecraft during its orbital lifetime. Area-time products for typical constellation
satellites were calculated by [Forward, et al., 1998]. His results indicate that the
effectiveness of electrodynamic drag is so many orders of magnitude greater than
atmospheric drag for most LEO orbits that the total area-time product can be
greatly reduced.
All these fairly prom1smg resu lts are, however, based on theoretical
considerations only. Past experiments with tethers have in fact been very
hazardous [TSS-1, TSS-lR, SEDS-2, see e.g. McBride and Taylor, 1997]. The
current tether technology is clearly not qualified to accomplish a disposal
mission. One obstacle in the research progress is that the key characteristics (like
the deployment mechanism) cannot be adequately tested on ground. Further
spaceborne experiments are needed, and research especially in the fields of tether
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survivability (against debris and meteoroid impact), reliability of the deployment
system, weight and volume optimization (the tether on which the numbers in
Table 4-19 are based would have a volume of about 1 m3 !) should be promoted.
In early 2000, the ProSEDS tether experiment (Propulsive Small Expendable
Deployer System) [Johnson, 1997] is scheduled for a piggy-back flight on a
Delta II launch. The ProSEDS is expected to de-orbit the Delta II second stage
within a few weeks. If tether technology will have proved its maturity , it can
certai nly be a very interesting de-orbiting method. As it is fully passive, i.e. it
does not need any ground or attitude control and not even an energy source
(except for the deployment itself), it could especially be used as a "safety
equipment" for spacecraft: in case of unrecoverable malfunction or loss of
ground contact for a certain period of time, a "safety tether" could be
automatically deployed to remove the useless and uncontrollable space object
from its orbit. This deployment should be combined with an automatic
passivation of the spacecraft. Satellites with orbital altitudes of less than 600 km
do not need this safety tether, because atmospheric drag reduces their lifetime to
less than 25 years, in accordance with the NASA guideline. Spacecraft in higher
orbits, however, could be equipped with a tether disposal system to meet the 25
years NASA guideline in case of malfunction. As compared to typical de-orbit
times for 15 km tethers (cf. Table 4-1 9), this timeframe leaves a wide margin to
design a tether that specifically meets the requirements of the spacecraft di sposal
mission (in terms of tether length, weight, power, survivability etc. ). Such a
spacecraft specific tether would presumabl y be a rather "short" one, and would
therefore impose only a very small mass penalty. Constellation companies might
be ready to accept this mass penalty, because they certainly do not like the idea
of a huge piece of debris occupying a valuable orbital slot or vagabonding
around in their constellation.

4.5.2.5

Removal of Debris
The purpose of this subchapter is investigation of the state of the art about the
concepts of the removal of debris in the earth orbit and comparison of these
concepts. Hereafter, economic analysis will be performed on some of the
mitigation strategies that are mentioned in this subchapter.
•

Debris removal spacecraft.
The debris removal spacecraft performs rendezvous with the target debris and
grapples it. After that it performs the re-orbit by maneuvering or using tether and
deploys the debris to the earth atmosphere.
A.Bade and P.Eichler proposed a removal satellite called TERESA (TEthered
REmover SAte!Jite) which uses a tether to perform re-01·bit. [Bade, 1992]
TERESA performs rendezvous with large debris object such like a spent sate!Jite
or upper stage rocket and performs a docking with it. After that TERESA

ISU - Summer Session Program J 998 • 153

connects the tether to the debris object and debris object is roped down towards
the earth. In this way energy is transferred from the debri s object to the
TERESA. Due to roping down, the angular velocity of the tether system has been
changed only slightly. As a result of restricted guidance by the tether, the
velocity of the TERESA is too high for the new orbital altitude and the velocity
of the roped down debris object is too low for its new altitude. Therefore after
the separation both end masses fly on elliptical free fl ying orbits. Assuming a
circular initial orbit, the altitude of the debris object at the moment of the
separation is the apogee of its free fl ying orbit. TERESA's position at the
moment of separation is the new perigee. Besides conventional thrust or
electrodynamically generated thrust caused by interference between tether and
the magnetic field decelerate orbital velocity of TERESA-debris system and
lower its altitude. After the separation, the debris object goes into the atmosphere
and burn up. And TERESA flies towards the next target object.
In this way debris can be decayed with a small amount of extra energy, therefore
it has economical advantage. However, this concept needs a long tether that is
over 150 km and this means that collision risk for the tether posed by the debris
or meteoroids is high because of the large cross section area of the tether.
Assuming that tether is a diameter of 1mm and a length of 100 km, about 10 000
impacts per year of objects with a diameter:2:0.lmm can be estimated based on
the NASA Space Debris Model of 1989. And 25 impacts of particles:2:1mm per
year are expected based on the 1992 population level. Number of possible
impacts will ri se at rate of about 10% per year.
On the other hand, A.J.Pettro (NASA Johnson Space Center) proposed Orbital
Maneuvering Vehicle (OMV). [Petro, 1992] OMV performs rendezvous with the
object debri s and grapples it. OMV can perform de-orbit maneuvering and
separate from the orbit and reinsert itself in orbit while the discarded object
enters the atmosphere.
This way is technically easier than TERESA but more energy is necessary in the
orbit, therefore it is economically worse.
•

Removal by ground-based laser
The second concept is removing debris by irradiating with ground based laser.
The laser energy ablates a thin surface layer from a debris particle, causing
plasma blow off. The dynamic reaction from one or more laser hits lower the
perigee of the orbital and hastens reentry.
I.Bekey (Advanced Concepts Office at NASA Headquarters) studied ORION
(Orbital Debris Removal Using Ground-Based Sensors and Lasers) that use short
pul se laser to avoid self-shielding of the generation plasma [Bekey, I997]. In this
study, it is said that all debris in 1 to I 0 em size range up to an altitude of 800 km
can be removed by using Nd-gas laser operating at 106 nm with a pul se width of
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5 ns operating at rate of 1 to 5 Hz which have 3.5 m diameter optics, operate
with a sodium guide star and produce 5kj pu lse in three years of operation and
cost of this system is estimated $60 miJlion.
This concept is good fo r middle size (I cm-10 em) debris. It is possible to realize
this concept if precision direction control of the high power laser is achieved.
•

Debris sweeper
The third concept is debris sweeper. It is spherical balloon filled with some type
of foam. Sma11 debris would impact the balloons and either become embedded in
it or decelerate enough to cause a rapid decay from orbit. There are some kinds
of sweeper such like a foils except balloon.
One of these concepts proposed by D.Keslier (NASA Johnson Space Center) is
to place large foam fiJled balloons in orbit [Petro,l 997 ]. These balloons might
have diameter of a mile or more. Small debris would randoml y impact the
balloon and either become embedded in it or decelerate enough to cause a rapid
decay from orbit.
However, passive debris sweeper cannot avoid co1Ii sion with functional satellite
or with objects that are large enough to destroy the sweeper. Providing colli sion
avoidance with an active control and propulsion system for huge balloon would
be difficult. Furthermore, large number of ball oons that has huge sectional area
are necessary in order to be effecti ve for debris sweeper and launch, deployment,
and maintenance of these sweeper would require an extremely large investment.
Table 4-20 shows the latter removal concepts.

Measures for removal
Large debris

TERESA

removal by using
spacecraft

OMV

Ad vantage
Low energy for vehicle

Disadvantage

Reference

Collisio n risk between tether and

[Bade and

operati on

debri s

Eic hler, 1992]

Simple mechani sm

Hi gh e nergy fo r vehicle

IPe tro. l 997 ]

operatio n
Deceleration of

ORION

Ease of realization

debri s by laser

Diffic ulty of precision control of

[Be key, 1997]

high power laser

irradiati n[
Debris sweeper
by huge balloons

Balloon

Un-tracked sma ll debris can

Huge and large number of

be re moved

sweepers are necessary

!Petro, 1997 )

Table 4-20 Summary of debris removal concepts
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•

Proposal
In this chapter we propose economical and effective method to minimize debris
that occur by separation of upper stage rocket and payload.
Upper stage rocket after the deployment of payload remains in the orbit. If any
measures of de-orbit of the spent upper stage rocket aren ' t done and altitude of
perigee is not low, the spent upper stage rocket will stay in the orbit in long
years. To avoid this situation, retrograde thruster firing or upper stage engine refiring is considered as measures. However, these measures need extra propellant,
retrograde thruster or re-startable ability of the engine. Therefore, launcher's
mass increases i.e. launching ability of the rocket decreases and launching cost
mcreases.
The tether system works as follows:
After the upper stage firing, the payload is released from the upper stage with
tether connected to the upper stage.
Extend the tether and lower the upper stage towards the earth. In this situation,
orbital energy tran sfers from the upper stage to the payload with the help of
the tether. So orbital energy of the upper stage is reduced without using
external energy.
Separation of the payload from the tether. The upper stage reentry into the
atmosphere and payload go into the higher orbit.
The advantages of this system are that the upper stage can be reentered into the
atmosphere and the payload can get ~ V without extra propellant. Furthermore
economical and effective re-orbit of the upper stage can be achieved because
retrograde thruster, re-startable engine and extra propellant is not necessary.

•

Mitigation by not launching
.,.
The following question can be asked in favor of absolute mitigation of the debris
problem: Do we reall y need the satellites in space? Is there a rationale to reduce
the amount of satellites and in that way get around or reduce the debris problem?
In case the mission objectives allow it, there is a possibility.
HALE (High Altitude Long Endurance) platforms may be placed in the
stratosphere approximatel y 22 km above the earth, mainly above big cities.
There are many benefits evolving from this solution. For example, HALE
platforms do not require a launch vehicle. Furthermore, the lower altitude of the
air platform allows for a higher communication data rate. Disadvantages of the
system are technological barriers such as the combination of high altitude and
high endurance performances, propulsion, meteorology, passage through the
tropospause and regul atory effects [Poux, 1998]
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4.5.3

Economic Analysis of Debris Mitigation Strategies
There are two econorrtic strategies to handle the problem of space of debri s and
meteoroids. One option is to do nothing - 'laissez faire'. The other option is to
attempt to rrtitigate the debris.
The advantage of 'laissez faire', that is to say no action is taken to rrtitigate space
hazards, is that no direct costs are involved, however the less is done today the
more has to be done tomorrow. Therefore measures taken to prevent or reduce
the orbital debris hazard before it turns out to be worse than anticipated are likely
to be more cost effective than most mitigation strategies. Currently studies and
research, in order to reduce debris in space, are made in the area of prevention
rather than clean up of space. Although it is technically feasible, cleaning up
space has not been f urther developed by space agencies because of the exorbitant
costs. It would be more economical to identify measures to limit the growth of
debri s in space rather than clean up or mitigate those debris after they are in
orbit.
Because the growth of man-made debris in orbit is inevitable, mitigation
strategies must be developed and evaluated. Several technical Imtlgation
strategies were developed to address the space debris problem. According to a
survey based on the S.W.O.T analysis (Strength, Weaknesses, Opportunities,
Threats), such mitigation strategy measures include:
Shielding
- Automatic passivation (i.e. removal of energy) of spacecraft at end of life.
- De-orbiting upper stages by imparting a variation of velocity at apogee using
'energetic ' separation and RCS remaining fuel or residual propellant.
Use of military facilities/asset.
Mechanical tether
GEO satellites re-01·biting onto moon or in deep space w ith electrical
propulsion and automatic navigation system.
- Electrodynamics tether to passivel y de-orbit satellites/upper stages in LEO.
- Use a near Earth asteroid to make fuel for GEO satellites.
•

Shielding
According to a recent survey - Space debris, working paper submitted by the
International Academy of Astronautics- an exponential growth of orbital debris
is expected in the near future which might lead to an unstable environment.
Aerospace industry as well as many application from space, which are important
nowadays and might be in some circumstances vital, can be affected by this
problem: telecommunication, navigation, weather forecasting, environmental
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monitoring, national security etc. Thus this snowball 's effect of impacts of debris
and meteoroids on spacecraft shall be treated seriously on political, social,
technical and economical aspects.
To mitigate the impact of debris and meteoroids a double shield design is
recommended as being more efficient than a single one in terms of overall m ass.
It is also more safe for potentiall y explosive containers like propellant tank and
high pressure gas containers.

In order to protect spacecraft, research have been done to elaborate shielding. Its
cost depends on many factors such as :
Lifetime of a spacecraft
Exposed area
- Operational altitude
Location of critical components on a spacecraft
- Redundancy levels
- Fault tolerance capabilities
Tradeoff' s evalu ation between cost and mitigation effect shall take into account:
Performance loss
- Reduced structure
Reduced system redundancy
- Useful lifetime reduction
- Early termination of sateJlite life either by de-orbiting or by boosting to a
grave yard o rbit
Increased operational complexity
Risk of failure propagatio n
The stuffed whipple shield is a mitigation strategy which main advantage is to
provide better protection than aluminum dou ble-bumper shield of equivalent
weight. And also the ballistic limit curves for full-scale shield are higher for the
stuffed whipple shied compared to all-aluminum shield.
However this type of shield adds more weight to the overall structure. The
stuffed whipple shield increased shielding by above 50% compared to the multishock shield and mesh double-bumper shield.
On the one hand we can expect in the future a reduction of the cost and payload
mass as well as the improvement of protection performance. On the o ther hand
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there is a high probability of making more debris by the impact of space debris
or meteoroids.
•

Automatic passivation of spacecraft at end of life
Automatic passivation allows to remove potential explosion risk of reservoirs of
out of order spacecraft, it does not require propellant or support from the ground.
Nevertheless very high reliability required to avoid premature Joss of spacecraft,
thus thi s mitigation strategy may need some technical developments and
customers may be reluctant to implement such a system. Furthermore this
strategy partially responds to the problem of space debris, because it does not
remove the debris - it passivates it.
In the future , the ri sing number of spacecraft in LEO at a given altitude (for
constellations) may impose a proper passivation of the spacecraft at EOL if no
de-orbiting is done. However treaties/laws may require de-orbiting rather than
passivation and many customers may lack of confidence.
Active removal from orbit of upper stages is technically complex, costly and
implies the responsibility of the launching state. Therefore, near term mitigation
measures consist in removing the energy from the spent upper parts and leaving
the inner mass. Nonetheless thi s mitigation strategy is very interesting, but the
best technology to do this has to be defined between tank dump or tank
hardening.

•

De-orbiting upper stages by imparting a variation of velocity at apogee using
energetic separation and attitude control system remaining fuel or residual
propellant
Development and recurrent costs by using this technique are expected to be small
whereas can be achieved significant reduction of upper stages lifetime as
potential debris.
The main disadvantage of thi s strategy is that the efficiency of imple mentati on of
this system will reduce in LEO what can be important restriction for increasing
use of LEO satellites constellation. At the same time there is an impact on a
mission design process occurs because using of this technique implies some new
upper stage - satellite construction, for example, a spring mechanism. There are
also may be important constraints and loads on the spacecraft. All these factors
can play signi ficant role in questi on whether this method should be used at
national or international levels.
New opportunities in increased efficiency of this system may occur if there are
double payloads used. But such opportunity as using of heavier satellites will
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also increase efficiency of the system can turn into weaknesses because there is
tend to miniaturization of satellites.
•

Use of military facilities/assets for debris tracking purposes
This mitigation strategy gives a better insight in the debris hazards, better inputs
for models as well as better collision risk assessment possible and avoid
unnecessary maneuvering.
Besides these strengths, weaknesses have to be taken into account. For instance
military might not volunteered, furthermore thi s mitigation requires major
operations/cataloguing, it might also give incentive not to worry about debri s,
and finally who is going to pay? Coordination of international assets are
important.
In the short and mid term, development of new technologies to solve the problem
will allow us to have more information to assess risks for collisions.
One of the possible future danger that can change the initial outcome of this
mitigation strategy is the selecti ve availability.

•

Boosting GEO satellites into disposal orbits as well as onto the moon surface
using electrical propulsion and automatic navigation system strategy
This strategy is one of the most important because it is related to many facilities
that can be implemented in geo-synchronous orbit and vital for both public and
pri vate sectors needs. Using this mitigation technique allows us to prevent large
mass debris, in particularly, "dead satellites" and to clean up GEO from the
latter. Technical implementation of this method do not require development of
new technologies and can be based on the use of existing types of electric
propulsion such as electrothermal, electromagnetic or electrostatic. In turn, it
reduces risk of using this technology that is one of the main concern in any
investment decision-making process. Type of electric propulsion as well as costs
leading to implementation this strategy depend on concrete de-orbiting satellite
and concrete disposal orbit. The main advantages of this technique are a
possibility to reduce a weight of satellite compared to other propulsion system
can be used for de-orbiting purposes and no need for a ground support control if
the navigation system is automatic. There is al so a reduced risk of impact of a
de-orbi ting satellite break-up influence on another GEO satellites. Satellites reorbited by this mean onto the moon al so can be resources for future lunar base if
they are crashed onto the moon surface.
But an electric propulsion system adds two extra blocks such as thermal
management and electric power syste ms. The added mass demanded by
electrical propulsion for these additional bloc ks called "power supply penalty"
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can add to costs thereby diminishes some of the promise of electrical thruster
techniques. Nevertheless, if these technical issues will have a future development
or, for example, there will be used combined propulsion system for this
technique these weaknesses can become future opportunities for using this
strategy.
Using this technique can promote the concept of the electric propulsion use for
satellites de-orbiting at both a national and international levels by program
demonstration including system improvement such as power and dispose of heat
issues. This strategy also can be applied to LEO and MEO orbits that is
nowadays is becoming more important because they offer a new variety of
services that may continue to attract investment in this space segment. Thus it
might be very useful to implement this strategy in the future space industry.
The biggest concern of this mitigation technique is that debris only shifted and
not removed from space what raises thus a question about how many satellites
can be re-orbited this way and how it can be regulated by a government. And the
second concern is what if Moon treaty will not allow crashing satellites onto the
moon surface what is more likely to expect. And one more concern is who is
going to pay for re-orbiting or de-orbiting of satellites. If there will be
established respective space re-orbiting or de-orbiting rules it is more likely that
extra costs will be added to a satellite costs and a consumer will be forced to pay
for that to get needed services.
•

Electrodynamics or Mechanical tether to passively de-orbit satellites or upper
stages in LEO
Because of common practical implementation features these two m1t1gation
techniques, electrodynamics and mechanical tether methods are combined in this
one paragraph.
The biggest advantages of these strategies are a cheap manufacturing of these
systems compared to any other propulsive mechanisms and a very small mass
added to a satellite mass itself that allows to reduce overall costs. Using these
miti gation strategies are also give a possibility for significant reduction of "dead
satellites" or upper stages lifetime. Thanks to these systems are passive there is
no ground control necessary. De-orbiting of such satellites or upper stages can be
done without burning and maneuvering and deployed spacecraft can get a
variation of the velocity by this operation without any propulsion.
One of the disadvantages of this technique is that so far there is no practical case
for this disposal option and a question of sufficient reliability of this structure
still to be developed. At the same time tethers introduce, however, mass penalty
to a whole space structure.
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As a future opportunities for this mitigation strategy can be following:
a tether can be designed to fit specific disposal requirements such as length,
cross section and stability and
automatic deployment might be the only one way of de-orbiting satellites with
unrecoverable malfunctions.
On the other hand, risk of destruction of a tether by debris impact and creating
more debris is one of threats occurring within tether work in space. Tethers big
cross sectional areas can also be possible threat for damaging other satellite or
spacecraft on its way. Other concern related to a tether strategy is a possibility of
a mechanical breakage of the latter.
•

Use of near Earth asteroid to make fuel for GEO satellites
The far future (> 50 years) might make it possible to use resources from
asteroids. It might then also be possible to make satellite fuel on the asteroid and
bring this fuel to the GEO stationary satellites with a refueling-spacecraft. In this
way, the lifetime of the GEO stationary satellite can be lengthened since the
major parameter for lifetime of a GEO satellite is fuel.
The strength of adopting this strategy is linked with length of life of GEO
stationary satellites. However this mitigation strategy cannot be used within the
next decade(s), because the technology is not available. One of the main
opportunities is to develop a new technology that can ensure the use of asteroids
for satellite fuel. Finally the threats are mainly due to technology used which
might not be feasible and the possibility of collisions with refuel ing vehicle.
In Table 4-21 below, all of the options are evaluated and ranked according to the
most and least desirable economic strategy for debris mitigation. Values assigned
to technical implementation and costs are relative to each other and may be vary
significantly by payload type. The numbering within the S.W.O.T. analysis in
Table 4-22 is random and does not indicate the relative value of each strength,
weakness, opportunity, or threat.
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Mitigation strategy
(in priority order)
Shielding
Automatic passivation of
spacecraft at end of life
De-orbiting upper stages by
imparting a variation of velocity
at apogee using 'energetic
separation' and RCS fuel or
residual propellant
Use of military equipment for
debris tracking purposes

Mechanical Tether

GEO satellites re-orbiting onto
moon or in escape orbit from
Earth with electrical propulsion
and automatic navigation syste m
Electrod ynamic tether to
passively de-orbit
satellites/upper stages
Use a near Emth asteroid to
make fue l for GEO satellites

Debris
prevented
Large number,
small mass
Large number,
moderate mass
Small number,
large mass

Technical
implementation
Simple

Costs

Moderate

Low

Simple

Moderate

Large number,
all masses

Simple

Moderate
number,
moderate mass
Small number,
large mass

Moderate

Moderate to high
(political
implementation
costs)
Low

Moderate

Moderate

Diffi cult

Low to Moderate

Extreme ly
difficult

High

Moderate
number,
moderate mass
Low number,
large mass

Low

TabJe 4-21 Economic AnaJysis of Mitigation Strategy Options
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S.W.O.T. ANALYSIS O N MITIG ATION STRAT EGIES FOR DEBRIS & M ETE OROIDS
Weaknesses
Opportunities
Threats
.MfflGATION
Strengths
STRATEGY
Use of military
!.Better insight in rhe ! .Military (probably) will not I .I n the long term. l.Selecti ve
volu nteer.
better known risks availability.
equipment for
debris hazards.
for collisions.
debris tracking
·purposes.
2.8 etter inputs for
2.Major
operations/cataloguing.
models.
3.Better collision risk 3.Who is goi ng to pay?
assessment possible.
4.Might give incenti ve not to
worry about debri s.
MTTifiA TION
Strengths
STRATEGY
GEO satellites
!.Clean up of the
GEO and above
r eorbialtitude.
ting onto moon
or in escape
orbit from Earth
with electrical
propulsion and
automatic navigation
system

Weaknesses
! .Need - I km/s if chemical
propulsion (900 Kg.
Propellant) thus necessity of
electrical propulsion with
automatic navigation system
=> necessity of the
improvement of actual
system (incl uding power
systems).

2. Riduce of a ri sk of
satellite break-u p
intluence as being far
from GEO tra jectory.
3.No need for a
ground support cont rol if the
navigation system is
automatic.
4.Resource fo r fu ture
lunar base if the
satellite is crashed
onto the moon.
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Opportunities

Threats

! .Promotion of this
concept with a
national or
international (space
agency program)
demonstration
program. including
syste m
improvemem
(propulsion.
navigation. power).

If Moon Treaty
doesn 't allowed to
crash satellite onto
the moon then it
could be possible to
send the satellite into
deep space via a
moon gravity assist
(Or 2. too complex to
calculate) the
drawback being much
more complex
trajectory and
req uiring more
propellant mass.

2.Could be applied
to LEO& MEO.

Strl'ngths
MITIGATION
Weaknesses
STRATEGY
Mechanical tether !.De-orbiting of rhe upper Ri sks of destruction of the
stage can be done wi thout tether by debris
burning. maneuvering

Opportunities
I .To ger the low cost
launch technology

Threats
!.Risk of the
destruction
of the tether
by debris and
making more
debris

2. Deployed spacecraft can II increases the weight of
get the variati on of the
the launch vehich.:.
velocity by this operation
without the any propul sion

MITIGATION
STRATEGY
E lectrodynamic
tether to
passively deorbit
satellites/upper
stages in LEO

Strengths

Weaknesses

Opportunities

Threats
l.Ris k of
destructio n
of te ther by
debris
impact, and
creating
more
de bris.

! .Lifetime o f a
satell ite/upper stage in
LEO can be e fficiently
reduced; this reduce s
the time integ rated
collisio nal ri sk

I .Introduces mass
pe nalty

I .A tether can be
designed (in near
future) to fit specific
dis posa l requirements
(length , cross,
section, s tabili ty)

2.c heape r in
ma nufacturing than a ny
o ther propulsive

2.lntroduces bigger cross
sectio nal area (satellite +
te ther instead o f just the
sate llite)

2.Auto matic
deployme nt mi ght be
envisaged in the
future , mig ht be the
o nly way of de orbiting sate ll ites
with unreco verable
malfunc tio ns)

3.Passive syste m. i.e. no 3.Reliable (i.e.stable
gro und control
eno ugh) tether has s ti ll to
necessary
be develo ped.
4.Very s mall mass (as
compared to other
pro puls io n syste ms )
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MITIGATION
Strengths
STRATEGY
!.Development and
De-orbiting
recurrent costs are
upper stages
by imparting a expected small
variation of
velocity at
apogee using
'energetic
separation ' and
RCS fuel or
residual
propellant
2.Can expect a
significant life time in
orbit for upper stages

Weaknesses

Opportunities

I .Impact on mission
design (prolong life of
upper stage to apogee)

!.Heavier sate llites
in GEO=>increased
efficie ncy of the
syste m

2.May induce important
constraints and loads on
the spacecraft

2.Double payload

Threats
!.Any
competing
proposal to
de-orbit upper
stages

3.Probably less
efficiency in LEO

MITIGATION
STRATEGY
Automatic
passivation of
spacecraft at
end of life

Strengths
J.Remove pote ntial
explosion risk of
reservoirs of out of
order spacecraft

2.No need of
propellant/propu lsion

Weaknesses
! .Very high re liabil ity
required to avoid
premature loss of
spacecraft>may need
some technical
developme nts a nd
customers may be
re luc tant to implement
suc h a system
2.Does not re move the
debris, just passivates it

3 .No need of support
from the grou nd
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Opportunities

Threats

The rising number
of spacecraft in LEO
at a given al titude
(for constellations)
may impose a proper
passivation of the
spacecraft at EOL if
no de-orbiting is
done

J.Treaties/law
s req uiring
de-orbiting
rather than
passivation

2.Lack of
confidence
from
c ustomers

MITIGATION
Strengths
Weaknesses
STRATEGY
l.The stuffed whipple 1.Heavier than other
Shielding
shield higher
shield
protection/
performance compared
to other shields

2.Lightweight bumpers
employi ng multiple
meshes lighter than
other light weight
bumper shields
without almost any
change in the
protection's
Q_erformance
3.Comparison of
various parameters of
present and future
various spacecraft> we
can compare
probability of the
impact
MI'n<;ATION
Strengths
STRATEGY
l.GEO stationary
Use a near
Earth asteroid satellites get a longer
to make fuel
lifetime
for GEO
satellites

Opportunities
!.We can expect the
reducti on of costs and
payloads (rna s) and
also we can expect
the improvement of
protection
performance

Threats
I .one debris
particle can
strike a
shield.
producing
many new
debris
particles

2.It's not easy to
compare the bumper
with other bumpers

3.Make too rough
estimation

Weaknesses
l .Not possible within
the next decade(s)

Threats

Opportunities
! .Decrease the
nu mber of debris in
GEO

! .Technology
to do it might
not be
feasibl e
2.Collisions
with refueling
vehicle

Table 4-22 S.W.O.T. Analysis on mitigation strategies for Debris & Meteoroids

4.6
4.6.1

Mission Design Considerations
Mission Design Process
This chapter deals with the implications of the mitigation options as mentioned
in the previous chapter on the mission design process. The purpose of mission
design is to put all elements together and get the "Big Picture" of the design and
to optimize it with respect to mission objectives.
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Where in the development process of mission design does the debris hazard
come in?
Figure 4-20 shows an iterati ve design process in which the "hazardous factor"
plays a key role. "Hazardous factor" is determined by the probability of the
occurrence of the hazard and the severity of the damage of the hazard. Top-level
goals and objectives are decomposed into requirements. Debris is a constraint to
the requirements. Taking this into account, trade studies are performed in order
to optimize the system requirements. Using these requirements as input, the
specifications are establi shed. After this, the integration takes place to put the
sub-systems together and a configuration is established. This process is refined
until the mission objectives have been fulfilled.

I

I

Mission Profile

I

,.-1

Mission Elements Selecti on

I

r

Review of Hazardous Factor

l

Miti!wtion I Protecti on Method Selection

...

l

...

I Cost Ana lvsis I I Risk Analvsis I I Schedul e Anal vsis I
I

I

,

I M ission Desi!!n Determination l
F igure 4-20 M issi~n Design Process related to the meteoroid and debris hazard [ISU, 1998]

By applying the process shown in Figure 4-20 for every mission design in the
future as a standard. Mission design can be accomplished with not only
minimization of debris generation but also protection of spacecraft.

4.6.2

Implications Of Mitigation Options On Mission Design
Any design option selected to solve a given problem has an impact on the whole
design of the mission. For instance, every technical mitigation solution presented
in the previous section would have an effect on the main constraints, which are
limited resources such as budget, mass, lifetime, etc. In the matrix shown in
Table 4-23 we investigate the implication of the implementation of a given
mitigation strategy on the main parameters of mission design. The symbol ++
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represents a strong negative impact o n a parameter and a small effect is
repre ented by the symbol +. The three last columns represent the efficiency of
the method for mitigating spacecraft damage or debris generation, and the size of
the object for which this method can be applied (large ... ;::: 10 em, small . .. ::;; l
em).
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Table 4-23 Impact of mitigation methods on mission design parameters [ISU, SSP'1998]

Note that the parameters are not independent from each other, for example cost
depends amongst others on mass and technol ogy development, and lifetime may
decrease by spending propellant. A collision avoidance maneuver (CAM) would
increase the cost if additional propellant is used, or it would decrease the lifetime
of the satellite, if the mass budget does not allow additional propellant. In any
case , the cost is increased by a CAM, because of the need for a ground based
accurate collision warning system, which also increases the size of the software
code. In the case of an orbital station, where microgravity experiments are part of
the mi ssion, a CAM would decrease the performance. CAM and shielding have a
high efficiency because they completel y avoid damage of the spacecraft, whereas
the other methods o nly mitigate the damage.
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As can be seen from Table 4-23, the unique nature of the meteoroid and debris
hazards has made it difficult for a protection strategy to properly weigh the
several kinds of countermeasures. The general approach can be as follows:
•

Shielding the spacecraft against small objects;

•

Maneuvering the spacecraft to avoid collision with objects large enough to be
tracked by ground-based or on-board radar if the spacecraft has this capability;

•

Deploying the damage control hardware and implementing the procedures to
mitigate the effects of collisions with objects too small to be tracked by radar and
too large to be protected by the shielding.
For the strategies to minimize future debris, a good solution would also be a
combination of several options. However, the approach is different. Actually,
reducing debris generation is an important issue especially with the launch of
several constellations in the coming years. As stated in Section 4.5 .2.2 , there is a
real urgent need to stop explosions in-orbit and then to decrease the number of
existing debris in LEO. Then the mitigating strategy is as follows:

•

A void mission-related objects anyway because the efficient measures are quite
easy to implement

•

Passivate every launcher and payload vehicle that goes into space

•

For the short-term, de-orbit the spacecraft when possible or re-orbit it to a
disposal orbit in the case of a higher orbit. This has to be a temporary solution
while waiting for technological advancement in electric propulsion for deorbiting of debris in the higher orbits and removal methods.
The previous section shows that for each option mentioned above there exist
several possibilities for their realization. A matrix like Table 4-23 could be used
as a starting point for a trade study in selecting the best combination of
mitigation options according to specific mission criteria.

4.6.3

Case Study - LEO Constellation
The purpose of this section is to introduce mission design considerations for a
LEO constellation with respect to debris and meteoroids. The constellation shall
provide global communication and be financed by a commercial venture. In this
section, miSSion design considerations are discussed with focus on
communication satellites. The process in Figure 4-20 is used when evaluating
different mission design alternatives.
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There are several constraints facing a mission design engineer with respect to
debris. The debris considerations have a great impact on the mission design. It is
necessary to de-orbit/re-orbit the spacecraft at the end of life in order to clear the
specific orbit. In this way, the orbit can be re-used and the market will be
preserved. Therefore, it is essential to provide this capability to the satellites. The
main constraint for designing this mission is the limited budget, cost, schedule,
and performance. A circular orbit in LEO is chosen where there is the least
debri s. W ith a circular orbit collisions with other constellations are avoided. To
reduce the risk that the satellites within the constellation collide, each satellite
has precise location information and maneuver capability. The ground station
monitors the location and status for all satellites.
•

High reliability of satellites is desired to minimize replacement during the
operation phase but it is also desired to keep the cost low for each satellite. A
trade-off is performed between these requirements.

•

A low mass for each satellite is desired since it will reduce the launch cost.

•

A low cross sectional area will reduce the risk of debris impacts.

•

The satellites are also designed to minimize generation of debris by selecting
certain materials and a structure that does not generate new debris in case of a
collision with existing debris.

•

In terms of material, soft material is chosen for antennas and solar arrays because
when debris or meteoroids hit it, it will just pass through and no explosion will
occur.

•

A commercial venture is more cost sensitive than government missions.
Therefore the satellites are shielded for debris in the millimeter range where the
probability to get hit is much larger than for the centimeter range. The shielding
is only applied for really critical zones to save money. There is no protection at
all for large debris since it would cost too much.

•

The launch vehicle that will carry the satellites needs to be designed to minimize
debris in the deployment mechanisms.

•

The satellites will be designed to have weak spots in the structure so during
reentry they will break up in the atmosphere and burn up. The reason to de-orbit
is to protect the orbital plane of the constellation free from dead satellites. The
reason to make them burn up in the atmosphere is to prevent them from causing
damage on earth. Expensive legal claims and associated litigation is therefore to
be avoided.
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Figure 4-21 Iridium Configuration [URL 12] . The constellation can be visualized as a sphere of
satellites,

4.7

Recommendations

4.7.1

Technical Aspects
•

Origin/Sources
As a general recommendation, the debris population continues to grow at an
alarming rate, and thus attention on the part of government as well as industry
must be given to this problem.

•

Detection and collection
There are significant and large uncertamttes in pos1t10ning of debris and in
addition to that, there are gaps in the detection. Therefore, our recommendation
is to express a need for more detection to better catalogue and identify the debris
and meteoroid population. This can be implemented in two ways. 1) Use existing
military assets and/or 2) Build new and improved civilian detection facilities.

•

Ri sk analysis
Increase the awareness of designers, scientists and financing entities regarding
the extent and increasing threat of the potential impact environment.
We suggest the realization of a design handbook dedicated for spacecraft
designers and mission designers. It should include the basic methodology for risk
assessment, the mitigation techniques, the models and the test faci lities avai lable
throughout the world for assessing the effects of impacts.
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Improve the understanding of the combined effects of aging and impact effect
assessment. It is important in particular to know how the surface/shielding of
spacecraft react to an impact after a long exposure to the space environment.
Accentuate the research efforts on the analysis of the cascade effect. This is of
critical importance with the advent of constellations of satellites. In particular, a
better understanding of how secondary debris are generated is required (ejecta at
impact, explosion, etc.).
Extend the range of the hypervelocity test facilities (higher masses and
velocities), and sponsor international research programs on the subject of
hypervelocity impacts in order to avoid duplication of research efforts and to
share the costs of expensive test facilities. These efforts will be targeted to more
efficient and lightweight shielding, and therefore should be financed in part by
private industry. They should be highlighted with benchmarks.
Raise awareness by the space engineers to implement protocols and procedures
in case a life-threatening event occurred. Examples are:
In the case of leak-detection robots can be used to survey the spacecraft.
Penetration repair procedures (repair kit - replacement).
Fragment-stopping: Internal blankets/other materials as well as increased
internal equipment density to minimize effects of debris fragments/cascades.
Use better protected modules on a space station for crew-occupancy
(Optimize crew attendance/sleep protocols).
Emergency training for the crew and flight operations, e.g. hatch closure
protocols to isolate modules in the event of depressurization.
•

Mitigation strategies
Recommendations for collision avoidance:
Many aspects are involved in collision avoidance maneuver, as a measure of
protection strategy for spacecraft. Issues such as propellant budget, collision
warning capabi lities of the mission support system, strength of the shielding,
susceptibility and cross sectional area, launch window, operation modes should
be considered.
Considering the limitation of strength of shielding and the ability of damage
control and repair, a collision avoidance maneuver is an irreplaceable measure in
the protection strategy of the concerned orbiter, especially in the case of the
predicted impact effect overcoming the above limitation.
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The collision avoidance maneuver will consume the fuel of the orbiter due to
using thrusters, especially in the case of an orbital maneuver. It is suggested to
reduce the number of unnecessary collision avoidance maneuvers. Achieving this
goal depends on increasing the collision warning accuracy.
With respect to debris hazards, the meteoroid hazard is highlighted in the longterm interplanetary missions. The sporadic, untracked meteoroids far from earth
orbits form a new challenge to the protection strategy for the long-term
interplanetary flight orbiters. To this challenge, it is suggested to develop onboard collision warning systems to execute autonomously collision avoidance
maneuvers. It is also suggested to expand the range and increase the accuracy of
the ground-based collision warning system and hence to establish an
international service system for providing space traffic information.
Further recommendations with respect to mitigation strategies are to define
international mitigation strategy guidelines and promote research and
applications for mitigation strategies. We recommend that the following
technical proposal for mitigation strategies should be considered within this
research. Note that some of the mentioned proposals are already being
implemented
Near and mid-term (within 20 years) :
-Electrical propulsion for de-orbiting spacecraft.
- Automatic navigation for de-orbiting spacecraft.
-Automatic valves for passivation in the case of unrecoverable malfunctions.
-Tethers for passive de-orbiting.
Longer term (over 20 years):
- Robotic detection and repair of impacts on spacecraft.
-Service vehicles for removal and refueling of satell.ites.

4.7.2

Economic Aspects
In making any economic analysis one must define who is going to be responsible
for paying for the various mitigation strategies. The reason why laissez-faire was
mentioned as an option within the mitigation chapter is because people may not
want to take the financial responsibility for the risks of space debris. Whether
through policy, legal, or economic means, some entity must be forced to take the
financial responsibility for the space debris problem.
The main contributors to and victims of the space debris problem are 1) service
providers, 2) government and public sector entities, and 3) private industry. If the
governments of the world are able to develop laws and regulations that address
the space debris problem, then all three of the above parties will be required by
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law to take financial responsibility. An example of this would be international
standards that force entities operating in space to mitigate space debris.
If insurance agencies or financi al institutions feel that the risk of space flight is
increasing because of space debris, then the three organizations listed above may
regulate themselves and mitigate for space debris voluntarily. If insurance
agencies raised their premiums to protect themselves from potential space debris
claims, then the private sector might react by reducing the occurrence of space
debris. The private sector may also seek improved methods of spacecraft
protection.

The organizations that should pay the most for the space debris problem are the
organizations that contribute the most to this problem and who are the greatest
victims of this problem. Traditionally these actors are the governments of the
richest and most technically advanced space-faring nations. It does not make
sense for a private citizen in Ghana to pay for this problem if the United States
and Russia have been the primary contributors to and stand to suffer the most
from this problem.
In another example, Portugal is a member of the European Union, but it is not a
member of ESA. Portugal shoul.d have to pay a sum of money that is less than
European nations that are members of ESA, because Portugal benefits from the
European space program but it does not contribute directly to this program or the
space debris problem.

The same strategy for responsibility could be applied to private corporations that
contribute to and suffer from space debris. The entity that wants to play must
pay.
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Chapter 5

5.1

Hazards to Crewed Spaceflight

Introduction
Biomedical hazards can be conceived of in terms of the impacts of the space
environment, human factors , and the risk of technical failure to humans during
spaceflight. Space is a foreign and hostile environment for humans due to the
vacuum, microgravity and radiation. In addition, the living environment for
humans is stressful for many reasons, so the contribution of these factors to the
development of social and psychological problems will be discussed. The
emphasis of this chapter is on the prevention and appropriate mitigation of these
hazards.
In this chapter we will present psychological hazards, the hazards of microbial
contamination in the space environment, and medical issues with respect to
management of radiation, debris/meteoroid impacts, and common illnesses in
microgravity. Future concerns of the microgravity environment on the adaptation
of space tourists will be discussed. This chapter will focu s on prevention,
mitigation, and recommendations for future developments. Table 5-6 (at the end
of this Chapter) provides an outline of the most significant biomedical hazards
encountered in the space environment. All of the hazards were discussed, but
emphasis was placed on the two major barriers to exploratory missions psychology and radiation. In this report, microgravity is considered from the
point of view of future space tourism, as current mitigation strategies are
adequate for the present missions.

Where it is appropriate, the recommendations presented in this chapter will be
presented according to the S.W.O.T. analysis format. In terms of economic
considerations, hazards to crewed spaceflight are unique because they deal with
crewed operations. Crewed operations stretch the capabilities of economic
analysis, because the political and social consequences of the loss of human life
cause decision-makers to abandon the logical distribution of scarce resources.

5.2

Effect of Isolation/Confinement
"Humming to myself, I float through the station. Is it possible that some day I'll
be back on earth among my loved ones, and everything will be all right?" These
words of Valentin Lebedev, after 11 6 days in orbit, are a reflection of what may
be experienced by any human being when in space [Santy, 1994]. With the
progress of several national space programs and international initiatives, these
thoughts might become more and more common. The international efforts are
presently aimed at the development of the International Space Station (ISS), with
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the first element to be launched at the end of 1998. Besides this program, others
are being contemplated that would increase the time spent by humans in space.
Proposals include a permanent outpost on the moon with groups of up to 30
astronauts living there for one-year shifts and a crewed-mission to Mars with 5
astronauts for up to three years.
Research performed in analogous situations, as well as over thirty years of
experience in the space environment, has demonstrated that normal individuals
exposed to stressful environments can easily experience deviant behavior. This
behavior can cause disruptions and threats to mission success and more
seriously, it can endanger the crew. Consequently, psychological hazards are
considered a major threat to the success of long-duration space missions. This
section will focus on the effect of spaceflight on human psychology, keeping in
mind that failure to attend to the psychological health of individuals in a stressful
environment may lead to serious decline in task performance and have a negative
impact on mission success.
The new phase of human exploration in space means that this hazard will assume
more importance in mission design and will require creative mitigation
strategies. This section will examine the stressful features of the space
environment with a view to suggesting means to mitigate against the negative
consequences of these hazards.

5.2.1

Terrestrial Analogues and Space Data
Current data relating to the psychological experience of spaceflight come from
three types of sources. The first source of data comes from analogous
environments, such as polar bases, submarines, underwater laboratories and oil
offshore platforms [Nicholas, 1990; Palinkas, 1987; Palinkas, 1990; Penwell,
1990]. Although analogs seem to be a good representation of the space
environment in terms of confinement, isolation and difficult lifestyles, some
aspects are completely different. These differences mean that extrapolation of
these data to the space environment have to be made with caution. These
differences include:
the high number of people in the groups of the analogs vs . the small number
of crewmembers on a spacecraft
the level of selection and training of people in analogs vs. that of astronauts
and cosmonauts
the goal or mission of analogs and subsequent motivation given to the workers
vs. that of space workers
the relatively heterogeneous nature of analog participants vs. relative
homogeneity of astronauts/cosmonauts [Kozlovskaya, 1998].
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The second source of data comes from short-duration spaceflight from both the
American and the Russian space programs [Penwell, 1990]. The sample size is
large, however the psychological experience is not directly translatable to that of
long-duration spaceflight. Coping strategies involving motivational training and
short-term goals, which help in short duration flights, are not sufficient to
counter the psychological stresses experienced during long duration spaceflight.
The third source of data is the research done with astronauts and cosmonauts
during long-duration spaceflights (Skylab, Salyut and Mir). Although the most
valid source of information, solid conclusions are limited because of the small
sample size (about 100 subjects) [Kozlovskaya, 1998]. Other confounding
variables include variability in the length of these long-duration missions,
variable crew compositions, and different environments on these spacecraft.
However, experience gained in this environment provides useful information for
constructing hypotheses involving the prevention, diagnosis and treatment of
psychological disturbances during long-duration spaceflight.
An additional confounding variable, which hinders research in this area, is the
possibility of a lack of reporting of psychological stressors and symptoms by the
astronauts/cosmonauts. There is a sincere desire on the part of crewmembers not
to compromise the successful completion of the mission. This attitude represents
a threat to mitigation of these hazards for future missions. In our society there
exists a lack of appreciation and acceptance of psychological issues. Due to this
fact, transparency of historical experience in this area is also questionable
because of the need for space agencies to present their activities in the best
possible way to the public.
One interesting reference is the International Space University Summer Session
design project report "Distant Operational Care Centre" which also considered
psychology in the space environment [ISU, 1996]. This reference is
complementary to the aspects of psychology considered here.

5.2.2

Psychological Stressors During Spaceflight
The psychological problems arising during spacefli ght appear as a consequence
of the interactions of several stressors. A stressor is an event or situation that
causes an adverse reaction, or feeling of stress, in humans. The main
psychological stressors will be classified into three categories:
the environment and work schedule
the individual characteristics of astronauts
- group characteristics and interactions.
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5.2.2.1

Environment and Work Schedule
Isolation and confinement has been recognized since the beginning of the space
program as one of the most serious stressors. Isolation is defined as the state of
being secluded, or cut off, from society, and confinement is defined as the state
of being enclosed or restrained within certain limits. Polar bases, submarines and
underwater laboratories, also meet the description of confined and isolated
spaces. The parameters with the highest impact on the psychological state of the
inhabitants are thought to be the monotony of living conditions, the lack of
privacy, the excessive interaction with the same individuals, and the hazardous
environment [NASA, 1991]. Research performed on submarines and Antarctic
bases showed consistent findings on the effects of isolation and confinement.
These are sleep disturbances, followed by depression, headache, irritability,
decrease in task performance and other complaints [Santy, 1983; Santy 1990].
Sensory deprivation leading to hypersensitivity is another major environmental
stressor. The isolated and confined environment, combined with microgravity,
cause a deficit of meaningful physical and psychological stimuli referred to as
sensory deprivation [Santy, 1983; Kanas, 1990; NASA, 1991; Kozlovskaya,
1998]. Lack of physical stimuli leads to a decrease in proprioceptive (posturesensing), weight-bearing, and vestibular (balance) function. Subsequently, this
deficit results in a hyper-excitable state, or an increased sensitivity to stimuli,
which has psychological consequences. This is comparable to what happens
when nerves are cut (physiological denervation) [Kozlovskaya, 1998]. Some of
the conditions encountered during short and long-duration flights include
changes in cognmve processes like decreases in concentration and
depersonalization, as well as insomnia, anorexia, perceptual abnormalities,
muscular incoordination and a decrease in performance. It has been assumed that
these conditions may be a result of these changes of sensory deprivation and
hypersensitivity [Santy, 1983].
Man-machine interactions are a stressor ansmg from the environment. One
example of these interactions is habitability. To introduce this concept, let us
start with a simple comparison: the pilot and his/her airplane. Research has
shown that for optimal performance and reduced pilot error, the position and
sizes of dials and instruments are important. Similarly, links can be drawn
between the astronaut and the spacecraft. Jones defined nine aspects to
habitability, and Santy added four additional concepts.
- the environment (atmosphere, temperature, lighting, radiation levels)
- architecture (the arrangement of the living space)
mobility, restraints, equipment handling
food
- clothing
- personal hygiene
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housekeeping
intravehicular communication
- off-duty activity provisions
communication between crew and earth
allocation of space for individual momentos
time and space for off-duty creative activities
- the possibility and the space to be alone [Santy, 1983; Jones, 1973]
In fact, an interesting analogy has been made, comparing a human to a real
subsystem interfacing with many other subsystems. The goal set for future
interfaces should then be to optimize the performance of both the machines and
the person, or in other words, "total system" optimization [Bluth]. Habitability
was of primary concern during the design and operation of Skylab. Everything
from separate crew qua11ers to the planning of meals was given careful
consideration. In addition, the shear volume of Skylab made it more habitable for
three people than the volume of MIR. Some have suggested that this attention to
crew comfort resulted in enhanced crew performance [Griffin, I 998;
Kozlovskaya, 1998]. The recent decision by the US and Russian space programs
to remove the "Hab Module" from ISS may save the international partners
money, but the lack of attention to habitability may have a negative impact upon
crew performance.
Interruption of circadian rhythms (physiological clock), is a stressor associated
with the environment of prolonged spaceflight [S anty, 1983; Kanas, 1990].
Because of the changes in time parameters (day or night), the circadian rhythm is
affected, leading to sleep problems such as insomnia and decreased quality of
sleep [Kanas, 1990]. It is probable that it also results in dysphoria (flat mood),
mood shifts, and gastro-intestinal disturbances, as well as changes in
performance and increases in human errors [Santy, 1983]. This will be an
important issue to solve as humans may not be able to colonize other planetary
systems if the biological rhythms established in our course of evolution on Earth
are not compatible with living on other planets [Santy, 1983].
Another environmental stressor is unbalanced work-rest cycles. It is well known
that astronauts and cosmonauts are sometimes overl oaded physically and
psychologically by their presence in orbit. Even if their schedules are adapted to
have rest periods, they sometimes try to accomplish more work and to ignore the
extra time required to perform tasks in the microgravity environment. EVA' s
also represent an extra source of stress. There is no comparable terrestrial work
requiring the same energy expenditure as required for regular EVA. It has been
described as analogous to the effort of a triathlon or marathon [Kozlovskaya,
1998]. The resulting fatigue makes people more susceptible to the other
psychological stressors.
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The hostile environment of space is also a psychological stressor. Let us try to
imagine ourselves a couple of millimeters from vacuum, surrounded by
radiation, and with no clue about when debris will hit us and cause a break-down
of our life-support system. This is a simplistic description of the continuous risk
facing the crewmembers. The resulting constant emotional tension is a
consequence of this stressor. Additionally, ground monitoring represents another
source of daily stress for astronauts/cosmonauts [Kozlovskaya, 1998; Kanas,
1990]. This could have a detrimental effect on communication between the crew
and the ground control members, which is known to play an important role in the
success of a mission.

5.2.2.2

Individual Characteristics of Astronauts/ Cosmonauts
The second maj or classification of psychological stressors is the individual
characteristics of the flier. Different individual characteristics exist that modulate
the response to the environmental stressors. These characteristics can also be
seen as sources of stress, as they drive the fliers in the accomplishment of their
tasks.
Personal characteristics are those features that the individual brings to the group
such as:
patterns of individual skills (which affects the level of competence and
resources that the crew has at its disposal, e.g. cognitive ability and styles,
problem-solving abilities, individual decision-making skills)
physical state (fatigue and other variables which have an impact on
performance and motivation)
attitudes (e.g. achievement orientation, competitiveness, etc.)
personality characteristics (e.g. reaction to stress, privacy needs, tolerance to
isolation and confinement, emotional adjustment, autonomy, coping
strategies, etc.) [Littlefield, 1984].
If an individual does not have the appropriate profile to perform a certain task or
take on a certain role, individually or as part of the group, it can lead to a
decrease in the overall performance of the crew. In the environment of space, a
decrease in performance adversely affects mission success. This is where
selection and training of astronauts comes into play, and this is discussed in
Section 5.2.

5.2.2.3

Group Characteristics and Interactions
A highly functioning crew is more than the sum of its individual parts. Some
characteristics of the group are extremely important to its overall functioning and
subsequent performance [Kanas, 1990]. These characteristics include the
following:
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organizational structure and decision-making process
group composition
relative autonomy between crew and mission control
- group/machine interface
group size
- prior history of flight
- cohesiveness/ integration of the group (which depends on adjustment levels)
In space crews every member brings his/her own cultural and educational
background [Santy, 1983]. There are trends towards mixed gender and
international space crews. The heterogeneity of cultural backgrounds will
increase the possibility of personality clashes within the group [Kanas, 1990].
The recommendations section will address strategies to increase the rate of
success of different missions and the quality of interpersonal relationships.

5.2.3

Psychological Problems Encountered During Spaceflight
Thi s section will provide an overview of psychological and psychiatric issues
encountered during spaceflight.

5.2.3.1

Short-Duration Spaceflight
The particular environment of spaceflight creates "psychoemotional tension".
The crewmembers have a sharp focus on current and impending events, and
vigilance in monitoring the different systems of the spacecraft becau se of their
sense of responsibility, which causes this high degree of psychological
activation. Tension is particularly high during launch, injection into orbit,
docking, undocking, descent and EVA [Nicogossian, 1993].
Sleep disturbances can be attributed to many sources including disruptions in the
circadian rhythm and tension. Some of the effects of sleep deprivation are the
occurrence of errors in recognition and cognition as well as other subjective
phenomena. It mi ght also contribute to illusions. If insomnia continues for a
longer period of time, fatigue will appear that is characterized by a decrease in
the ability to concentrate and integrate one's psychological functions
[Nicogossian, 1993].

5.2.3.2

Long-Duration Spaceflight
It has been predicted that psychological conditions most likely to occur during
long-duration spacefli ght are anxiety and anxiety-type reactions (e.g. phobias),
depression (and potential suicidal acts) , behavioral disorders (including
interpersonal conflict) and psychosis (particularly due to the inhalation of toxic
gases) [Santy 1987]. The psychological disturbance known to be caused by the
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death of a loved one while in space is also a concern [Santy 1987; Kozlovskaya,
1998]. So far, the results reported have been surprisingly good for Russian
Cosmonauts. Only a few percent of long-duration fliers have experienced
psychological disturbances which were, in almost all cases, minor. This is
attributed to the development of a highly appropriate psycho logical support
program [Kozlovskaya, 1998].
The different psychological or psychiatric disturbances are discussed in the order
in which they typically develop. The characteristics of each state vary between
individuals. As will be disc ussed later, it is much easier to prevent these
conditions than to treat them.
•

Exhaustion and Asthenia
Exhausti on and asthenia are states that are distinct from the normal fatigue that is
common among crewmembers at the end of a day. This condition is
characterized by instability in speech pattern, paradoxical emotional reactions, a
decreased tolerance to the monotony of living conditions, the occurrence and
increased frequency of errors in tasks performed, and deviations from the work
and rest schedule. Cumulative fatigue, exhaustion and asthenia are the most
significant maladjustment, and are usually seen at three months after the
beginning of the flight, but typically stabilize thereafter [Kozlovskaya, 1998;
Nicogossian, 1993].

•

Euphoria
Euphoric or hypermanic states are mood elevations that persist from one week to
one month. These states are characterized by elevated functional activity, highly
productive activity, and expressive speech. There is a tendency towards active
self-expression and discussion of one's own needs, interests, and desires, and
shifts of dominant interests toward socially significant types of work on board.
Present evidence suggests that for the unique cases that took place, they never
reached a level of non-adaptive behavior that could have led to significant danger
[Kozlovskaya, 1998; Nicogossian, 1993 ].

•

Depression
The following symptoms characterize a depressive state on orbit. T he very few
cases seen were due to the loss of a loved one:
- negative evaluation of self and of the environment
- increased tendency to criticize and express emotional irritability during
communication with ground
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the appearance of monotonous and slowed speech with decreased emotional
expressiveness and vocabulary
diminished receptivity to jokes in communication and appearance of
preferences for psychological support measures with particular content.
Depression, even if typically rare and transient, is a condition that requires
particular care in monitoring and treating [Nicogossian, 1993].
•

Neurosis
Neurotic states in space are usually preceded by persistent asthenic and affective
(euphoric or depressed) states. The following features are commonly
encountered in a neurotic indi vidual:
appearance of hostile interpersonal interaction with ground or other
crewmembers
labile, unstable mood with negative responses dominating
diminished initiati ve in communications
negative evaluations of well-being and work
obsessive tendency to analyze, plan and monitor the program of future work
[Nicogossian, 1993].

•

Accentuation of Negative Traits
This characteristic depends on the strength of negative personality traits in
individuals, as well as their capacity to cope with the environment of spaceflight.
It is manifested as a fixation on interpersonal relationships and a tendency to
increase impulsive behavioral responses. Additi onally, there is the appearance of
erroneous reasoning arising from a Jack of objectivism , and the loud expounding
of one's own thoughts, opinions and intentions. This is one of the conditions seen
most commonly among crewmembers [Nicogossian, 1993].

•

Some Other Issues
Psychotic drugs have never been prescribed in the Russian program. The reasons
for thi s are the relative lack of knowledge in pharmacology concerning these
types of drugs, the mildness of the psychological or psychiatric disturbances
experienced by cosmonauts and fi nally, the one case of mild addi ction to a nonprescribed medication on board [Kozlovskaya, 1998]. This raises the importance
of strict control and regulation of any medication kept on a spacec raft, and the
importance of the education of crewmembers on the dangers of substance abuse
during spaceflight.
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5.2.4

Future Recommendations and Considerations for Psychology
Long duration space missions of the future should have specific requirements
about crew size and composition, architecture and mission design , the mission
objectives and performance standards. As mentioned above, in long-duration
spaceflight psychological issues could have a negative impact on the safety and
reliability of astronaut performance. Our recommendations for mitigation of
psychological hazards are divided into selection and training, engineering and
architectural design , work/rest schedule and psychological support.

5.2.4.1

Selection and Training of Crews
Selection of astronauts in the future will be, as it has always been, of great
importance for the success of missions. It is of critical importance in longduration missions. This is the reason why studies should be conducted on the
selection criteria for astronauts for such missions. The profile sought for longduration missions should be an individual who demonstrates excellent technical
capabilities needed for the particular mission, but also possesses interpersonal
capabilities necessary for effective team functioning and group problem-solving.
Crew compatibility and emotional stability are vital factors in space flight. When
establishing crew composition, we have to consider issues linked to group
interactions. Particular care should then be placed on selecting crews with
optimal composition, and studies should be done to look at the effects of
different variables on group performance such as the number of crewmembers,
the number of people of each gender, and the skill patterns. A useful strategy
would be to conduct psychological evaluations during training phases, in-flight
and post-flight, and to use these evaluations as an integral part of selection for
the next flight.
One other very important area is the relationships between crew and ground
control members. Studies should be conducted to improve these relationships so
that performance and coordination are at a maximum. In the US human space
program, all communications are through the "Capcom" (an astronaut on the
ground who interfaces with the crew). Perhaps it would also become important to
select and train the personnel who provide the information to the Capcom to
avoid incidents or poor communication that could jeopardize mission success.
This training could include education about the psychological aspects of
spacefli ght and their role in minimizing these issues.
The training of astronauts is an element with as much importance for the success
of a mission as the appropriate selection. In the Russian program, the goals of
psychological training are presently to: ( 1) improve the individual socialcompetence of cosmonauts, (2) evoke and support a team-building process
within the crew, and (3) increase the general efficiency of cosmonauts by
developing general performance skills. There are four elements that are
emphasized in the training program: communication and cooperation, stress
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management, coping with operational demands, and group problem-solving.
Following this concept, it would be of great aid to conduct studies on the
methods of training yielding the greatest results.
Another recommendation is to encourage team-building and coordination
between crew members and ground support personnel (including psychologists).
This would help to identify and resolve potential trouble areas before the
mission, and to learn problem -solving techniques and communication skills.
For long-duration missions, it should become part of the training to help
astronauts/cosmonauts adapt to isolated and confined environments by exposing
them to similar environments, for example a polar base, for extended periods of
time. Perhaps the psychologists and psychiatrists that will be involved in the
crew's psychological support during the flight could accompany them to the
polar bases, to really understand the effects of isolation and confinement on
psychological health [Schmitt, 1998]. Behavioral scientists should be encouraged
to observe, record, and lead discussions on group interactions (crew, crew and
ground, crew and family, and family and ground).

5.2.4.2

Engineering and Architecture Design Considerations
Habitability problems and sensory deprivation can be mitigated by incorporating
these considerations as design drivers during spacecraft development. It will be
impm1ant and necessary in long-duration spaceflight to improve living standards
and increase comfort of living in space and the range of habitability provisions in
order to make astronauts and cosmonauts feel more "at home". Interesting uses
of texture, color, lighting, nature sounds, virtual reality technology, and optimal
use of living space to provide for privacy, are all tools that can be exploited. It
would be very useful to use multi-disciplinary teams, composed of psychologists,
astronauts, and engineers in spacecraft design, from the very beginning of the
design process. This would help to maximize man-machine interactions so that
they support and complement one another.

5.2.4.3

Work I Rest Schedule and Entertainment in Space flight
Establishing a reasonable work/rest schedule that can reduce the level of risk
caused by human psychological issues will be of special concern for longduration missions. Putting more consideration into artwork, music, microgravity
games, as well as intercultural needs, could help improve living conditions.
Adequate work and rest will be necessary because a pace too slow can reduce
potential mission effectiveness, whereas a pace too high can produce insufficient
attention to critical details and have an adverse affect on crew dynam ics.
Already the competing needs of crew time on ISS are causing friction on this
iss ue.
Activities during periods of rest should also be given particular care. Much
recreation consists of sports or other acti vities that are not available in space.
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Competitive games, typically fun and exciting under normal conditions, may
provoke or worsen conflict in an isolated and confined environment. In general ,
people in such environments tend to prefer passive to active forms of recreation,
but these preferences may vary with the background and time spent in space.

5.2.4.4

Psychological Support
Psychological support has already been used extensively for long-duration
spaceflight and has demonstrated its effectiveness and importance. The goal of
psychological support for a space crew is to maintain mental and social wellbeing by encouraging humor and positive coping skills, improving the quality of
life on the long mi ssion and dealing with any psychological or psychiatric
disturbances as they may arise during the flight. The place of psychological
support will be even more justifiable in the future.
One trend for following years should be to further study psychological issues for
long-duration space flight, to improve communication techniques and develop
new communication tools for a more effective support approach. This will allow
space agencies to provide better, faster and effective psychological support.
Incorporating pre-flight learning of meditation/relaxation techniques (i.e. Tai
Chi, Yoga, etc.) as part of training and encouraging their practice during flight
could be an original and low-cost way of preventing som e psychological
problems. It could also be effective to encourage crewmembers to keep a regular
journal of personal experiences. Introducing behavioral scientists into the regular
psychological monitoring of crew activities could be another positive step.
Finally, in the event of a psychological problem, there is a need for diagnostic
and treatment capacity on board the spacecraft. Provision for this was discussed
in the D.O.C.C. design project [ISU, 1996].

5.2.5

Conclusion and Selected Recommendations
It has been outlined here that several psychological stressors create an especially
hostile environment for humans operating in space. As a result, different
psychological disturbances are seen for both short and long duration spaceflight.
This establishes a need to find solutions to counter these effects in order to
improve the level of human comfort and, consequently, task performance.
Specific recommendations have been made concerning the methods of selection
and training of both flight and ground crews, amelioration of engineering and
design iss ues to improve the astronaut/cosmonaut's emotional state, and
productivity. The crew's work schedule must undergo careful cons ideration while
they are on orbit. Psychological support, both on the ground and in-flight, must
be upgraded from its current status.
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The most important recommendations proposed in this section focus on research
of individual and group characteristics, and the application of the results of these
studies in the selection and training of crews for long-duration missions. Ground
control personnel should be included in these studies and their application.
Secondly, interdisciplinary advisory teams composed of psychologists,
astronauts/cosmonauts and engineers should be involved in spacecraft design
from the very beginning of the process, emphasizing the importance of
habitability. Lastly, the development of adequate preventative, diagnostic and
treatment procedures for psychological and psychiatric disturbances need to be
implemented.

5.3
5.3.1

Effects of Radiation, J..L-G and Isolation on Infection
Introduction
fn this section the effects of both radiation and microgravity on microorganisms
are described. This combination has the potential of producing the additional
hazard of infection of the crew. During spaceflight , there are immune system
changes of unknown origin and importance as a result of isolation/ confinement,
stress, and, perhaps, radiation and microgravity. These immune system changes
could change the susceptibility of the crew to infection and cancer. Mitigation
strategies are presented in terms of prevention by screening, environmental
monitoring, decontamination and sterilization.

5.3.2

Microbial Contamination in Space
The crew represent the largest source of microbial contamination [Baron, 1990].
Human microorganisms of concern in the microgravity environment include both
normal microbial flora, which are important in preventing disease, and pathogenic organisms.
Exposure of microorganisms to the radiation environment in space results in
increased mutation rates [Eckart, 1996]. Consequently, there is a problem of
changing the biological characteristics of the organisms, potentiall y resulting in
increased pathogenicity (i.e. disease causing), growth rates, and antibiotic
resistance. Pathogenic organisms and drug resistance can have adverse effects on
crew health.
Uncontrolled growth of microorganisms can be damaging to the operation of a
closed bioregenerative life support systems, for example the biofilms produced
by microbes can lead to dogging of filters and tubing. In addition, the design of
bioregenerative life support systems needs to incorporate consideration of
mutations in decreasing the efficiency of microbial action within the system.
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In the microgravity environment microbes do not settle onto surfaces the way
they do on Earth, rather they remain suspended in the air. For example, this
means that organisms that do not normally enter the lungs on Earth would be
able to do so in space. Consequently, not only might there be changes in the
organisms due to radiation, but they might cause infections in unusual places.
A teiTestrial example of an epidemic caused by a microbial infection through an
unusual route is Legionella pneumophila. Legionellaceae is an aerobic bacilli,
which are commonly found in aquatic environments and have no human or
animal reservoir. Hot water systems with stagnation are frequently contaminated
because of elevated temperatures, few competing bacteria, and, potentially, a
source of iron. Legion.ella pneumophila was first discovered in 1976 when it
caused the deaths of 34 people during an American Legion Convention in
Philadelphia. Exposure was through aerosols of water from the hotel's air
conditioning system, and it resulted in a virulent pneumonia [Isselbacher, 1994].
In August 1998, at least four people died in France due to a similar outbreak of
this bacteria. In space contamination of the water, food, or air supply with an
unusual and virulent microorganism could be catastrophic.
In space there are changes in the immune system which are detailed at greater
length in the Magic Design Project [ISU, 1998]. There is concern that humans
may be immunocompromised as a result of stress, isolation of crew from
community acquired infections, and, perhaps, effects of the radiation and
microgravity environments. While the nature and importance of immune system
changes remains to be elucidated, there are concerns of increased susceptibility
to infection and cancer. If crew were to become immunosuppressed, they would
become more susceptible to latent infections residing in their body. While prescreening could reduce the number of latent infections, there are some viruses
like HSV- 1, which are present in the majority of the population, and others that
would not be included in the screen. With an international crew, this problem
could be complicated by the presence of infections from various parts of the
world to which not all crewmembers had been exposed. This would have to be
considered in the design of the screen.

5.3.3

Countermeasures - Crew Protection and Health System
NASA calls the countermeasures for the problem of microbial contamination the
"Crew Protection and Health System" (CPHS), which is a function of the
engineering system [NASA, 1988]. This system includes life support
requirements for regenerative food, water, air, and waste management systems.
CPHS is also developing an environment monitoring system capable of detecting
all possible sources and types of contamination. CPHS can be classified
according to environment monitoring and measurement, decontamination, and
sanitation of life support systems.
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Environment monitoring and measurement is the system that monitors all critical
environment factors related to microbial contamination accurately and efficiency.
This can be achieved by enumeration of the microbial levels, especially bacterial
spores. This system must detect all possible sources and types of microbial
contamination.
Currently, there is variability between mi SSions with regard to environmental
monitoring. On short duration missions, where ground crews can take care of
cleaning, this is less of an issue. However, the lack of a procedure for handling
this on MIR has resulted in the local accumulati ons of water with potentiall y
hazardous microorganisms. EVA suits are a breeding ground for microorganisms
and as there will be re-use of them in the ISS , the need for e fficient
decontamination will arise. Additionally, there is a lack of equipment on orbit to
do detailed analyses. Eruth support is possible cunently, but in the future more
autonomous capability will be required. Large numbers of samples from
different areas of the spacecraft are required to generate accurate data. The crew
collects these samples currently, and the question arises as to the proper
scheduling of the sampling, and the potential for automation.
The recommendation for the future is that the monitoring systems must have
sufficient instrumentation with high reliability and the capability for selfcalibration so that all critical factors can be monitored autonomously. The
strength of this recomme ndation is increased health an d well-being of the crew.
The weakness is that these procedures and techniques do not currently exist. Up
to now there have been no major problems, so these issues are perhaps not
considered as critical as other requirements. The threat is that microbial
contamination and the disruption of bioregenerative life support systems cou ld
be dangerous on a long-duration mission. There is an opportunity to anticipate
these problems.
Decontamination is the second component of the CPHS. The three key areas to
consider are routine cleaning and personal hygiene to minimize microbial load in
the spacecraft, and sterilization techniques for use when the load becomes
unacceptably high.
Routine cleaning or house keeping is important to mm1m1ze the number of
microbes in the environment between sterilization procedures. Optimal schedules
and techniques must be used. H ygiene is important because the crew is the major
source of microorganisms. There are two basic types of hygiene, clothing and
personal [Calvin, 1975 ]. Clothing is a concern because of direct skin contact, and
of particular concern are the items worn during EVA. Clothing can either be
designed to be reusable or for single time use depending on the ability to provide
adequate cleaning. Clothing can be made of anti-microbial textile material to
decrease skin and undercl othing microbial contamination, but skin irritation must
be avoided. Personal hygiene must be rigorous in this environment. This includes
hygienic care of individual regions of the skin, the mouth, the hair, shaving and

JSU- S ummer Session Program 1998 • 197

care of nails. The schedule mus.t be determined by activity - for example, it is
necessary to clean immediately after exercise because sweat is a good breeding
ground for bacteria so everything touched before cleaning is contaminated.
At some points the microbial load will be found to be too high, requiring
sterilization of the environment. Table 5-l summarizes some methods of
sterilization that are being used to decontaminate spacecraft.
Sterilization

Methods
Autoclave
Incubator
High temperature steam

Heat

Vapors and gases
Liquid
decontamination
Irradiation

Auto-sterilization

Hydrogen peroxide (H20 2)
Ozone (03)
Formaldehyde
Iodine
Chlorine
UV radiation
Ionizing radiation
Using material for design of spacecraft that can establish
toxic to microbial such as alloys of magnesium, aluminum,
and copper

Table 5-1 Sterilization can be classified into 5 categories seen in the table [Calvin, 1975].

Currently, there is awareness of the need for decontamination but there is a
concern that use of anti-bacterial cleaning agents will lead to increased resistance
of organisms [Hamilton, 1998]. Improvements in this area are needed. The
difficulties in the design of a sterilization system are insufficient water, lack of
agents which can provide broad spectrum microbial coverage, and insufficient
sanitary devices [Calvin, 1975].
Sanitation of life systems is the third component of the CPHS. In the future , long
duration space flight will require bioregenerative life support systems. However,
bioregenerative life support systems make use of microorganisms to perform
recycling operations. These microorganisms are also susceptible to mutation in
the space radiation environment. This could result in mutations causing bacterial
overgrowth, or decreased efficiency of action. In addition, these systems are
vulnerable to contamination by microorganisms in the environment (e.g. water
supply, air filters). Table 5-2 lists points of consideration in the design of
sanitation measures for life support systems.
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Food
preparati on,
processing, and
storage area

Water
treatment and
recyc ling
system

Air
regeneration
circulation
system

Waste
manage ment
system

C lean room and clean equipment.

Di stillation processes
Vapor compression Distillation (VCD)
Thermoelectri c Integrated Membrane (TIMES)
Vapor Phase Catalytic Ammonia Removal (VAPCAR)
Air Evaporati on
Filtration processes
Reverse Osmosis (RO)
Multifiltration (MF)
Electrodial ysis
High Effic iency Particulate Atmosphere (Air) filter (HEPA) is
being used .
Biological Air Filtration (BAF) is using for air quality control. By
using a membrane filter and a closed liquid phase, microorganisms
are contained inside the BAF, which is of great importance of
closed air circulation syste ms as used in space cabins. The filter can
be used to re move microorganism from the atmosphere, depe nding
on the pore size of the filters and the size of microorganisms.
Must be careful whe n the syste m is the biological wasted treatment
system because the potential of microorganisms that are used in the
process is high.

Table 5-2 Points to be concerned for good sanitary in life support systems [Eckart, 1996)

Currently, we do not have bioregenerative life support systems, however all life
support systems need to be concerned about sanitation. Due to the damage that
can be done to life-support systems and to crew health, it is important to
integrate the issues of ease of monitoring, decontamination, and sterilization into
the requirements for spacecraft design. Further, the impact of redesign of lifesupport system components must consider the risk of microbial contamination of
the system .
For future designs incorporating regenerative life support systems, which make
use of microorganisms, there is a need for ground-based research to develop
microorganisms resistant to space radiation. Additionally, the design of such
systems must incorporate redundancy in case of decreased function due to
mutation. T he capacity to decontaminate and restart these microbial populations
must also be included in the design.
We must intensify our efforts to determine the requirements for rege nerative air,
food and water, and al so the waste management, in particular with respect to the
reduction of microbial contamination. Such a system is required for longduration missions without possibility of re-suppl y. It takes J 5 to 20 years to
develop a life-support system based on microorganisms. The development of
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these systems should be scheduled so that they can be created, tested and used in
the future.
Microbi al contamination is a health ri sk in space. Optimal sterility and health of
the crew are the best defense. As has been shown in this section, this iss ue has
many potential ramifications, some of which may be shown to be serious and
others trivial. A great deal of work is required to gain a better understanding of
the interplay of these issues in space.

5.4

Medical Issues and Countermeasures
There will always be hazards encountered during spaceflight, which despite the
best attempts at mitigation will result in illness and injury requiring medical care.
The level of medical care provided will always be a trade-off between expense,
complexity, alternative strategies and the acceptable level of risk. This section is
devoted to the mitigation of the most likely medical events arising in space. A
discussion of the more common medical conditions in rnicrogravity, medical
conditions resulting from acute radiation exposure, and injuries following impact
with debris or meteoroids are provided. The considerations for trade-off
decisions are provided in a discussion of preventive medicine, diagnostic
capability, treatment capability and considerations for the performance of
surgery are provided.

5.4.1

Medical Conditions More Common in Microgravity
In planning for medical care in the space environment resources are at a premium
so it is necessary to predict the most common medical problems first. However,
the profile of common medical illnesses in the space environment is different
from that in the typical emergency room on Earth . This difference is due in part
to microgravity. In terms of definin g the risk of medical events, there is no
substitute for on orbit experience, but some lessons can be learned from analog
popul ations in remote terrestrial work environments. In addition to the
characteristics of the space environment, there are mission-specific operational
hazards such as toxic substances that must be considered in planning medical
care facilities.
Constraints on the provision of medical care include the changes in presentati on
of illness or injury in the space environment where we have limited clinical
experience. Modern medical care typicall y relies on many professionals, and in
the space environment these resources are limited on site.
According to the NASA Medical Operations Branch ( 1998), the most likely
medical events on orbit are outlined in Table 5-3 below [Hamil ton, l 998b]. One
modification is the likely incidence of infec tious disease that was revised upward
based on the considerations presented in the previous section.
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On Orbit - More Likely E vents
Space M otion Sickness

50-70% incide nce (Shuttle)

Foreign B odies in the Eye

- particles do not settle in mic rogravity
- lunar dust is a proble m

Decompression

EVA, impact with the ship

Toxic Inhalation

che micals, combustion products, propellants

Kidney_ Stones

Disruptions in calc ium homeostasis

Radiation

major career limiting_ exposure for astronauts

Infectiou Disease

Immunosuppression, increased microbial
mutation, BUT limited microbial di versity

Musculoskeletal Injuries

on lunar or Martian surface

Less Likely Events
Cardiovascu tar Events

Physiological stress - rigorous medical
screening

Maj or Fractures

Requiring surgery -crush injuries during
assembl y of ISS

Table 5-3 Medical Events Common in Microgravity [Hamilton, 1998b].

5.4.2

Medical Conditions Associated with Acute Radiation Exposure
As was discussed in Section 3.4, the radiation environment has dangerous effects
on humans. There are both acute and chronic effects of radiation exposure. The
chronic effects were dealt with in some detail in Section 3.4 and 3.5. This section
will address the medical consequences of acute radiation exposure.
If astronauts are acutely exposed to high doses of radiation they will be
susceptible to acute radiation exposure sickness according to the dose recei ved as
outlined in Table 5-4. Effects on the central nervous system, the gastrointestinal
system, and the hematopoietic (i.e. bone marrow) system characterize acute
radiation syndromes.

The death threshold, or dose beyond which deaths occur, for bone marrow
12
exposure is 200 rads which is the lowest and the key parameter in mortality at
lower exposure. The death threshold for the brain is about 5000 rads, and for the
small intestine the death threshold is 1000 rads. This means that active medical
support, including bone marrow rescue strategies, can rescue people exposed up
to 1000 rads [Rubin, 1968].

rad is a un it of absorbed dose of radiation. based on the amount of energy absorbed in a giv<!n mass of tissue
re m is a unit of equi\·alelll dose of ionizing radiation -equal to

th~

absorbed dose in

r:ld~

muhiplied by the qua li t) f.ac-tOI. the distribution factor.

and any 01her rcquiud modifying: factor

quality fac tor- a quantity that expresses tht: effecti veness of an absorbed dos~ on a common
d<pend ~ nl

seal~

for t) pes of iontzi ng. radiation - 1l is an LET

seal< derived by consensus (Setlow. 1996]
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The threshold dose to experience the symptoms of hematopoietic syndrome is
100 rads. The symptoms and signs are fatigue , malai se, shortness of breath on
exertion, fever, leukopenia (low white blood cell count), and thrombopenia (low
platelets) causing bruising. Leukopenia is dangerous because it damages cellular
immunity leading to infection, and thrombopenia is dangerous because it impairs
normal blood clotting and can cause hemorrhage. This syndrome has a latency
period of onset of 2 to 3 weeks, and death occurs between 3 weeks and 2 months
from secondary infections [Rubin, 1968].
The threshold dose to experience the symptoms of gastrointestin al (GI)
syndrome is 500 rads. The symptoms and signs are dose related. In order of
seriousness they are malaise, anorexia, nausea, vol1llting, diarrhea, GI
dysfunction, fever, dehydration, electrolyte loss, and circulatory coUapse. The
latency of this syndrome is 3 to 5 days, and death occurs within 3 days and 2
weeks [Rubin, 1968].
Doses of radiation greater than 2000 rads lead to central nervous system
syndromes within 3 hours of exposure. The death threshold is 5000 rads.
Symptoms and signs include lethargy, tremors, convulsions and ataxia (i.e.
problems with gait). The main pathological features are inflammation of the
vessels, the meninges, and the brain [Rubin, 1968] .
Naturally, if the exposure occurs in LEO the crewmember should be returned to
Earth for definitive medical care. If this is not possible, certain actions must be
taken. Common-sense medical procedures include intravenous fluids, electrolyte
monitoring and replacement, anti-nausea medication , and suppo1tive blood
transfusions. There are special cells in the bone marrow called "pluripotent stem
cells" which are responsible for making all of the different kinds of blood cells. It
is possible to harvest these cells from the crewmember's bone marrow or their
peripheral blood before flight. The latter is a relatively new advance, which
would be easier to handle in flight as these cells are administered intravenously.
A very strong recommendation would be to take this material on the flight and to
place it in a very well shielded freezer during solar events. It would then be
possible to use it to try to rescue the crewmember's bone marrow in the event of
a lethal dose.
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Dose (rem)
10-50

50- 100

100-200

200-350

350-550

550-750

750- 1000
1000-2000
4500

Probable Effect
- no physiological effects
- minor blood changes
- 5- l 0% nausea and vomiting
- fatigue 1-2 days
- reduced white blood cells (WBC)
-no deaths
- 25-50% nausea and vomiting
- 50% decrease in WBC
- no deaths
- day I - 75-100% nausea, vomiti ng, fever
- anorexia, diarrhea, minor bleeding
- 75 % decrease in all blood elements
- 5-50% die
- day 1- I 00% nausea, vomiting, fever
- fever, hemorrhage, diarrhea, emaciation
- 50-90% dead in 6 weeks
- 6 mos. Convalescence for survivors
- 4 h - 100% nausea and vomiting
- ac ute radiation sickness
- 80- 100% die
- severe nausea and vomiting
- death within 2.5 weeks
- nausea and vomiting within 1 hour
- I 00% die in < 2 weeks
- incapacitation within hours
- I00% d ie within I week

Table 5-4 Acute Radiation Exposure Sickness [Jones, 1998].

Medical mitigation can improve survival following radiation exposure as shown
in Table 5-5"(LD50=lethal dose in 50%).
Expected in Healthy Adu lts

Dose (rads)

Effecti ve threshold for mo1tality

200

LD50 with minimal medical treatment

350

LD50 with supporti ve medical treatment

500

LD50 with bone marrow or stem cell
transplant

1000

Ta ble 5-5 Medical Mitigation of Acute Radiation Exposure [J ones, 1998].
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As discussed in Section 3.3, cytokines and cellular growth factors are able to
stimulate bone marrow stern cell activity [Weiss, 1997]. This may provide
therapeutic aids for the treatment of acute radiation exposure. Additionally, it
may be possible to have some protection from the radioprotective drugs under
development as discussed in Section 3.3 [Setlow ,1996].

5.4.3

Injuries Resulting from Impact with Debris or Meteoroids
Debris and meteoroids not only represent a hazard to the spacecraft: they are a
threat to human life. Even if the probability of an impact is quite low, the
consequences can be catastrophic. Injuries resulting from the impact with such
objects can range from minor to lethal, depending on the density, size and speed
of such objects. Injuries can be classified into primary and secondary. Primary
injuries are a direct consequence of the impact of the debris/meteoroid with the
body. Secondary injuries result from the breakage of life support system or other
spacecraft subsystems. This results in as decompression, fire, electrical
disruption and outgassing of toxic material, all of which are hazardous to the
crew. Risk analysis of the probability of impact during EVA, and physical
mitigation strategies for the handling of debris and meteoroids have been
discussed in Chapter 2.

5.4.3.1

Primary Injuries
Primary injuries are those classified into light (flash), burns (heat), blast and
penetrating (projectiles). Vaporization of meteoroid or spacecraft-cabin wall
materials result in an "oxidative explosion", which produces a flash of variable
intensity lasting in the order of 1 millisecond. Such an event could lead to
transient or permanent impairment of vision. Burns and blast injuries may result
from the presence of hot gases and the pressure wave following the explosion.
Blast injuries typically affect organs containing air and gas (i.e. lungs, tympanic
membranes, gastro-intestinal system, etc.). These injuries can be life-threatening.
Lastly, debris, meteoroids and other types of fragments, when ejected at high
velocities, may likely cause penetrating injuries like gunshot wounds. Depending
on the location of the wound(s), the outcome is variable [Jones, 1998b].

5.4.3.2

Secondary Injuries/Illness
Following impact of debris or meteoroids , toxic substances may come from leaks
or spills from storage tanks. Resulting medical conditions range from simple
eye/nose irritation to death [Nicogossian, 1982].
When debris or meteoroids puncture the EMU there is a sudden loss of pressure,
which may result in decompression sickness. This emergency condition occurs
when the pressure of dissolved gases in tissues becomes greater than the ambient
pressure. Consequently, bubbles may form in the tissues and be carried by the
blood-stream throughout the body. Decompression disorders have been classified
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into two categories, type I and type II. Type I decompression sickness is
characterized by rash, urticaria (hives), pruritus (itchiness) with or without joint
pain. Type II decompression sickness is characterized by neurologic,
cardiovascular and pulmonary aspects including visual disturbances, numbness,
unconsciousness, and convulsions. A countermeasure currently employed means
of protecting against decompression sickness is to pre-breathe 100% oxygen
prior to decompression, displacing nitrogen from the tissues. However, this is not
100% effective. Appropriate treatment is to expose the person to high-pressure,
which may be provided by an intact suit [Nicogossian, 1982].

5.4.4

Prevention
In the space environment the old adage "an ounce prevention is worth a pound of
cure" takes on new importance. It is evident that numerous adverse medical
events may evolve from physiological changes in microgravity in the absence of
appropriate countermeasures, a key preventive medicine strategy [ISU, 1996].
Similarly, the adverse psychological aspects of spaceflight and the
countermeasures described in Section 5.2 are also aspects of preventive
medicine. The relationship between disease and filth is well understood,
consequently, the prevention of microbial contamination described in Section 5.3
takes on special importance in designing systems which minimize the medical
risks posed by this hazard.
Prevention of medical events includes strict health criteria for the selection of
astronauts in order to avoid problems. Once in space, a healthy lifestyle
including exercise, good nutrition, sleep, and a sustainable work/rest cycle are
important for maintaining health. In addition, the Russian space program places
importance on teaching relaxation techniques and psychological copmg
strategies [Kozlovskaya, 1998].

5.4.5

Diagnosis
In clinical medicine a great deal of diagnostic information is obtained with an
appropriate history of the patient' s complaint. This, combined with a complete
physical exam, is often sufficient to determine a differential diagnosis including
the most likely causes of illness. This requires expert skill derived from long
experience. The space environment offers a unique challenge to medical
diagnosis because of the physiological changes experienced by the human body.
The most valuable resource in medical diagnosis is an experienced physician.
The most advanced technology in unskilled hands will not replace this resource.
Forty hours of training for a crew medical officer on the International Space
Station (ISS) does not constitute skilled hands.
Medical diagnostic capability in space is always a trade off between expense and
risk of occurrence of a medical problem. In low Earth orbit (LEO), such as with
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the Space Shuttle or the ISS, there is always the possibility of returning to Emth
rapidly so it has been determined that the provision for medical care is adequate.
LEO operations are aided by the possibility of substantial, real-time support from
terrestrial medical resources. Despite this support, it needs to be emphasized that
the level of care currently available means that certain common conditions,
which are relatively straight-forwm·d to manage on Earth, will represent greater
risk to the astronauts' health and lives if they occur on orbit. Improved diagnostic
capability on orbit is cost effective because it will reduce uncertainty around the
need to return a crew member to Earth [Hamilton, 1998b]. The provision of
medical care for exploratory missions at greater distance from Earth needs to be
considered. Better medical diagnostics are needed for long-duration spaceflight
outside LEO. Since Earth return will not be possible, and terrestrial
communications will probably be more limited, it will be important to have more
autonomous capabilities. Positive trends in providing this capability are coming
from advancing medical technologies. These include miniaturization of
diagnostic and imaging equipment, and computer aided diagnosis. Improved
laboratory tests in flight remains a critical area for development because there
will be limited drug supplies requiring optimal use.

5.4.6

Treatment Capabilities
As with medical diagnosis, the provision of medical treatment is a trade off
between expense and risk [ISU, 1996]. Medical capability should be provided
based on risk estimates, bearing in mind that the level of medical expertise
should be matched to the provision of medical hardware. Different levels of
acceptable risk must be understood to correspond with different levels of medical
care. Space exploration will always be associated with risk, however the risk of
mission failure must be a driver in the determination of the appropriate level of
medical care.
In LEO, the current provi sion of emergency medical care on board the Space
Shuttle, MIR, and the ISS is to stabilize the patient for immediate return to Earth
for definiti~ treatment. The constraints of a Soyuz capsule as medical return
vehicle means that the decision to transport a critically ill crew members rather
than supporting them in orbit will have negative consequences on their outcome,
depending on the nature of their medical condition. For instance, a crew member
with a kidney stone will likel y survive and a crew member with internal injuries
or compound fractures may not. The new CRV will have some advantages as a
medical return vehicle because it is more spacious and may allow for more
medical support equipment. However, this vehicle is untried and there are still
limited options for medical intervention during the transport. Further
complications of medical evacuation include the g forces experienced on
landing, and the possibility of weather forcing at a landing site without nearby
medical care facilities of the required standard.
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The situation for exploratory class missions is more complex - and more simple.
If the decision is made to not provide for more advanced life support and
intervention (i.e. surgery), then there is no requirement for a facility to stabilize
critically ill patients. There is no point stabilizing someone if you don ' t intend to
take definitive medical action. With respect to radiation related illnesses, the
medical mitigation has been discussed above. The design of the on board
medical facility should address the treatment needs of the illnesses described in
the earlier sections of this chapter. A previous SSP has dealt with the design of
such a facility and is a useful resource for further information [ISU, 1996].

5.4.7

Surgery
Many of the types of injuries resulting from a debris or meteoroid impact would
require surgery, as would accidents during the construction of the ISS and future
space activities. In LEO, there is the option for medical evacuation, however this
process may not be fast enough to save a critically injured crewmember. Outside
of Earth orbit, the possibilities for rapid evacuation decrease. If the decision is
made to try and save critically injured crewmembers, surgery is required .
According to NASA Administrator, Dan Goldin, it would be irresponsible to
envisage a journey to Mars without possessing the knowledge and skills needed
to save a life [Goldin, 1998].
Main issues that require future work include:
- How will sterility be provided in the surgical field?
How will the patient and the instruments be restrained for different types of
surgery?
- Currently the knowledge of action of pharmacological agents in microgravity
is not sufficient to attempt anesthesia.
- How will biohazardous materials and fluids be handled.
- What are the impacts of microgravity, radiation, and immune system changes
on wound healing?
- How will the medical requirements of a recovering patient be handled?
Hopefully, all these questions will be answered so that if the need for surgery
arises, the operational capabili ty will be there.

5.4.8

Conclusions and Recommendations
Perhaps one of the simplest and most valuable things which can be done is to
devote considerable effort in the next ten years to determining appropriate
physical exam techniques on orbit, and obtaining a body of experience about
what findings are " normal" or "abnormal" in microgravity when examining a
patient. The ISS should be extremel y useful in this regard. The second simple
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thing to do is to send one or two physicians on exploration class miSSions.
Naturally, this person(s) should have other skills to contribute to the mission, but
the relative importance of this resource and its cost effectiveness in terms of
mission success means that it should not be neglected.

5.5

Telemedicine as a Medical Aid
Despite strategies for reducing hazards of spaceflight, this unforgiving
environment will always represent a threat to humans living and working there.
As increasing numbers of humans begin to be involved in space-based activities,
there will be requirements for cost-effective medical care in that environment.
Telemedicine is an integrated application of telecommunication systems
(terrestrial and satellite) , computing technologies, medical equipment and
expertise, designed to deliver health care, and information across distances
[URL 1; URL2].

5.5.1

Goals and Objectives of Telemedicine in Space
Its goal is to provide a medical aid and improved access to health care in this
Advances in technology in information systems,
remote environment.
telecommunications, medical diagnosis and treatment, and human-machine
interfaces will help to achieve this goal [URL3]. While the concept of
telemedicine supporting space applications is not new, it c urrently is not a
mature technology in space applications. In the earl y days of human space
flight, telemedicine was used daily to monitor the health status of the crew and to
collect vital biomedical research data. Astronauts had extensive array of in-flight
medical capabilities, such as the "In-flight Medical Support System" for
4
diagnostic and therapeutic capabilities [URL ].

5.5.2

Current and Future Utilization of Telemedicine in Space
Currently application of telemedicine has permitted humankind to monitor the
physiological and medical impact of space flight on astronauts. Current activities
include operational telemedicine in space flight. There are three operational
space flight programs: Space Shuttle, Shuttle/MIR, and International Space
Station.
The Space Shuttle fl ying since the spring of 198 1 have changed complexity and
duration of human flights, and the medical care capability in fli ght evolved to
support these changes. The medical kit provided in flight is called the Shuttle
Orbiter Medical System. It comprises several kits used by telemedicine. The
Emergency Medical Kit contains injectable medicati ons, diagnostic and
therapeutic supplies to address routine medical and dental problems as well as
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emergency care. The Electrode Attachment Kit contains hardware that interfaces
with the Orbiter Bioinstrumentation System for supporting the downlink
electrocardiogram (ECG). Telemedicine has been applied and continues to be
used everyday humans are in space. Private medical conferences between
crewmembers and their fli ght surgeons, as well as vital physiological parameters
continue to characterize telemedicine in space fli ght [URL5].
Telemedicine is a major component of the in -flight medical care to support the
Shuttle/MIR. Private medical conferences are held primarily through audio
channels on a regularly scheduled basis between ground controllers at the
Russion Mission Control Center in Kaliningrad, Mission Control Center in
Houston, and the Mir Space Station. Video is used to support medical events
when it is available.
NASA has developed a system for the International Space Station (IS S) called
Crew Health Care System (CHCS) to support in-flight medical care. The ISS
will provide a platform for evaluating emerging technologies in
telecommunications and information systems. These technologies will include
things like virtual environments, smart sensors, and decision support systems for
aidi ng the doctor or crew medical officer on board the ISS in providing medical
care [URL6].
As mission profiles increase in duration, complexity, and distance from Earth,
health care systems for space flight will be enhanced to meet these challenges.
One strength of telemedicine is that as more extensive acti vity in the near Earth
environment is required, it will be more cost effective than including medical
facilities on every manufacturing platform, for example. Another strength of
telemedicine is that significant cost savings can be achieved if medical
evacuation to Earth is avoided by having an accurate diagnosis. Currently, flight
surgeons are asked to make decisions of this nature, based on insufficient
medical data. The added benefit of telemedicine is that the e nse of isolation of
crewmembers in outer space will be reduced.
One weakness of telemedicine is that for missions at greater distances from
Earth, limitations in communications and support systems from ground-based
controllers will require more autonomous and improved in flight medical
capability [URC; URL6]. The threat of telemedicine is the perception that this
tool can replace the presence of adequate medical experti se and equipment. A
very careful risk analysis has to be performed to determine the acceptable level
of medical risk for a given space operation.
The opportunities of telemedicine incl ude the terrestrial benefits to be realized in
terms of improving access to medical care and education in remote locations. A
portable telemedicine system has been developed called Telemedicine
Instrumentation Pack (TIP), which provides a compact, integrated suite of tools
and utilities to conduct medical examination [URL5 ]. NASA has developed high
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technology telecommunication equipment called Advanced Communication
Technology Satellite, which uses advanced antenna beams and on-board
switching and processing systems in order to broadcast information at hi gh data
rates required for images and medical information.

5.5.3

Telemedicine Requirements for Space Missions
Current opportunities in telemedicine include the development of Asynchronous
Transfer Mode (ATM) technology in order to provide broad band (up to 620
mbit/s) transmission. This will permit the broadcasting, via satellite and
terrestrial systems, large amounts of medical information from the spacecraft to
the ground controllers. The high data rate and quality achievable with this
approach should reduce the time for transmission and, thus, reduce the cost.
Additional technological challenges include latency (long delay) because of
different satellite/terrestrial data protocols. Creating new algorithms for data
processing programs will enhance the performance,visualization and
transparency of medical data such as 3-D high-resolution images [URL8; URL6 ].
This could help improve medical diagnostics. Certain steps have been made to
implement high data compression computing technologies to reduce the time for
broadcasting information and, thus, to make the decision making process more
effective. The time for obtaining medical (patient's) information will be reduced
allowing real time (or near real time) connection with the crew onboard. This can
help crewmembers in critical situations, or in case of emergency.
In the future when humans have a greater presence in space, telecommunication
systems will have to be available and accessible to as many places as needed by
means of local and wide area networks, Internet, Intranets, satellite and terrestrial
telecom systems. Low cost global connectivity to telecommunication
infrastructure, is another requirement to make telemedicine cost effective and
worth using worldwide and "spacewide". Using up to date technology allowing
real time performance, full duplex connections, and compressed medical imagery
will reduce the cost of the system.
The future of telemedicine technologies and its applications requires
achievement of "better, faster, cheaper" health care through the incorporation of
"spin-in" technology, and producing "spin-off" advances such as virtual
environments, telepresence and 3-D images [URL6 ] . Adaptability of technology
is a key issue, as it is no longer acceptable to design expensive hardware for only
one space mission when it is possible to consider broader applications [URL6] .
Other improvements in equipment such as a "full simulation cyber glove" giving
viewers a sense of touch (e.g. temperature, texture), an "artificial nose" , together
with a virtual link could be extremely helpful in remote physical examination.
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5.5.4

Recommendations and Conclusions
Minimally invasive long duration medical monitoring during space actiVIties
such as fundamental tests and medical operations could be achieved by
implementation of techniques allowing non-invasive distance monitoring of body
functions . Development and integration of telemedicine technologies will be
helpful to provide security to crewmembers during spaceflight by reducing the
risk of unexpected health problems and improving access to health care. We will
be able to provide safe, reliable and optimized monitoring, examinations, and
stabilization of crewmembers, thus increasing and improving knowledge about
microgravity and human functions in it. These tools in turn could be used on the
ground for telemonitoring of patients, for example.

5.6

Effect of Microgravity and Reduced Gravity
Microgravity has known effects on human physiology, which can have adverse
consequences if mitigation strategies are not undertaken. These issues were
discussed at length in another design project [ISU, 1996]. For current missions,
mitigation strategies are adequate to protect against the adverse effects of the
microgravity environment. Although research in areas of concern and
improvements to countermeasures continue, this will not be discussed here.
Rather, the concerns posed by the effect of altered gravity environments on
human physiology in the future will be considered.
Viewed objectively, microgravity is not a hazard. It becomes a hazard to human
beings in space because they have evolved in Earth gravity conditions. Humans
undergo only a ten percent reduction of Earth's gravity in low earth orbit (LEO).
However, the effect of orbital free fall produces weightlessness-microgravity.
A myriad of physical symptoms accompanies microgravity. A partial list would
include: upward fluid redistribution, heart palpitations, loss of bone calcium,
danger of kidney stones, decrease of extensor muscle function , change in
neurovestibular function, nausea, reduced red blood cell production and diuresis.
It is possible to mitigate these symptoms on an individual basis with drugs,
physical exercise regimens and the use of therapeutic equipment. Alternatively,
giant centrifuges could simulate near-Earth gravity conditions, making individual
remedies unnecessary.
This section is a thought exercise based on the projection of space Irusswn
endurance data. It does not consider specific biomedical research solutions, or
the engineering and skills for the utilization of planetary resources, or
construction of rotating cities, for example. Technology is proceeding at such a
rapid rate that it is probably impossible to estimate which skill sets and which
technologies will be the winners. This section will relate the phenomenon of
altered gravity to the increasing length of human space missions and their
physical, psychological, social and ethical consequences.
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5.6.1

Rationale for Addressing Increasing Lengths of Stay
The endurance records of space missions between 1961 and 1998 suggest that at
some future point there will be permanent human habitation in space. The data
have been gathered from the initial orbital flight of Gagarin in 1961 to
subsequent Russian and American records on Skylab, Mir and Shuttle-Mir. A
steep climb in the length of stay occurred between 1969 and I 979. After 1979
the length of space visits continued at a reduced rate. If one projects for
permanent occupation with these data, the trendline suggests that permanent
occupancy will occur in about 200 years (Figure 5-l).
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Figure 5-l Endurance Records of Missions and Trendline

However, two major planned space projects, the International Space Station
(ISS) and the Mars Mission, will exceed the 14-month record set by Valeryi
Polyakov on Mir. ISS is currently scheduled to begin operations around 2005.
The system of crew rotation on ISS will not directly promote individual
endurance records. Given the pattern of increasingly longer missions, however,
one could speculate that some astronauts and cosmonauts will continue to push
for new records. As the current record for space missions is 14 months, it is
reasonable to guess that a record on ISS would extend to at least two years.

5.6.2

Three Scenarios for Mars
The Mars Mission will require participation of at least three years, including the
roundtrip travel time and approximately one year at the base camp. Astronauts
cannot repeat the trip because of the 'career dose' radiation exposure during the
roundtrip travel. Thus, the three-year Mars worktour comprises the first scenario.
Individuals participating in the three-year tour will experience microgravity
during travel and reduced (-.3g) on Mars. Some research suggests that the
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effects of microgravity conditions on human physiological responses are
independent of mission duration [Kozlovskaya et al., 1990]. American astronaut
Shannon Lucid returned from her 6-month tour on Mir without any microgravity
effects. Russian researchers have attributed Lucid's successful avoidance of
negative effects to a strict adherence to physical exercise regimens. By contrast,
it appears that the recovery of Dr. Valeryi Polyakov remains partial. Dr.
Polyakov allowed himself generally to adapt to prevailing gravity conditions.
Before returning to Earth , he pursued a sharp increase in the intensity of his
physical conditioning. The vestiges of microgravity effects from his 437 days in
space include bone anomalies of the spine and the head of the femur
[Kozlovskaya, 1998]. Therefore, scenario-one Mars participants must engage in
the regimens that promise total recovery. These will change as knowledge
relating to physiology becomes more complete.
The second scenario for Mars addresses participants who wish to break
endurance records [Schmitt, 1998]. Because of the trip-number limitation (one
trip onl y) imposed by radiation, some will opt for double (5 years) or triple
(7 years) shifts before returning to their normal lives on Earth. This scenario
suggests how the length of Mars missions will be nudged to sli ghtly longer
durations.
Scenario three is the logical extension of two. Mars participants, like those who
endure the harsh conditions of Antarctic duty, will accrue work time more
quickly than their counterparts on Earth [Schmitt, 1998]. For example, the
lifetime career in the Antarctic is 15 years rather than the usual 30 years.
Eventually, Mars participants will plan to work for 15 years and retire afterward
to Earth.
After their 15-year work tour, it may be extremely difficult, if not impossible, to
return to Earth. The extended adaptation to Mars gravity might alter physiology
to such an extent that return becomes improbable. Moreover, the decision to
remain on Mars or to return to Earth concerned only the individual participants
up to this point. However, if children are produced during extended tours on
Mars, ethical questions are raised.
These children would look like us. Having never experienced Earth's gravity,
however, they would be adapted physically and psychologically to the harsh
space environment, which will be completely free of the usual bustle of everyday
life as we know it. These children will lack the ri ch social and cultural
stimulation provided on Earth. Additionally, research in mice suggests that
neurovestibular development in children born in altered gravity m ay be abnormal
(Aamodt, 1998]. Thus, they would be unable to walk normally on Earth and it
would be unfair to bring these children to Earth.
If scenario three is selected as a subject for discussion, then the microgravity
issue becomes less important. Great experimentation is occurring in
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transportation/launch technology at present. Reduced transportation time to Mars
will also reduce the time spent in microgravity. Some humans will live on Earth
and some will eventually adapt for life in Space. Most time will be spent in one
place or the other, not in transit.
The extended time for evolutionary adaptation to Space is also less probable. The
isolating conditions of space colonies would normally generate changes in the
human species over very long periods of time. However, genetic engineering and
cloning could hasten adaptive changes. It will be difficult for the Earth to deal
with these changes. One reason is 'culture shock' and the other is fear of misuse.
A time of struggle will occur, in which people in Space and on Earth arrive at a
balanced view

5.6.3

Conclusion
This essay has considered the rapidly approaching eventuality of two human
populations-one on Earth and another (others) in space. Without the Mars
Mission, permanent space habitation will not occur in this century. Planning for
life in space in a balanced and intelligent manner requires focused attention to
physiology. However, it is important to consider social, cultural and ethical
contingencies as well. For better or for worse, we humans are slaves to our
exploration 'gene'. The same need for adventure, responsible for snuffing out
lives on Mount Everest, might very well save us in the long run. Our insatiable
need for adventure and exploration on space stations, moons and planets might
very well prolong the existence of our species.

5.7

Conclusion and General Recommendations
There will always be hazards encountered during spaceflight, which despite the
best attempts at mitigation will result in illness and injury requiring medical care.
The level of medical care provided will always be a trade-off between expense,
complexity, alternative strategies and the acceptable level of risk.
In view of long duration crewed missions, we came up with the following
recommendations:
•

In order to study the efficiency of the proposed protective systems against
radiation, a crewed base outside of the magnetosphere should be constructed.
Human experience in space is largely limited to the low Earth environment, and
terrestrial modeling is not adequate to describe the effect of thi s environment on
living organisms.
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•

Using protecti ve shielding designed according to the terrestrial models, the dosedi stribution of different types of radiation experienced by physical human tissue
analogues should be measured.

•

Biological radiation protection strategies, to complement physical protective
measures, must be developed. C urrent concepts are based on manipulation of
naturally protective systems, and the administration of radio-protective drugs .

•

Future designs of bio-regenerative life support for use in space must consider the
problem of microbial mutation leading to decreased efficiency. One strategy
would be the selection of microorganisms resistant to the space e nvironment.

•

Research on individual and group characteristics in isolated/confined conditions
in order to optimize overall performance. These results should be used to design
training programs for long-duration missions, including the ground control
personnel in the training process.

•

Advisory teams of interdisciplinary personnel , composed of psychologists,
astronauts/cosmonauts and engineers, should be involved in spacecraft design
from the very beginning of the process, emphasizing the importance for
habitability.

•

Improvements in knowledge of the performance and interpretation of physical
examinations, and on the deli very of medical and surgical care in space are
required.
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Table 5-6 Biomedical Hazards of Spaceflight
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Policy and Law Issues

Introduction
The problem of space hazards does not only call for technical solutions, but also
for sound policy and legal mechanisms that serve the purpose to control and
reduce space hazards by, inter alia, enforcing technical solutions. Space policy
as a basis for a common understanding of goals can influence future
developments of space activities. Space law ensures the implementation of
identified measures. To evaluate the adequacy and inadequacy of activities in
this field, an analysis of the present state of space policy with regard to problems
caused by space debris, meteoroids, radiation and biomedical hazards is required.
Furthermore, an analysis of the existing legal system with regard to space debris
is necessary. Following this, recommendations for future acti vities will be made.

6.2

Analysis of Existing Space Law
The five existing UN space treaties\ which provide the basic principles for the
use of outer space, do not furnish solutions for problems caused by natural space
hazards.
Hence, the analysis of the existing space law will concentrate on the issue of man
made hazards, i.e. space debris.

Lack of Definition of the Term "Space Debris"

6.2.1

Legal issues raised by the problem posed by space debris can be addressed by
existing space law, if the international space treaties in question are applicable to
space debris. Therefore, a legal definition of the term "space debris" (which does
not necessarily have to be entirely the same as a scientific definition) has to be
found. The existing space treaties do not explicitly mention space debris. This
raises the question if the term "space object" as used in the space treaties
includes space debris. While the Outer Space Treaty (1967) does not contain a
3

- Treaty o n Principles Governi ng the Act ivities of States in theExploration and Use of Outer Space.
Including the Moon and O ther Celestial Bodies (Outer Space T reaty, 1967);
-Agree me nt on the Resc ue of Astronauts a nd the Return of Objects Launched into Outer Space (Rescue
Agreeme nt, 1968);
-Co nventi o n on International Liability fo r Damage Caused by Space Objects (Liabil ity Convention. 1972):
-Convention on Registration of Objects Launched into O ute r Space (Registration Conventi on, 1975);
-Agreement Govern ing the Acti vit ies of States on the Moon and O ther Celestial Bod ies (Moon Agreement.
1979).
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definition of space objects, Article I of the Liability Convention (1972) states
that the term "space object" includes component parts of a space object as well as
its launch vehicle and parts thereof. The wording of this article allows different
interpretations as to whether a part detached of the space object or a nonoperational payload is covered by the term "space object" [Baker, 1989;
Diederiks-Verschoor, 1993; Jakhu, 1993; C. Smith, 1995; Kopal, 1997; Hintz,
1995, all with further references]. Inactive satellites are considered as space
objects. Fragments of a space object, as component parts of a space object, also
have to be considered as space objects. To qualify as space objects they neither
have to remain attached to the main object nor to remain functional (Jakhu,
1993). Therefore, the term "space object" is understood to include space debris.
Nevertheless, the description of the term "space object" in existing space law
does not sufficiently resolve the uncertainties in defining the term "space debris."

6.2.2

Jurisdiction and Control
The question of jurisdiction and control over space debri s has to be discussed
and answered in order to determine who is responsible for removing debris from
outer space. Article VIII of the Outer Space Treaty provides that "a State party to
the Treaty on whose registration an object launched into outer space is carried
shall retain jurisdiction and control over such object ( .. . ) while in outer space".
Jurisdiction and control is considered to be permanent [Baker, 1989; Congress of
the U.S., 1990; Jakhu, 1993]. Consequently States or other legal entities would
require the consent of the State of registration in order to interfere in any way
with that space object. In case of traceable objects, the State of registry could be
identified but might have reasons not to agree with the removal. In case of
untraceable small pieces of debris it is not feasible to identify the state of
registry. However, it is not clear whether the hazard posed by space debris is
sufficient justification for its removal without the consent of the State of
registration. Thus, the concept of permanent jurisdiction and control appears to
impede attempts to minimize the quantity of space debris.

6.2.3

Liability for Damage Caused by Space Debris
Article VII of the Outer Space Treaty and the Liability Convention provide for
State liability for third party damage. The Liability Convention attaches liability
for damage caused by space objects to the launching State, which is the State that
launches, procures a launch or from whose territory or facility the space object in
question is launched. The launching State bears absolute liability for damage
caused by its space object on the earth or to aircraft in flight. Th is absolute
li ability has to be applied in the case of damages caused by the reentry of space
debris due to a failure in de-orbiting. In case damage takes place other than on
the Earth to a space object of another State, the launching State is liable if the
damage is due to its fau lt or the fault of persons for whom it is responsible. The
Convention does not clarify what constitutes "fault"; therefore it is unclear to
what degree negligence is sufficient [Baker, 1989; C. Smith, 1995; Office of
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Science and Technology Policy, 1995]. The concept of fault liability also implies
the problem of proof associated with a claim. The proof of faulty action of the
launching State leading to a collision with debris is extremely difficult as the
damaging incident may occur months or even years after the launch. Thus, the
existing legal regime provides for State liability in cases fault can be proved for
damage caused by a traceable object but it is inadequate for the particular
problem of untraceable debris, whose origin cannot be identified .

6.2.4

Prevention of Pollution of the Outer Space Environment
Article IX of the Outer Space Treaty contains provisio ns concerning
environmental protection. It says that States should "pursue studies of outer
space and conduct exploration so as to avoid harmful contamination." Moreover,
in case of a State having reason to believe that its space activity might cause
potentially harmful interference with space activities of other States "it shall
undertake appropriate international consultation before proceeding with any such
activity or experiment." Even though this article seems to cover the situation of
pollution due to space debris, its potential effectiveness is diminished by the fact,
that it uses generic terms that are undefined (e.g. contamination). Finally, it does
not generate a legal obligation for States to take specific actions to reduce
pollution [Hintz, 1995]. For this reason, it is not a useful tool for the
implementation of strategies to protect the outer space environment. However,
since the Outer Space Treaty was created as a treaty of "principles", this article
expresses the general principles that States must keep outer space a pollutionfree environment.

6.2.5

Deficiency of Current Space Law
The existing space treaties provide solutions for some legal issues with regard to
space debris. Nonetheless, there is a lack of definition of important terms. This
creates legal insecurity for the States subject to the treaties since for the
application of these provisions in court the outcome of the claim may not be
predictable. The complexity and importance of the issue of space debris calls for
separate international legislation. A proposal for a new treaty should include
specific and clear provisions dealing with space debris.

6.3

Analysis of National Law: United States
Due to the pervasive influence of the USA on the development of space
technology and space law, it is necessary to consider US legislation. With regard
to the issue of space debris, the Commercial Space Launch Act ( 1984) is of
particular relevance. For the launch of a payload into ou ter space a license must
be obtained from the Federal Aviation Admi nistration (FAA) in the Department
of Transport (DOT). The issuance of a license is subject to a Safety & Mission
Review, in that the applicant must submit a flight plan and staging data sufficient
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for evaluating such factors as impacts of spent stages and debris issues. The FAA
evaluates whether a launch would endanger public health and safety, safety of
property, national security and the US foreign policy interests. The FAA could
require an applicant to indicate steps it has taken and would take to remove and
minimize debris which might be caused by the proposed launch. However, the
effectiveness of the Commercial Space Launch Act is limited since it applies
only to non-governmental payloads by expendable launchers. Re usable launchers
like the space shuttle are not covered by the present act.

6.4

Other Legal Regimes with Relevance to Space Debris
Since the beginning of space law, a clear tendency appeared to use some
traditional civil law concepts, and to have recourse to the juridical analogies
derived from the norms of international law already binding with regard to other
areas. A survey of legal analogies between earthly international agreements and
de lege fe renda space law reveals certain subject area parallels. Five such
regimes may contain direct or indirect provisions for protecting the outer space
environment from space debris: the Partial N uclear Test Ban Treaty, the
Environmental Modification Convention, the ITU 4 Convention, the Law of the
Sea, the Antarctic Treaty.

6.4.1

Test Ban Treaty (1963)
Norms can be found in this Treaty to protect outer space environment as they
prohibit nuclear test activities. In particular Article I prohibits all nuclear
explosions, whether for military or peaceful p urposes in outer space. However it
does not address the potential risks of radioactive space debris created from
active, retired or stored satellites with nuclear power sources on board when
involved in collisions or otherwise fragmented [Baker, 1989].

6.4.2

Environmental Modification Convention (1978)
Thi s Convention prohibits military or other hostile uses of techniques which,
through intentional manipul ation, could change the dynamics, composition or
structure of outer space. Hence, the deliberate creati on of space debris should be
considered as an environmental modification technique and therefore be strictly
prohibited [B aker, 1989].

6.4.3

ITU Convention (1992)
No provision for protection of the outer space environment as such can be fo und
in this convention. However, the risks posed by space debris may affect the
ability of satellites in GEO to perform properly their communication functions.
4

Intern ational Telecommunication Union
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Therefore, the point cou ld be made as to whether the ITU, as part of its
regulatory regime in GEO, should not be responsible for controlJing space debris
and establishing minimum separati on distances between satellites [Baker, 1989].

6.4.4

Law of the Sea (1982)
•

Space salvage
As the cost and the number of objects launched into space is constantly
increasing, the question of the recovery of property which is lost, abandoned or
in peril beyond the limits of the Earth's atmosphere is becoming more and more
important. According to maritime law, such property at sea is subject of salvage.
Until recently, the technological capability was not available to recover errant
space objects. In August 1984, the space shuttle Discovery performed the first
space borne salvage mission, bringing back to Earth two satellites, Palapa B-2
and Westar VI. Their recovery does mark the beginning of a new era, the
conduct of space salvage. This activity is bound to have a major impact in future
outer space activities, because it might eventually become a potentially lucrative
business for private enterpri se. Through the practices of salvage at sea over many
centuries, a large body of maritime law has developed to define salvor rights and
duties. This makes the maritime law very important for the development of a
parallel space law in this field.
Maritime salvage could be defined as the compensation allowed to persons by
whose assistance a ship has been saved from peril on the sea, or in recovering
such property from actual loss, as in cases of shipwreck, derelict, or recapture.
The voluntary salvage, where compensation is depending upon success, seems to
be the most appropriate to apply in outer space. Several billion dollars worth of
non-operational space hardware are floating around the Earth in a salvageable
condition. In the mid-term timeframe, space salvage is therefore a possible
partial solution to decrease the number of space debris [DeSaussure, 1985].

•

Removal operations
A completely separate issue concerns the unusable space debris which do not
have a salvage value, but which nevertheless create an increasing threat to
spaceflight. The safety of spaceflight is an international pu blic duty. The
responsibility to remove shipwrecks at sea which pose a threat to maritime
commerce has traditionally been a governmental function, and so it should be in
outer space. This is not a subject to be regulated by the law of salvage, but by
agreement between those States under whose authority objects are launched into
space. Spaceflight safety requires urgently a special conventi on because it is a
multilateral problem, which cannot wait to be resolved by customary law. It
becomes more and more obvious that a Space Navigation Code is needed to
assure flight safety, and it would be such a code that could provide for the
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sweeping of hazardous space debris and cleaning the most frequently used orbits
[DeSaussure, 1985]. To ensure financing of removal operations at national level,
States should apply the "polluters pay" principle to their space industry and
constitute a fund.

6.4.5

Antarctic Treaty (1959)
Antarctica, like space, is an environment of extremes. The Antarctic Treaty, and
in particular the Annex III to its Protocol on environmental protection, provides a
full set of norms conceming waste disposal and waste management. It prescribes
namely that the amount of wastes produced or disposed of shall be reduced as far
as practicable so as to minimize impact on the environment and to minimize
interference with scientific research. Waste storage, disposal and removal, as
well as recycling and source reduction shall be essential considerations in the
planning and conduct of activities in the Antarctic. Furthermore, it stipulates
clearly that wastes shall be retumed to the country from which the activities
generating the waste were organized, or to any other country in which
arrangements have been made for the disposal of such wastes. These detailed
provisions make the Antarctic Treaty very important for developing a parallel
space law related to debris management.

6.5
6.5.1
6.5.1.1

National and International Policies
Debris and Meteoroids
United States (US)
The US space surveillance network includes radars (Haystack, Goldstone) and
optical sensors. The US Space Command maintains a catalogue of tracked space
objects. US facilities also monitor the reentry of space objects. Most of these
facilities are operated by the military.
The 1988 National Space Policy contains the first US policy statement on space
debris: "all space sectors will seek to minimize creation of space debris".
In the US, several agencies are involved in space activities and have
implemented guidelines:
-The National Aeronautics and Space Administration (NASA) is in charge of
civil governmental activities. It has established in 1995 Safety Standards
1740.14, also known as the Standard Handbook. These are not
mandatory, but each program must report on the generation of space
debris and must justify when not respecting the guidelines. NASA
recommends to lower the perigee of LEO satellites so that they reenter
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within 25 years or to re-orbit LEO satellites to 2500km, to re-orbit GEO
satellites and to passivate satellites and upper stages after use.
-Department of Defense (DoD) has adopted in 1988 a policy (Executive
Order 12, 114) to minimize the impact of space debris on its military
operations and to reduce the accumulation of space debri s consistent with
mission requirements. It avoids the creation of space debris except when
it is part of the mission requirement (test of lasers for example).
-Department of Transportation (DoT) - The Commercial Space Launch Act
of 1984 states that a license must be obtained from the Office of
Commercial Space Transportation (now Federal Aviation Administration:
FAA) before launching a payload. The applicant must "submit a flight
plan and staging data sufficient for evaluating such factors as impacts of
spent stages and debris issues". This applies to non-governmental
payloads and expendable launchers. Teledesic Inc. has declared its
intention to take these rules in consideration. Iridium LLC has decided to
de-orbit the first generation of its satellites.
The US is in the process of establishing standard practices that will apply to all
agencies, including NASA, DoD, DoT, the National Oceanographic and
Atmospheric Administration (NOAA). The 1996 National Space Policy states:
"NASA, the Intelligence Community, and the DoD, in cooperation with the
private sector, will develop design guidelines for future government
procurements of spacecraft, launch vehicles and services. The design and
operation of space tests, experiments and systems, will minimize or reduce
accumulation of space debris consistent with mission requirements and cost
effectiveness."
The US government has taken the lead in conducting research on space debris,
surveillance of the debris environment and reentry. It is also active in
international fora, encouraging the adoption of an international agreement on the
issue of space debris. NASA is a founding member of the Inter-Agency Space
Debris Coordination Committee (IADC). "It is in the interest of the US
Government to ensure that space debris minimization practices are applied by
other space-faring nations and international organizations. The US Government
will take a leadership role in international fora to adopt polici es and practices
aimed at debris minimization and will cooperate internationall y in the exchange
of information on debris research and the identification of debris mitigation
options." (1996 National Space Policy)

6.5.1.2

Russia

Russia has facilities for tracking space debris. The Russian Space Agency (RKA)
monitors space debris by using the Russian Space Surveillance System (radar)
and the data ground optical systems of the Russian Academy of Sciences. Russia
has set up an information system for prediction of space objects' dangerous
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approach events (several million approaches) and uncontrolled reentry, as well as
an algorithm for deciding whether to proceed with an avoidance maneuver
Russia has adopted a policy of reboosting its GEO satellites to 200 km above
GEO, and in many instance reboosts to even higher orbits.
Russia is a member of IADC and cooperates in the reduction of space debris.

6.5.1.3

Europe
•

European Space Agency (ESA)
ESA has no comprehensive space surveillance system. Its activities include the
creation of the DISCOS database for space objects, the MASTER model for the
space debris and meteoroids environment and a database at the European Space
Research and Technology Centre (ESTEC) containing the results of impact
analysis of EURECA and HST solar panel.
ESA has adopted in 1989 a Resolution on the Agency's policy on the space
debris issue stating that its activities would cover research, debris reduction
measures and international cooperation.
ESA is preparing for 1998/99 a Space Debris Mitigation Handbook that will
contain recommendations and will play an advisory role for mission designers
and operators. Observation of these guidelines is, however, not mandatory.
In 1988, ESA included in its safety policy a specific requirement to prevent the
creation of space debris. This document is being replaced by the new European
Cooperation for Space Standardization (ECSS), which is of a mandatory nature.
The present version of Ariane 5 allows only passivation and not de-orbiting.
However further versions of Ariane 5 could be equipped with a restartable upper
stage allowing de-orbiting.
Cooperation meetings are held with European national space agencies, i.e. the
Italian Space Agency (ASI), the British National Space Center (BNSC), the
French Space Agency (CNES), the German Space Agency (DLR), for
coordinating research, use of facilities, standards on space debris and preparation
of IADC meetings.
ESA is a founding member of IADC. The European Space Operations Centre
(ESOC) now hosts the IADC database on space debris. It has the same structure
as DISCOS but includes less sensitive data. ESOC also hosts the IADC reentry
database.
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France
Ari anespace is in charge of the exploitation of Ariane 4 and has implemented
several measures with CNES. The upper stage has been passivated since V59
(1993) but remains in GTO. The last stage separation must be clean, and the
launcher may leave only one debris per satellite. CNES is a member of IADC
and conducts research in the field of space debris (ROSACE).

•

Germany
DLR is member of IADC and has a radar facility (FGAN).

•

United J(jngdom
They have a radar faci lity and optical sensors for detection and tracking. It reorbits its GEO satellites.

6.5.1.4

Japan
One of the world's earliest warnings on space debris was made in the Institute of
Space and Astronautical Science (ISAS) in Japan in 197 1. Since that time,
independent research on this topic has been carried out by various organizations
in Japan. However, any systematic or organized activities were not performed
until 1990 when the Japan Society for Aeronautical and Space Sciences (JSASS)
founded the Space Debris Study Group.
The Japanese Government Space Activities Commission (SAC) has expressed
Japan' s policy on space debris in the report on Japan 's Space Long Term Vision
which was published in July 1994: "Japan will aim to develop such systems that
will leave as little space debris as possible. With regard to existing space debris,
we wi ll cooperate with other countries in considering ways of reducing it."
The National Space Development Agency of Japan (NASDA) fou nded its own
working group in August 1993 to study space debris problems. NASDA has
established the Space Debris Mitigation Standard in March 1996. NASDA
requires that its GEO satellites be re-boosted to not less than 150 km and
advocates 500 km as a desirable goal. NASDA has implemented provisions for
the draining of residual propellants and the residual gas of the H-ll second stage.
The release of mechanical devices after separation of satellites and solar paddle
deployment has been avoided. For the purpose of the prevention of unintended
destruction of the H-11 second stage in space, the command destruct system is
incapacitated immediately after injection into orbit and its pyrotechnics are
thermally insulated to preclude spontaneous initiation.
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At present, there is no dedicated system for space debris observation in Japan.
However, there are three independent observation facilities utilizing optical
telescopes and radar systems constructed originally for other purposes; the
Communication Research Laboratory's (CRL) optical observation system, the
Schmidt telescopes of the Kagoshima Space Center (KSC) of ISAS, the Middle
and Upper Atmosphere (MU) radar system. Japan' s Science and Technology
agency plans to construct a radar station, set for completion by 2004, and a
telescope which will be completed in 2002 to look for debris.
6.5.1.5

Canada
The Canadian Space Agency (CSA) has been involved in the characterization of
the low Earth orbit (LEO) orbital debri s environment through ground-based
analysis and tests, and in-orbit experiments. Those have included the Long
Duration Exposure Facility (LDEF) , and two Shuttle experiments.
In order to minimize the creation of space debris, the Canadian Radarsat program
has established a system-level requirement stating that any solid debris resulting
from the operation of a restraint/release mechanism must be contained, and it is
required for all contractors to design systems in which no debris is created by the
spacecraft during its deployment in orbit.

Recognizing that the solution of the space debris problem is vital to the future of
space activity, and the impmtance of international cooperation in dealing with
the issue of space debris, the following policy statement was adopted in 1993 in
the Interdepartmental Committee on Space (ICS) Sub-Committee on Space
Debris: "The Canadian policy on the question of space debris is to promote
international agreement to prevent, to the maximum extent possible, the
generation of space debris. The implementation of this policy will be closely
coordinated with our international partners, in particular the United States and
the European Space Agency."
6.5.1.6

China
China has been conducting studies on space debris since 1980 and participating
in IADC since 1995.
A special release system, which is designed to release the residual propellant
from the tank and the residual gas from the high-pressure container in the booster
at satellite separation, has been developed for the upper stage of the Chinese
Long March 4 launcher. It is to avert the danger of in-orbit disintegration of the
upper stage. The de-orbiting technology will be used on the improved Long
March 2 launcher to make possible the earlier re-entry of its upper stage.
According to a debris mitigation study conducted in China, it is necessary for
parts and components sent into an orbit with a long orbital lifetime to take
measures to tether them with the main object in order not to produce more
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debris . China uses recoverable satellites for implementing scientific experiments
in outer space in order to reduce the number of j ettisoned satellites in orbit.
Efforts are also being made to improve satellites and launchers in terms of
design, launching technique and reliability.

6.5.1.7

India
The Indian Space Research Organization (ISRO) is conducting research
activities on the space debris issue and studying the possibility of de-orbiting
rocket stages and LEO satellites, and re-orbiting GEO satellites, but these
measures are not currently implemented. No debris is created at separation by
Indian launchers. India considers its contribution to space debris creation as
minimal.
India's space agency ISRO is a member of IADC.

6.5.1.8

Inter-Agency Space Debris Coordination Committee (IADC)
IADC was founded in 1993 by ESA, Japan, NASA and RKA. It now has nine
members with China (CNSA), France (CNES), the United Kingdom (BNSC) ,
India (ISRO) and Germany (DLR). It is an informal consultation forum
established to enable its members to exchange information and technical data on
their space debris research activities, to facilitate cooperation and to identify
debri s mitigation options.
It decided in 1997 to create two common databases at ESOC: one is a catalogue
of space objects but ESA has been asked to exclude sensitive data; the other is a
reentry database.
Since industry is becoming more and more involved in space activities and
contributes to the production of space debris, it could be granted an observer
status at IADC meetings.
IADC is working on a consensus on measures to mitigate space debris. The
consensus is reached more easily than in any other forum for it includes a limited
number of space-faring nations. It works in cooperation with the Scientific and
Technical Subcommittee of the United Nations' Committee on the Peaceful Uses
of Outer Space (COPUOS). Once a consensus is reached in IADC, the technical
results will be turned over to the COPUOS.

6.5.1.9

UNCOPUOS
There are over 50 countries represented at COPUOS, which makes it more
difficult to reach consensus. The Scientific and Technical Subcommittee of the
UN Committee on the Peaceful Uses of Outer Space (COPUOS ) started working
on the space debris issue in 1994. The Legal Subcommittee also considered the
question in 1995 but judged that it was too earl y to legislate. Its workplan for
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1996-1998 covers measurement of space debris and their effects on spacecraft,
modeling of the space debris environment and mitigation measures. It is
preparing a final report on space debris to be adopted at its 36th meeting in 1999
and will then transmit the issue to the Legal Subcommittee. A n international
agreement based on the consensus reached will then be prepared by the Legal
Subcommittee, either in the format of Principles or of a Treaty depending o n the
level of consensus reached.

6.5.1.10

International Telecommunication Union (ITU)
ITU is concerned mainly with the avoidance of harmful radio interference.
The 1985 ITU Space World Administrative Radio Conference (W ARC) decided
that the International Radio Consultative Committee (CCIR) sho uld undertake a
study on physical interference from space debris. CCIR study was completed and
presented to the 1988 ITU Space WARC. U nfortunately, that Conference did not
take any action on this issue.
The ITU recommended in May 1992 that all operators of geostationary satellites
boost spacecraft to 300 km above the geosynchronous orbit and make the
spacecraft inactive at the end of operations. In 1993, the Radiocommunication
Assembly (formerly CCIR) adopted technical recommendations to the effect that
as little as possible release of debris into the GSO, reasonable efforts should be
made to shorten the lifetime of debris in the transfer orbit, at the end of its life,
satellite should be transferred to disposal orbit.

6.5.1.11

INTELSAT
The International Telecommunications Satellite O rganization (INTELSAT),
which provides satellite telecommunication worldw ide, has adopted the
following practices to m inimize the creation of space debris in the geostationary
orbits (GSO): "At the end of their operational lifetimes, INTELSAT will boost
its communication satellites into an orbit at least 150 km above the geostationary
orbit. The intended increase in orbit will be 300 krn for the INTELSA T-VI and
all later satellite series; INTELSAT will discourage m anu facturers of its
spacecraft from using designs that jettison spacecraft parts, especially near
GSO."

6.5.1.12

EUTELSAT, EUMETSAT
EUTELSAT and EUMETSAT are applying a re-orbiting policy. Since they
want to re-use the o rbital slots they were given for new satellites, they put old
satellites into a disposal orbit. EUTELSAT is also applying a minimum altitude
of 300 km above GEO.
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Miscellaneous
Various bodies have studied the issue of space debris and published their results
and recommendations, among which the International Astronautical Federation
(1995 position paper), the International Astronomical Union (1985 New Delhi
Resolution, 1988 Baltimore Resolution), the American Institute of Aeronautics
and Astronautics (1981 position paper). The minimum measures generally
recommended are passivation of upper stages and satellites, de-orbiting of LEO
objects, re-orbiting of GEO objects after use and minimizati on of space debris
generation.

6.5.2
6.5.2.1

Radiation
Exposure Rate for Humans
The US National Council on Radiation Protection and Measurements (NCRP)
has published in 1997 new recommendations on the maximum rate of exposure
that should be allowed for humans. Even though the limits are stricter now, the
NCRP role is only advisory. The exposure rate is much greater (by a factor of
10) for space activities than for the nuclear field , essentially because the
technology available is not sufficiently cost-effective.
Age

25

35

45

55

Female
Male
New (97)
• Female
• Male

1.0
1.5

1.75
2.50

2.50
3.25

3.0
4.0

0.5
0.8

0.91
1.40

0.30
2.00

1.7
3.0

Old

•
•

Table 6-1 NCRP Recommendations - Exposure Limits (Sieverts)

Structure/Degth(em}
BF05/5 .0
25
30 day limit(rem)
Annual
50
Career
100-400
C hest X-Ray
Annual Maximum Rad Worker
Annual Maxi mum Space Worker

Eye/0.3
100
200
400
0 .010
5.00
50.00

Skin/.01
150
300
600

Table 6-2 NRCP Recommended Ionizing Radiation Exposure Limits

Blood Forming Organ
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6.5.2.2

Equipment Protection against Radiation
US missions use hardened components when necessary and the standard is MIL
components. However the DoD seems to reduce its use of radiation hardened
components, which may lead the companies concerned to stop manufacturing.
Such components could become hard to find on the market.
European missions use PSS (now being replaced by ECSS) or MIL components
when deemed necessary. ESA like NASA is developing experiments on satellites
to test new components.
Considering the tendency toward more cooperation in both private and civil
governmental projects, using common standards would allow companies to work
in a more stable environment and greatly simplify cooperation.

6.5.2.3

International Cooperation
The Inter-Agency Consultative Group for space science (IACG) was created in
1981 by 4 space agencies, ESA, ISAS (Japan), IKI (Russia) and NASA, with the
objective to maximize coordination among approved space science missions.
Space science activities are discussed on an informal basis. IACG involves only
scientists and has no formal planning role nor decision power.
The IACG decided in 1986 to work on solar-terrestrial science. A series of
campaigns studies more specific aspects. The missions involved are AKEBONO,
CLUSTER, CRRES, GEOTAIL, ICE, IMP-8, INTERBALL, PIONEER-10 and
11 , POLAR, SAMPEX, SOHO, SPARTAN, UARS, ULYSSES, VOYAGER,
WIND and YOHKOH. This fleet of spacecraft will provide data during the
coming solar maximum.
A data archiving working group has been created in 1996 to make data available
to the entire scientific community but this is not yet operational.

6.5.3

Conclusion
Space-faring nations show willingness to tackle the space debris issue and
international cooperation is already underway. The economic cost of
implementing mitigation measures raises difficulties. International cooperation
could be improved in the field of radiation.
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Upper Stage

Country

Passivation

De-orbiting

Re-orbiting

Centaur
Delta
Titan
LM4
Soyuz SLY

USA
USA
USA
Russia
Ru ssia

y
y

N

y

N
Y (2"d stage)

N

Proton SLY
Zenith

Russ ia

A4 HlO
AS EPS
HII
PSLV
LM-20

y
y
y

N
N
y

Russ ia
Europe
E urope
Japan

y
y
y
y
y

N
N
N
y

India
China

N
Venting

N
y

N
N
y
N
N
N
N
N
N
N

Ta ble 6-3 Measures actually implemented on upper stages to reduce space debris generation (source:
ISU98) [URL 1]

Satellite/Country

Passivation

USA (NASNNOAA)
Russia
E urope (ESA)
Japan
Canada (Telesat)

y

China

LEO deorbiting

LEO reorbiting

y
y

N

N

Y (DFH-3)

N

N

GEO reorbiting
Y (+300 km)
Y (+200 km)
Y (+300 km)
Y (+250 km)
Y (+200 km)
N

Table 6-4 Measures actually implemented on satellites to reduce space debris generation (source:
ISU98)

Y: yes, measures usually applied
N: no, measures not commonly appli ed

6.6
6.6.1

Recommendations
Introduction
As a suitable Earth environment is the prereqUisite for the existence of
humankind on Earth, an appropriate space environment is the prereq uisite for our
presence in space. To maintai n the equilibrium of this environment is our
obligation towards future generations. Human space acti vities must be based on
an understanding of international responsibility for the protection of the space
environment. The insufficiency of the existing legal regime with regard to the
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issue of space debris has proven the need for international legislation in this
field. The acknowledged policies of space agencies and international
organizations on the issue of space hazards call for a new framework of
international cooperation. With human knowledge, capability and willingness the
improvement of legal and policy measures is achievab le. For this purpose,
recommendations will be applied to near-term activities (to be implemented
within the next five years) and mid-to-far-term activities (to be implemented
between five to twenty years and the time beyond).

6.6.2

Economic Evaluation of Policy and Law Decisions
Economics is the science of efficiently distributing scarce resources. Government
policies and laws are necessary to establish a framework that efficiently
distributes resources through restrictions and rights. Therefore, the development
of policy and law includes economic analysis. Policy and law decisions made for
space flight have to take into account the efficiency of the distribution of scarce
resources after rights and restrictions have been implemented. Rights and
restrictions have a direct impact on the economics of space flight, because many
governmental and non-governmental entities involved in space compete for finite
resources like money, labor, radio frequency spectrum and orbital locations.
The Learned Hand theory of economics, created by Judge Learned Hand in the
United States, can be a useful tool for evaluating the economic effects of policy
and law decisions. He stated that an entity should only take responsibility for its
actions if the burden, B, of taking such an action were less than the probability,
P, multiplied by the magnitude, L, of such a loss (B < P * L). If a new legal
situation creates incentives or punishments that encourage an entity to take a
responsibility or burden, B, that is much more costly than the product of the
probability and magnitude of a potential loss, P * L, then that new law or
regulation is economically inefficient.
New international policies and laws with respect to space hazards will place a
certain burden on entities that choose to operate in the space e nvironment. The
policy and law recommendations in this report will make this burden
economically efficient. It does so by suggesting policies and laws that strive to
ensure that the burden placed on the entities will be near the probability and
magnitude of the potential loss if nothing were done (B = P * L). The fact that in
the field of space activities the benefits of investments in measures to reduce
space hazards can only be expected in far terms (at least 30 years) is taken into
account.
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Meteoroids and Space Debris

6.6.3.1

Near-Term Recommendations
•

Adoption of International Standards and Practices
The Scientific and Technical Subcommittee of UN COPUOS is drafting a final
technical report on the mitigation of space debris and this could easily serve as
the basis for international standards and practices.
These standards and practices should include the following.
- Design
Spacecraft and launchers must be designed taking into account the need for
passivation, de-orbiting or re-orbiting. They must not release debris.
- Passivation
Spacecraft and launcher stages staying in orbit must be passivated. The
propellant should be chosen so that it does not become debris when venting.
- Re-01·biting
Spacecraft and launcher stages staying on frequently used orbits must be reorbited to an appropriate height.
- De-orbiting
De-orbiting is the best solution and should be implemented for spacecraft and
launch vehicles as often as possible, especially for those that are in LEO.
T he International Standard Organization
implementing those standards and practices.

•

(ISO) could

be

involved

m

Research
A database common to all space-faring nations is necessary because of the
scarcity of funds and facilities and in order to optimize the use of resources
available. Such a database is being installed by ESA for IADC. However
ESA has been asked to remove sensitive data (military satellites), which
reduces the interest of the database. Those data should be released at the end
of life of the satellite. Due to the increased use of LEO orbits, further
modelization is required.
- Release of used hardware, human remains and ashes mu st be strictly
prohibited. Deliberate creation of space debris must be prohibited, except for
research purposes aiming at finding solutions for debris management.
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The emergence of nanosatellite (<5 kg) constellations is of concern and
regulation should be introduced urgently in that field, so that they do not add
debris in space.
Considering the increasing participation of private companies in space
activities, governments (including space agencies) should raise their level of
awareness of hazards posed by space debris.
- Tax incentives should be introduced to entice companies to respect the
established standards, despite the increase of cost they will incur. The
income tax of the company could be lowered according to a certain scale to
be determined by national authorities, taking into account the debris
reducing measures that the company has adopted.

6.6.3.2

Mid-term Recommendations
•

International Treaty on Space Debris
"The alternative is eternal silence." [Matte, 1989, p. 446]
The foregoing analysis of the existing legal regimes applicable to the issue of
space hazards shows the need for the elaboration and adoption of international
legislation on space debris. Even though at the present stage space-faring nations
might be reluctant to the creation of a new legal instrument, as a medium-term
goal, international consensus should be reached as to how to deal with the
problem of space debri s. Such legislation should precisely clarify provisions of
space treaties in force with regard to their application to space debris and also
cover aspects that are not regulated by the existing law. The International
Instrument on the Protection of the Environment from Damage Caused by Space
Debris, which was adopted in 1994 by the 66th Conference of the International
Law Association (ILA) [Bockstiegel, 1995], should be used as a basis for the
elaboration of the new international treaty.
As a legal form for the text, an international treaty should be chosen to create an
instrument that is binding for the States parties, and therefore would ensure the
implementation of effective measures for the control of space debris. The Legal
Subcommittee of UNCOPUOS should be entrusted with the elaboration of this
legal instrument.
The treaty should provide a precise definition of the terms "space debris" and
"space objects". The definition suggested by M. Benko and K.U. Schrogl to the
Legal Subcommittee of the UNCOPUOS should be taken into consideration:
1. The term "space debris" means a space object regardless whether it still

exists as a whole or whether it is fragmented to any size, in the event that
such object is non-functional and there is no reasonable expectation of it
assuming or resuming its function (e.g. deactivated satellites, spent rocket

238 • ISU - Summer Session Program 1998

stages, fragments of rockets and satellites, engine exhaust particles, refuse,
paint flakes).
2. The term "space object" refers to the definition as contained in Article I (d)
of the Convention on Liability for Damage Caused by Space Objects as well
as to all mission related objects including refuse generated during space
missions and space objects assembled in outer space [Benko, Schrogl, 1997,
p. 4].
The treaty should establish means for the protection of the outer space
environment. In order to ensure the feasibility of space debris removal by an
entity other than the State of registration, an exemption should be stipulated to
the existing principle of permanent jurisdiction and control over space objects. In
case of a non-operational space object, if there is no intent to return it to Earth or
to reactivate it, the space object should be considered abandoned. This would
allow removal operations as part of space salvage.
An absolute liability for damages caused by space debris should be imposed on
the launching State. Consequently the 1972 Liability Convention should be
amended and the fault of State would not have to be demonstrated in order to
claim for compensation.
The treaty should create an international fund that would automaticall y pay
compensation for damage caused by non-identifiable space debris. This fund
should be financed by space faring nations and the space industry. Financial
contribution should be proportional to the number of launches (States) and to the
space object launched (industries).
For the purpose of regulating space traffic, a Space Traffic Control Authority
(STCA) should be established.
•

Space Traffic Control Authority (STCA)
As human activities in space expand in the coming years, the density of space
traffic, especially in LEO, may reach a level at which there will be a significant
danger of collisions between operational spacecraft, particularly in some specific
and most favored orbits. Before this occurs there will be a need for international
agreements aimed at reducing the chances of collisions between spacecraft. It
would clearly be in the interests of all nations to take appropriate steps to reduce
these risks as much as possible.
At this stage, an STCA incorporated in the UN system should be created under
an international treaty, based on the model of existing organizations such as the
International Civil Aviation Organization (ICAO) or the International Maritime
Organization (IMO). The overall issue of the STCA is the identification of
methods for increasing the capacity and flow of space traffic without
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compromising the growing interest in space activities. It should also be entrusted
with the elaboration of a Space Navigation Code, which will fix the "rules of the
roads" of the future space activities. The role of the STCA would be namely to:
-Inspect, by means of technical documentation , the implementation of the
recommended technical standards and practices aiming at diminishing the
creation of new debris. If this inspection is successfull y done , a
"Cleanliness Certificate" is delivered. This latter is the conditio sine qua
non for having the spacecraft registered according to the Registration
Convention.
-Coordinate operational monitoring and cataloging by initially using military
systems, such as the Space Surveillance Network of USSPACECOM,
with civilian augmentation, and finall y by using dedicated ground and
space-based radar and optical systems. Dual-use of remote sensing
systems, e.g. U.S. Global Positioning System (GPS), offers enhanced
technology capabilities for civilian purposes. The availability of these
systems for monitoring of space debris as a civilian application seems to
be feasible, as for example the U.S. GPS policy enhances the integration
of this system into peaceful civil commercial and scientific applications
worldwide [URL2]. For the purpose of di ssemination of the collected
data, a dedicated database should be created, freely accessible to space
agencies and industry.
-Manage the launch scheduling and trajectory of all new spacecraft to be
launched. For this purpose, a preliminary analysis of the status of the
various orbits has to be made to forecast the potential collision risks. This
presupposes that the launch information required by the Registration
Convention ( 1975) will be provided in real time. To achieve this, the
Registration Convention has to be amended accordingly, since at present
it request States to furnish the information only "as soon as practicable"
(Article IV).
-Coordinate and manage the de-orbiting operations of satellites that have
reached their end of life.
- Disseminate the space weather information provided by the Space Weather
Monitoring and Warning System.
In cases where a settlement of disputes cannot be reached by arbitration, an
International Tribunal for Space Law, still to be created, should be called upon.
The Space Navigation Code would contain provisions in the form of rules of
orbital behavior, and would fix rights of orbital traffic. The complexity of this
subject is such that extensive international negotiations will be required for their
resolution. As an example of "orbital rule", it could be mentioned that, in
general, an operational space vehicle that is capable of maneuvering is
responsible for any collision with another operational vehicle that is not capable
of maneuvering (i.e. that is orbiting passively). This would be analogous to the
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informal rule of small boat sailing that "power gives way to sail". The possible
justification for such a rule is based on the supposition that a vehicle that is
actually thrusting has the greater capability to make evasive maneuvers.
In addition to the specification of orbital parameters, the matter of establishing
guidelines for determining liability for collisions between space vehicles will
need to be tackled. The ICAO, which has long experience of resolving complex
technical issues relating to collision avoidance between aircraft, may be able to
make a useful contribution in this field. Since the ICAO plans to make greater
use of space technology for air traffic control, it could also play a constructive
role in the field of space traffic controL This organization's experience in the
monitoring and control of air traffic world-wide could clearly be of value in
helping to determine appropriate safety standards for space activities, proximity
rules, trajectories for crossing reserved zones, and other procedures for efficient
orbital utilization.
The international community of insurance companies and underwriters should
have a constructive role to play in formulating acceptable rules for minimizing
the risks of collisions between space vehicles. In this context, insurers should
also cover the reentry risks posed by de-orbiting operations. The recent series of
satellite losses suffered by companies providing insurance for spacecraft has
revealed a clear need for closer collaboration between insurers' technical
departments and manufacturers and operators of spacecraft and launch vehicles.
Even though the creation of this new structure might encounter some barriers,
such as the lack of financial means and political willingness, or the lobby of
space industry which does not want to lower its profit by respecting new
technical impediments, these are the issues that need to be resolved before this
proposal can be implemented.
•

Clean-up Systems
Whatever the measures implemented to reduce the generation of space debris, 40
years of space activities have generated a fair amount of space debris and the
only viable solution is to get rid of those that can be removed.
Some programs are studying technical solutions, like lasers, tethers, and orbital
transfer vehicle systems.
Space-faring nations should fund research on these techniques. A solution would
benefit governments, commercial companies and the general public.
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6.6.4
6.6.4.1

Radiation
International Space Weather Monitoring and Warning Service (SWS)
Space-faring nations have been interested in studying the space environment
from the very beginning of the space age. Lots of satellites have since been sent
into space to study the Sun and solar-terrestrial interactions. Nations largely
share their results through international scientific fora like IACG, COSPAR, IAF
or UN COPUOS and data is available on the Internet. However, rationalization
of data and mission coordination is necessary.
Considering the potentially damaging effect of space weather for communication
between satellites and ground stations, and for satellites themselves, especially
telecommunications satellites, and the crucial importance of telecommunications
today, an International Space Weather Monitoring and Warning Service (SWS)
should be created under the auspices of the United Nations. Its action would be
coordinated with the proposed Space Traffic Control Authority.
The role of the SWS is:
-To coordinate research activities in this field and to ensure that there is no
incoherence between missions.
-To monitor the space environment either by processing the data gathered by
space agencies or implementing its own missions.
- To give warning before solar particle events. This would allow satellite
operators and mission managers to take protective measures.
The SWS would be equipped with high power computing and other facilities.
In order to cover the running costs of the service, data will be commercialized at
cost to specific target groups like constellation operators.

6.6.4.2

Requirements on Radiation-Hardened Components
Radiation-hardened component requirements should be standardized to ensure a
market large enough for companies involved.

6.6.5

Biomedical Hazards
The vacuum, microgravity and radiation characteristics of the space environment
are hazardous to humans. In addition, the isolation and confinement represent a
stress that should not be neglected.

6.6.5.1

Collection of Data
The data presently avail able on human reaction to spaceflight is still scarce. It is
important to gather more data on that field.
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Space faring nations should enhance international cooperation in this area, m
particular for the purpose of exchanging data.

6.6.5.2

Psychological Aspects
Taking into account the harsh conditions of space environment, i.e. confinement
and isolation, human factors are of paramount importance. Not properly assessed
human factors can become a seri ous threat to the mission.
Therefore, it is recommended to properly select and train the crew, especially
when it includes people from different culture, gender, nationality and languages.
The crew needs a ground team of psychologists during flight, as done in Russia.
Proper debriefing shall be done and lessons learned implement.

6.6.5.3

International Standards for Human Flights
Humans are exposed to high rates of radiation exposure during spaceflight. This
raises ethical issues.
Astronauts know and understand the risk to which they expose themselves
during missions and are willing to accept this risk. They want to be part of the
great adventure of spaceflight and are ready to pay the price. Governments have
however the responsibility of minimizing the risks. They should adopt maximum
dosage limits. As spaceflight is now increasingly undertaken in the frame of
international cooperation, common standards including shielding standards
should be adopted and their practical implementation should be achieved
effectively.
Astronauts may put their health and life at risk if they willingly accept it but
what about endangering the health of their children? We know that exposure to
radiation by parents increases the risk for children to develop cataract, cancer or
leukemia. To minimize the risk, astronauts should be encouraged to set up their
family before starting their career and to place healthy sperm/ova in banks.
The health of astronaut's children and further descendants should be monitored to
study the effects and to be able to react by implementing stricter rules. Thi s small
population should be monitored according to an internationally agreed protocol
and data should be gathered, studied and archived by a multinational college of
physicists to make sure that no data is lost. The results of the stud ies should be
made available to the public taking into account pri vacy issues.
Equally, the protection of space tourists will have to follow strict rules regarding
international standards related to human spaceflight. Candidates should be duly
informed of the risk. Spacecraft should offer a degree of protection comparable
to the one achieved for airplanes.
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6.6.5.4

Public Health Warning
Microorganisms mutate more rapidly in the radiation environment of space,
potentially leading to increased drug-resistance and pathogenicity. In this
context, Vancomycin, the last large spectrum antibiotic still available, should
therefore not be included as an antibiotic on any spacecraft. The issue of drugresistant organisms is already critical on the Earth and may be aggravated by
using such drugs in space.
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Chapter 7

7.1

Implications for Applications

Introduction
This chapter deals, first, with application-related studies, which will integrate the
results and recommendations of previous chapters at the mission and system
level. In this way, one can analyze which are the major concerns, and w hat are
the impacts of mitigation or recovery measures on the mission design and system
architecture.
The applications studied are telecommunication, navigation, remote sensing,
orbital station, space tourism and interplanetary mi ssions.

7.2
7.2.1

Applications Related Studies
Overview
The following tables show, which of the recommended protective measures,
stated in the previous sections, are taken into account.
Details dealt with in previous sections of the report are not repeated here.
Application
Acti ve
Shielding
Nav igation
Telecommunicati on
Remote Se nsing
Interplanetary
Travel (Mars)

No
No
No
To be studied

Protective measures versus rad iation
Passive
Redundant
Passive
Shie lding
Systems
Chargi ng
Mitigation
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes, with
Yes, with
Yes
particul arity
particularity

Active
Dischargi ng
No
Yes
No
No

Table 7-1 Radiation protective measures versus applications [ISU SSP 1998]
Applicatio n

Navi!!ation
Telecommunication
Re mote Sensing

Electric
Propulsion
for deorbiting
Yes
Yes
Yes

Protecti ve measures versus meteoro ids a nd debris
Automatic
Minim izatio n
Auto ma tic
Navigati o n
of debris
passivatio n
generation
for deorbiting
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes

Tethers for
passive deorbiti ng
Yes for LEO
Yes fo r LEO
Yes for LEO

Table 7-2 Meteoroids and debris protective measures against applications [IS U SSP 1998]
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7.2.2

Navigation Systems
The propagation media effects electromagnetic radiation at all frequencies. The
result is a bending or refraction of the rays associated with a time delay of
arriving signals. The local propagation speed in the atmosphere is different from
the vacuum speed. For GPS observations one is not concerned with angular
changes in the zenith angle but rather with the time of arrival of carrier
modulations and carrier phases of the satellite transmissions. The propagation
media are the troposphere and the ionosphere, which are characteristically
different regions. The focus of this section will be the ionosphere. The
propagation medium is dispersive, meaning that the modulations on the carrier
and the carrier phases are affected differently.

7.2.2.1

Description of the Problem
As described in Section 3.3 the interaction between radio waves and the
ionosphere results in a delay in the arrival time of these waves at the receiving
end. The amplitude of this interaction is strongly influenced by magnetospheric
effects that intensify in phase with the solar cycle.
Of concern to all users will be an increase in solar activity in two years time due
to the next solar maximum. This will test the GPS system and applications,
which to date have been used during a particularly benign time. Of specific
concern for aircraft will be any disruption of the signal during precision
approaches.
In March 1989, one of the largest solar storms in 25 years created an unstable
ionosphere with scintillation that made GPS signals untrackable for certain
periods. Even surveyors using dual-frequency receivers, which should have been
less susceptible, were affected in southern California (URL 1).

7.2.2.2

Specific Recommendation
In geodetic applications, the lack of real-time correction of ionosphere
disturbances is not really a problem because the data are not needed
immediately. However, it is a very big problem in the case of navigation
systems. Consequently, the solution proposed to remedy this problem is the use
of faster and longer codes in the satellite navigation signals in order to provide
real time single frequency ionosphere measurements.

7.2.2.3

Policy Issues
At present only two navigation syste ms exist in the world: the US NAVST AR
GPS and the Russian GLONASS. Due to its longevity and guaranteed service
lifetime, GPS is seen to be the primary navigation system, even though its
criticality for US national security may have undesirable operational
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consequences, in particular with respect to the availability of the full accuracy of
the service.
Even in the absence of the above mentioned potential interference with the
availability of the service, it may be questioned whether it is wise for a service as
critical as navigation to depend on a single system. Hence, it may be desirable
for several reasons to augment the existing GPS system with another equivalent
or even second generation navigation reference system.
This question is at present being debated at variou s conferences throughout the
world. It is hoped that if and when a paraJJel or second generation system is
introduced, it will incorporate the necessary provisions to ensure that the service
remains available regardless of the intensity of the interference due to
phenomena triggered by radiation events.

7.2.3

Telecommunication Satellites
Global telecommunication in the 21 st century wiJl rely on satellite constellations.
With transmission times comparable to optical fiber, low orbit constellation
networks are uniquely suited to time-sensitive, high data rate applications on a
global scale.
In the coming ten years, a dozen constellations with tens to hundreds of satellites
are expected to be launched in LEO and MEO. These will represent a
considerable increase in the satellite population.

7.2.3.1

Space Hazards to Satellite Constellation: Risk Analysis
•

Meteoroids and debris
Constellations constitute a large amount of area and mass in orbit that can lead to
a significant probability that impacts with debri s or meteoroids will damage or
catastrophicaJiy fragment constellation spacecraft.
Different parameters influence the probability of impact from debris. They are
listed in Table 7-3 .
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Major parameters
Conste llatio n Altitude

N umber of Operational
Sp acecraft
S ize (Mass) of Spact:craft and
Upper Stages
Size of Debris Causing Loss of
Operat ional Spacecraft
Spacecraft Operationa l
L ife time
Technology Replacement
Cycle Time
Constellation Lifetime
Disposal Orbit Perigee
Altitude

Secondarv parameters
M ission O rbit Inclinati on
Spacecraft Disposal Option
Probability of Accidental
Explosion of Upper Stage
(Pla nned ) Probability of
Spacecraft Design Failure
Number o f Spacecraft
Deli vered per Upper Stage

Comments
Keep altitude as low as possible. Higher alti tude generally leads to hig her
background debris fl uxes, leads to longer li fetimes for debris generated
by conste lla tion.
More operatio nal spacecraft leads to greater feed back of constellation
debris with the constellation
Increased collision cross-section leads to greater collisional in teracti on:
more mass leads to more debris generated in catastrophic breakup
Dete rmines the importance of debris impact re lative to design fa ilures
Con trols th e amount of constellation support u·affi c and the number of
inac ti ve spacecraft in the environment
Controls the amo unt of conste llatio n support u·affic and the number of
inactive spacecraft in the e nviro nment
More or less important depe nding on the conste lla tio n altitude
For both upper stages and inacti ve spacecraft; controls the amoun t of
time inacti ve spacecraft and upper stages re main in the e nvironment; ca n
lead to localized increase in spatia l densities that affec t other programs
Higher inc linations yie ld higher average relative veloci ti es on impact,
more spatial de nsity enha ncement at peak latilUdes
Re-Orbit or abandon; will become more important the higher the
conste llation altitude
Secondary because probability will always be small
Loss of function or loss o f control; contributes to number of inactive
spacecraft in e nvironme nt
Controls the number o f spent upper stages in the e nvironment; may be
differe nt for constellation dep loyme nt and spacecraft replacement

Table 7-3 Parameters affecting constellation/debris interaction [Reynolds et al.,1997]

Economic Assessment
CONSTEL, a model for analyzi ng the interaction between debris and LEO
constellations has been developed by NASA Johnson Space Center. The debris
effects as a function of constellation size and operational altitude are calculated
using a simplified constellation model. It assumes a single deployment in the
year 2000 and a constant number of active spacecraft for the 30 years period of
calculation. Hence such a constellation is equivalent to the usual one with the
number of satellites equal to the previous multiplied by the ratio of
30 years/lifetime of one satellite. Constellation spacecraft are assumed to
experience damage requiring replacement if hit by a one em or larger debris
object over any part of a 10 m 2 cross secti onal area.
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Figure 7-1 Fraction of satellites replaced in 30 years[Reynolds et al., 1997]

As can be seen from Figure 7- 1 a constell ation at 700 km altitude will have to
replace 5% of its constellation satellites because of debris impact damage.
Constellations always put around 10% more satellites as on orbit-spares, bu t
these spares also have to replace satellites that failed because of a malfunction, a
meteoroid impact or radiation.
A constellation at 1000 km altitude will have to replace more than 20% of its
satellites becau se of debris impact damage.
These figures should address the economic self-interest of companies which do
not want to loose several percent of their billion dollar constellation.
As fo r meteoroids, five to ten satellites are predicted to be hit by Leonids
meteoroids in the next storm. The problem is compounded by the Leonids
extreme speed. When objects collide at 70 km/s they do not fragment, they
liquefy, surrendering ions from their molecular structure and creating an
electrically charged plasma cloud. At hypervelocity, even a collision with a tiny
meteor can produce a charged plasma cloud that permanentl y disrupts a satellite's
electronic system, effectively destroying it.
Such a collision is already thought to have cl aimed a victim, during a
comparatively tame Perseid meteor shower. In 1993, a Perseid hit the European
space satellite Olympus at hypervelocity, inducing a slew of electrical problems
that ultimately rendered it useless.

ISU - Summe r Session Progra m I 998 • 25 I

•

Radiation
Spacecraft may be exposed to high fluxes during solar storms and when passing
through the South Atlantic Anomaly. The level of fluxes seen during these
passes varies greatly with orbit inclination and altitude. The greatest inclination
(i) dependencies occur in the range of 0°< i < 30°. For inclinations over 30°, the
fluxes rise more gradually until about 60°. Over 60° the inclination has little
effect on the flux levels. The largest altitude variations occur between 200 to
600km where large increases in flux levels are seen as the altitude rises. For
altitudes over 600km, the flux increase with increasing altitude is more gradual.
The location of the peak fluxes depends on the energy of the particle. For trapped
protons with E > 1OMeV, the peak is at about 4000 km. For normal geomagnetic
and solar activity conditions, these proton flux levels drop gradually at altitudes
above 4000 km. However, inflated proton levels for energies E > 10 MeV have
been detected at these higher altitudes after large geomagnetic storms and solar
flare events. The electronic hardware damage is a general result of all of these
?
phenomena [URL-].
In LEO, radiation levels are from 10 to 100-200 rad/hour (1 rad is 100 ergs/g).
The Total Ionizing Dose (TID) can damage electronic components in the long
term. Damage can also occur from single particle events (see Section 3.3).
In LEO, the two main types of constellation (Walker Star and Walker Delta) pass
through the polar cusp region where substorms and other active changes have a
greater effect than in other parts of the Earth's magnetosphere. A large number of
energetic particles can charge satellites to many hundreds of volts causing
serious damage for electronic devices (see Section 3.3). This is expected to be an
increasing problem. As the size of components gets smaller, their susceptibility
to radiation damage increases.
During geomagnetic substorms or solar radio bursts6 , ionospheric scintillations7
are produced. Amplitude scintillations induce message errors in satellite
communications and phase scintillations cause Doppler shifts and may degrade
the performance of phase-lock loops (see Section 3.3).

7 .2.3.2

Specific Recommendations
•

Wherever feasible, use laser communication links between satellites in order to
reduce the potential for link interference due to radiation effects.
However, because of the extremely tight concentration of the laser light, even
small vibration disturbances on the satellite will cau se the outgoing transmission
beam to deviate from the desired pointing angle. These vibrations cause large

6
7

solar radi o bursts: impulsive intensification of radia tio n from the Sun at radio freq ue ncies
io nosphe ric scintillatio n: disruption in the satellite-to-ground propagation a nd vice-versa
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power level fluctuations and can threaten the integrity of the communication
link. The modeling of these disturbances should be done to the design and
dimensioning of communication terminals.
•

Use high frequency (Ka-band) up-links and down-links in order to avoid
disruption due to ionospheric interference caused by geomagnetic substorms.
However, communication links at these frequencies are degraded by rain and
blocked by obstacles in the line-of-sight. Furthermore, it should be realized that
electronic components for Ka-band radio frequencies are more susceptible to
radiation effects. Hence, case by case trade-offs are required to define the
optimum approach.

7.2.4

Remote Sensing
The next few years will see a considerable increase in the number of remote
sensing satellites. While at the moment there are 22 operating systems, 56 further
missions are planned by 2004.
Some of the reasons are as follows:
- More nations want to become independent in terms of information gathering,
especially for military or national security needs. Also competition between
neighboring countries plays a major role in this context.
- A second reason is an increasing global need for Earth observation. The ozone
hole, rainforests and sea currents are targets of many scientific missions to
better understand the effect of human activities on the Earth's ecosystem.
The major trend for these new systems is in the direction of smaller dedicated
satellites like the University of Surrey's UoSAT missions [URL 3] , although
bigger satellites like ESA's Envisat-1 [URL4 ] are also still launched.

7.2.4.1

,.
Risk Analysis
Nearly all remote sensing missions use a sun-synchronous orbit. The inclination
of these orbits range between 90 and 100 degrees. The apogee is normally
between 650 and 1300 km (LEO and MEO). The risks associated with the
different hazards for satellites in these orbits are presented below:
- Radiation: Due to the high inclination these satellites are affected by high
radiation fluxes associated with the South Atlantic Anomaly (SAA) and the
polar regions (see Section 3.3). Thus, the risk due to radiation is very high
for sun-synchronous orbits and decreases with lower inclination angles.
Figure 7-2 shows the radiation dose as a function of the altitude and the
shield thickness in sun-synchronous orbit (0.15 em thickness corresponds to
0.405 g Aluminum per em\

ISU - Summer Session Progra m 1998 • 253

Hemispherical
Shield
Thickness
(g/cm 2 of
Aluminum) _

I

0.1

2000

4000

6000

8000

10000

Altitude (kml

Figure 7-2 Radiation dose in sun-synchronous orbit [Larson, 1992]

Meteoroids: To evaluate the risk through meteoroids, we have used the
International Space Station meteoroid model [URL5 ]. The risk of penetration
is approximately independent of the orbital altitude for the LEO regions, but
highly depends on the shielding characteristics. For instance, the number of
penetrations is estimated to be 0.0 llmonth!m2 for a thin 0.15-cm aluminum
shielding and is ten times lower when the thickness is doubled.
Debris: For quantitative analyses see Section 4.4. Qualitatively it can be said
that over the polar regions the impact velocity of debris is higher and
therefore also the degree of impact damage increases. Additionally the flu x
of debris is slightly higher in these regions which also increases the collision
probability. Therefore, debris is a significant hazard for remote sensing
applications.

7.2.4.2

Specific Recommendations
This risk analysis allows formulation of the followin g recommendations for the
design and operations of remote sensing spacecraft, not including general or
global ones already made in previous sections:
•

When looking at the space environment in LEO, we find that the most dangerous
location due to radiation is over the polar regions. Because of the absence of
human beings onboard the satellites, radiation has only an impact on the
electronics. Therefore electronic activity should be reduced during these fli ght
phases in order to keep the probability of a malfunction as low as possible. Only
the most necessary functions for the continuation of the mission should be kept
active, although this may conflict with the mission requirements. For each
mission a trade off study should be made to ensure that the danger due to the shut
off of critical functions does not surpass the danger due to radiation.
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•

7.2.5
7.2.5.1

In order to reduce the amount of radiation reaching crucial patts of the hardware
like the computer system, these parts should be mounted Earthwards. The other
parts of the satellite will act as a kind of shielding.

Orbital Station
Characteristics
A permanent orbital station represents a complex mission that requires decades
for planning, assembly and operations. Due to the high costs, it can only be
realized with international contribution. Therefore, at present perspectives, there
will be only one such construction in orbit at one time. For at least the next 15
years this will be the International Space Station (ISS), which will be considered
in thi s section. This application is characterized by a large exposed area at one
location in a low Earth orbit with an altitude of 407 km and an inclination of
51.6° [URL6 ]. The solar panels alone, for example, represent an area of 6500 m2
[URL7]. The spacecraft is permanently inhabited by humans, who also have to
conduct a large number of EV As during the assembly phase (1700 hours, see
Section 4.4).

7.2.5.2

Risk of Meteoroid and Debris Impacts
For the meteoroid environment, we have estimated the risk of penetration by a
particle for a wall with several values of thickness, in the orbit of the ISS. For the
calculations we used a script provided on the internet, which implements the
standard ISS meteoroid model [Gri.in, 1985] and the Fish-Summers penetration
equation. The velocity of the meteoroid relative to the spacecraft is always
18 km s·'. The results are given in Table 7-4. They show that an equivalent skin
thickness of 0.5 mm leads to a 5.1 o·5 probability of suit penetration, with
depressurization, injury or death as a consequence. Note that these figures are
only rough estimations, since the uncertainty in the meteoroid flu x is an order of
magnitude.
Mission duration: 1700 hours, Surface area: 2 m~
Eguivalent AI thickness of skin
0.048
0.5
T Al [em]
Penetrating mass
m[mg]
0.001
0.52
2 1
log F [log# m· s- ]
-10
Penetrating flux
-7
Number of penetrations
Probability of No penetrations

Np
PNOP [%]

I
36.79

0.0007
99.93

1
3.7
-I I

0.00005
99.99

Table 7-4 Meteoroid penetration flux and shielding thickness [ISU SSP 1998]

For the orbital debris population we have calculated the flux in the ISS orbit
averaged over the period of 1999 to 2009 with the ESA-MASTER model (see
Section 4.4). The results depend on the assumed rate of global debris population
growth and are displayed in Table 7-5. The debris particles impact with an
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average velocity of 9.5 km s· 1 at average azimuth and elevation angles of -0.48
and -0.15 degrees, respectively. The results in Table 7-5 show that in the worst
case (10 % growth rate and surface perpendicular to debris flux), the probability
of being hit b y one particle smaller than 1 mm and also from 1 to 10 mm is
0.07 % for the EVA case, whereas the solar panels are hit by about 130 particles
of each size range during the lifetime of the station. T he probabilities for the 10
to 100 mm class pa1ticles are 0.0002 % (for EVA, with fatal consequence) and
34.5 % (solar panels). This indicates that the orbital debris hazard for the ISS is
much lower than for a satellite in a polar orbit (see Section 4.4).
Particle size
Growth rate
0%

0.1 to 1 mm
1 to 10 mm
10 to 100 mm
Flux (impacts/year/m 2)
1.03· 10"3

8.37·10"4

2.79· 10"6

5%

1.49·1o·3

1.21- 1o·3

4.05 ·10"6

10 %

1.95·1o-3

1.95 · 10"3

5.30·1 o·6

Ta ble 7-5 Debris impact flux for particles of different sizes and for different growth rates for
the orbit of the ISS [ISU SSP 1998]

The probability of impact from larger debris particles (> 1em) depending on the
inclination to the flight direction is displayed in Figure 7-3. In the ISS orbit there
are about 10 particles per km altitude of sizes larger than 1 em , 1000 particles
larger than 1 mm and 107 particles larger than I 00 f.!m (see Section 4. 2) . Since
crew safety is the most important objective for a space mission involving
humans, shielding for smaJJ particles and avoidance maneuvers for large
particles are planned for the ISS and discussed in Sections 4.5 and 4. 6 of this
report. T he effects of hypervelocity particle impacts on a pressurized spacecraft
as well as on an astronaut during EVA are discussed in Section 4.4.
Considerations concerning the minimization of debris generation can be found in
Section 4.5.

7.2.5.3

Specific Recommendations
In case of an actual penetration of the spacecraft wall by a particle it is important
to have a system capable of immediate leak detection, to be able to isolate the
affected module from the rest of the station. At present, it can take hours to days
to find a small penetration hole. The development of efficient leak detection
systems, in volving probably a robotic search outside the spacecraft (see
Section 4.7) or ultrasound methods, is therefore needed in the near future.
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Another issue to be considered, especially for the assembly phase, is the
transport of the elements to orbit. This will be done with the space shuttle in
many cases. Since the shuttle was originall y designed only for a meteoroid
environment. It minimized the adverse effects of debris impacts by controlling
the attitude in such a way that it presented a small cross-section to the direction
of debris flu x. This will not be possible for most of the ISS missions, and
therefore the shuttle had to be modified after the risk to critical structural
components and sensitive elements had been evaluated. This resulted in an
intensification of the w ing spar thermal insulation and a shielding of radiator
parts. Further modifications for risk minimization still have to be in vestigated
[Loftus, 1998].

Earth
medium gray = hig h impact risk,
dark gray = low risk

Figure 7-3 Probability of impact from orbital debris particles> 1 em [Courtesy of NASA]

7.2.5.4

Radiation Risk
The radiation environment in the LEO orbit of the ISS, which is inside the
Earth's magnetosphere is described in Section 3.3. Although the magnetosphere
presents an obstacle to the energetic particles in the solar wind, the background
radiation dose is higher than on the surface of the Earth and shielding is required.
An overview of the material that can be used for radiation shielding is given in
Section 3.6. However , for the spacecraft, the shielding applied against meteoroid
and debris impacts is sufficient against radiation. An enhanced radiation fl ux is
experienced in connection with solar events, especiall y during the upcoming
phase of solar maximum activity, which coincides with the ISS assembly phase.
Therefore, radiation has to be monitored continuously on the spacecraft and on
the humans, which is incorporated in the E nvironmental Health System of the
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ISS Crew Health Care System (CHCS) [URL8 ], Additionally, a connection with
a space weather forecast system (Section 3.6) is required, to be able to prevent an
increased radiation exposure. The best strategy to limit radiation dose during
EVA will be to keep the return time to the airlock lower than 30 minutes
(Section 3.5). In the case of an acute radiation exposure up to 1000 rad, the
astronaut should be brought back to the ground, to receive appropriate medical
treatment (Section 5.4).

7.2.5.5

Biomedical Concerns
The first issue we regard in this context includes the effects of the isolated and
confined environment on board the space station on the human psychology. The
main stress factors, which could present a risk to the mission, are discussed in
Section 5.2. In particular, the problems arising from the removal of the "Hab"
module from the ISS, and the stress associated with EVA, including the lengthy
preparations (campout, prebreathe and the hard work outside the station) have to
be noted (Section 5.4, [URL8]). The four-phase training plan integrated by the
International Training Control Board should provide a good personal and team
preparation for this hazard [URL8] . Specific emphasis within the training should
be laid on the preparation for a situation in which an unforeseen event occurs. A
delay in the return to Earth, which has a great impact on an astronaut who is
trained for a stay of an exact number of days, or a delay in supply with
provisions, can be given as an example.
The space station offers a possibility for unprecedented lengths of stay in a
microgravity environment (Section 5.3). On one hand, this could represent a
threat to the crew experiencing unforeseen negative effects of exposure to
microgravity. On the other hand, the ISS provides a unique platform for studying
such effects a short distance from the Earth, before undertaking human
exploration missions.
One of the other issues that have to be considered in space station design is
microbial contamination. Section 5.3.2 gives an overview of the sources for
microbial contamination and Section 5.3.3 lists possible countermeasures against
microorganisms. These involve monitoring, which is incorporated in the CHCS
[URL8] , and sterilization of the EVA suits and the spacecraft. In this respect we
want to highlight the possibility of integrating sterilizing materials into the
structures or inner surface of the modules. It is also important to preserve the
original inner design of the inhabited parts as much as possible. In order to be
able to monitor every possibly contaminated surface it should be avoided to store
equipment in areas that were originally not assigned for this purpose.
Specific recommendations have been stated in Section 5.7. The role of the ISS
concerning the research and development for telemedicine is discussed in
Section 5.5.
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7.2.6

Space Tourism

7.2.6.1

Private Enterprise
Following the exploding satellite telecommunication industry, private enterprise
is preparing for the entry of adventure tourism into space. Vehicle technology is
proceeding at companies like the Civili an Astronauts Corps, Sea Launch and
Kelly Space & Technology, Inc. Tour companies, such as Zegrahm 's Space
Voyages, currentl y advertise package tours for 2001. The psychol ogy department
at Claremont McKenna College in California is engaged in designing the
clothing, activities and the configurati on of spacecraft for tourism [Wichman,
1992]. It appears that the space tourism industry is poised to take advantage of an
exceptional opportunity.

7.2.6.2

The Evolution of Tourist Attractions
The concept of a tourist area cycle of evol ution was described by the British
geographer Butler [ 1980]. This model is based upon the product life cycle but
accommodates the unique and often neglected characteristics of tourism.
What is consumed in the tourism product is invisible. This elusive quality
distinguishes tourism from tangible manufactured products or consumer services
such as automobile repair shops or document copy centers. T he principal tourism
product- pleasure-is difficult to measure because it is experienced
individually. The boundaries between tourism and other activities such as
business and commuting are often hard to identify because components of the
tourism infrastructure-airplanes, for ex ample-are often multi-purpose.
Although the tourism product is elusive, it is known that tourists spend $4 trillion
(U. S.) each year worldwide [Waters 1996]. It is very difficult to talk about tourist
destinations without knowing to which phase of development one is referring.
B utler's [1980] model measures the evoluti on of a resort-or any tourist
destination-by counting the number of tourist visits. The five phases of
evolution begin with exploration and involvement, in which little tourism
infrastructure exists and few tourist visits occur. The tourists that characterize the
early phases are hardy adventurers who require little comfort and who are willing
to pay high prices for access to remote places. As a destination progres es to the
development phase, the physical infrastructure and tourist services increase at a
higher rate than during any other phase. By the end of development, the tourist
type has shifted from the wealthy adventurer and upper-middle class to 'mass
tourists'.
Mass tourists have limited discretionary income and lim ited leisure time
comparison with the wealthier segments of the population. They represent
consolidation and stagnation phases, normall y visiting destinations that
relatively easy and inexpensive to access [Plog, 1972]. They often travel in
security of groups in 'tourist bubbles' [Smith, 1977]. In other words, they

ISU - Summer Session Program 1998 • 259

by
the
are
the
are

willing to purchase package tours providing that they will experience only
minimal discomfort and cultural disruption. Mass touri sts wish to be comfortable
and safe. Space Tourism is currently in the exploration and involvement phases
while the preferred phases for profits are development and consolidation.

7.2.6.3

Mass Tourists in Space
One can imagine building hotels in space just as one imagines the future
International Space Station. However, accommodating mass tourists requires
more than building physical infrastructure.
The public perception of the safety and reliability of spacefli ght will be a major
issue. From the suppl y side, safety will increase with reliable space weather
forecasts and coherent international policy relating to civilian space travel.
Industry cannot hope to attract the mass tourism market unless transportation
costs are dramatically reduced. Reduced costs will occur as launch technologies
improve and become widely available.
As the length of time in space increases for tourists, a variety of possible
scenarios will emerge. Tourists could remain on the spacecraft or they could
transfer to a hotel. In either case, the complementary needs for privacy and
community mu st be balanced. For example, decisions about the passengers' seat
orientation require special attention. Same direction seating will reduce social
interaction. Even though seats might be folded away, the overwhelming
sensation of confinement is an effect that can cause panic if not successfully
managed. Psychology professor, Harvey Wichman, seeks to focus the
passengers' eyes beyond the adj acent passenger. This trick alters one's cognition,
rendering the perception of the enclosed space much larger [Wichman, 1996].
Many things such as noise and confined space cause stress during spaceflight.
Other considerations include weightlessness during sleeping, eatin g, drinking
and elimination as well as areas of unequal air temperature caused by the absence
of convection currents. The thermal variations in air temperature have
implications for breathing and sensations of thirst. Increasing the predictability
of situations and events and increasing one's perception of control are two stress
management principles that appear to be successful [Wichman, 1998].
The need for privacy and the opportunity for sex will necessitate space
requirements for enclosed berths. The design challenges in this regard are
significant:
For instance, restrammg one of the partners with straps has certain bizarre
cultural connotations and of course there is no one correct position that the two
bodies should be placed in. Our Jab teams were able to design various kits of
clamp-on padded hand grips and bars that a leg or the back of a knee joint can be
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wedged beneath ... and the partiCipants may even enjoy expressing their own
ingenuity in setting up a workable arrangement [Wichman, 1996].
It is clear that the interior configuration and design of spacecraft for tourists must
be given much care and attention.

7.2.6.4

Warning
Adventure tourists accept levels of danger and discomfort that are not tolerated
by mass touri sts. Scuba diving and mountain climbing, for example, require
extensive training, special equipment, skill ranking and/or certification.
However, even proven strategies for altitude adaptation, training, physical fitness
and experience utilized by teams of Everest c limbers in 1996 proved ineffective.
An unpredicted snowstorm and communication problems led to the death of
many climbers.
Space radiation events and increased solar activity are sometimes impossible to
predict in a timely way. Communication on current spacecraft is not 100%
dependable. When the wrong conditions occur in combination with the wrong
luck, human beings can be endangered. The effects of these dangers might not
appear to deter adventure tourists. However, they could produce a profound
influence on mass tourists.

7.2.6.5

Specific Recommendations
Recommendations relating to the safety and reliability of spacecraft apply to
both adventure and mass tourists. The consideration of dependable space weather
forecasting and coherent, international policy for the space touri sm and
spacecraft industries demand attention. Many tour companies routinely require
medical and liability insurance. These practices should be standardized for the
protection of passengers, entrepreneurs and the personnel employed by the
tourism industry.
Reduced space transportation costs will encourage tourism. Concurrent with an
increase in tourism is the danger of increased pollution in the space environment.
Pollution could spoil the space destination just as it has spoiled the Earth's most
beautiful beach destinations. Pollution also merits serious attention from the
regulatory controls.
The perception of safety and comfort for mass tourists requires a protocol that
mitigates the biomedical effects of microgravity for long duration space tours.
Chapter 5 has addressed the adverse effects of microgravity on bone, blood,
muscle and the nervous system. Solutions for mass tourists must be addressed.
The potential mass tourist market will be lost if the public perception of
spaceflight is negative. One can easily imagine the media coverage of adventure
tourists returning from an extended tour of space. The public reaction to a group
exodus of tourists on stretchers would be devastating! Although radiation is
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actually a more serious threat, any given image that is publicly perceived will
have a great influence on mass tourists.

7.2.7

Interplanetary Missions

7.2.7.1

Overview
W ith respect to the hazards definition and project scope (see Chapter 1), this
section will deal with the flight period of an interplanetary mission, and will
leave aside ground segments of the mi ssion (e.g. landers and bases).
In order to have a pragmatic approach, we have decided to reduce the scope of
this application to a Mars mission study (although we will not di scuss the
destination itself), for the following reasons:
Exploration of Mars is foreseen to be the next step in human exploration of
the solar system.
Radiation, meteoroids, debris and human concerns are almost independent of
the destination.
Regarding human considerations (e.g. flight duration , confinement and the
radiation environment), the achievement of a Mars mission is the next step
in solving the major problems of solar system exploration by humanity and
will allow us to consider many other destinations.

7 .2.7.2

Mars Mission Risks
•

Meteoroids and debris
Debri s is located around Earth, mainly between 400 to 36 000 kilometers. As far
as a Mars mission is concerned, there are only a few days in orbit around Earth
before the long trip to Mars. Collision likelihood is very small and there is no
major concern. Moreover, shielding and other meas ures against meteoroids can
be used for debris mitigation.
On the other hand, due to the overall flight duration between Mars and Earth ( 12
to 18 months), meteoroid damage is a high risk. Especially in the event of a leak
or unrecoverable damage, as there is no escape and quick Earth return capability.
So, there is a threat at several mission levels: avoidance, mitigation, damage
detection and recovery.
A voidance procedures can be applied for catalogued objects (i.e. some debris
around Earth, and some meteoroids). The level of probability must be adjusted
regarding the orbits accuracy and error propagation during the calculati on. The
requirements for the avoidance procedure must also be taken into account during
the design phase of the proj ect.
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Regarding mitigation , the best way to protect spacecraft and crew is to shield the
most critical parts. These should be listed in a risk analysis (mission success,
human welfare), taking into account functions and eq uipment criticality.
Regarding damage detection and recovery, a trade off must be made between onboard redundancy, possibility of replacement by a spare item, and capability of
repair with suitable tools and hits. One of the major constraints is that, in contrast
to an Earth orbital station, there is no way to quickly provide spare items with a
servicing module from Earth. Therefore, spacecraft must bring their own spares.
Repair actions inside the spacecraft can be made by humans, while outside
maintenance could better be performed by remote controlled robots, decreasing,
in that way, the amount of risky extra vehicular activity. T his needs to be
studied, developed and integrated with mission design and system architecture.
•

Radiation
When considering a human interplanetary mission, three categories of radiation
must be taken into account: trapped particles in the Van Allen belts, cosmic
radiation and radiation emitted during solar storms (see Chapter 3 for more
detail).
- Van Allen belts:
At distances in the range of 1000 to 30 000 kilometers from the Earth's surface,
captive high-energy protons and electrons are at their greatest intensity.
One can avoid travelling across these belts by using a high latitude launch site.
B ut, then, Earth's equatorial velocity will no longer be used as an advantage and
a greater launcher performance is needed.
On the other hand, travel duration inside the Van Allen belts is relatively short,
and the radiation dose can be decreased by spacecraft shielding, which will be
discussed hereafter.
- Cosmic radiation:
This galactic radiation, thought to come from supernova explosions, has
extremely high energy but fortunately, relatively low density. T he effect of this
radiation on humans is discussed in Chapter 3. It represents a maj or concern to
be addressed before a crewed mi ssion to Mars can be undertaken.
- Solar storms:
During solar storms, solar flares and interplanetary shocks produce an intense
amount of charged particle radiation. Therefore, solar radiation has relatively low
energy, extremely high density and is limited to several hours in duration.
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Considering solar storm likelihood and travel duration, the cumulative amount of
solar radiation received by a human during a Mars's mission is very high. It is
therefore, absolutely necessary to protect them during solar particle events.
This cou ld be done in two ways: active and passive shielding.
Active shielding consists of creating a strong magnetic field that would deflect
solar radiation. Even if, in theory, high temperature superconducting coils can
provide thi s kind of shielding, there remain two major issues that should be
studied before such technology could be contemplated:
- How can we produce such a magnetic field with equ ipment compatible with
the mass, volume and power constraints of a Mars's mission?
- What are the long term effects of such strong magnetic fields on human
health?
Passive shielding consists of decreasing the radiation to an acceptable level by
stopping particles with a bulky shield. Rather than carry dense materials like
lead, which would jeopardize the mass budget, one could use available liquids to
shield a 'safe room' (water, oxygen, hydrogen). On-board X -ray detectors and an
Earth based space weather forecast system could send a warnin g to the crew,
which would allow them to take refuge in the protected area [Lazareth, 1990].
•

Human welfare
Considering human aspects, one can split these into physiological and
psychological concerns.
Most physiological concerns are common to long duration flights in the space
station and to Mars missions (e.g. treatment of microgravity effects). Major
differences are:
There is no way to quickly provide medical items with a servicing module
comi ng from Earth.
- There is no escape and quick Earth return capability.
There is a long communication delay between Earth and spacecraft (6 to 40
minutes). Moreover, communication could be impossible in the case of
Mars-Sun-Earth opposition.
This means, for example, that without a surgeon on board, the crew could be in a
very bad situation in case of an emergency. Also tele-medicine may be very
difficult if not impossible.
So, one must emphasize medical mitigation studies and spacecraft design with
respect to physiological safety (medicine storage, surgery, ... ).
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Regarding the risk of cancer for crewmembers, and to avoid controversy about
the source of contraction (whether as a result of the Mars mission or from the
average evolution of humans on Earth - there is a high incidence of cancer), it
seems reasonable to consider this as a work-related illness and to provide
astronauts with lifetime insurance cover. It should be a j ust return of society for
the risk they have taken [Benton, 1990].
For psychological aspects, and due to the same previous reasons, one must pay
more attention to crew selection and training, in order to build a strong and
effi cient team, which would be able to overcome the effects of confinement and
proximity. Spacecraft design is also a maj or issue, considering that room
availability and organization is strongly linked with welfare and mission success.
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Chapter 8

Recommendations and Conclusion

The preceding chapters have presented various threats both to crewed and
uncrewed spaceflight. The environmental characteristics of these hazards as well
as their principal effects on spacefl ight have been described. Subsequently, the
need for protection and mitigation has been identified and mitigation schemes
have been presented. Furthermore, areas requiring special attention have been
highlighted and recommendations for future work formulated. Many of these
recommendations possess a degree of similarity or 'linkage' allowing their
regrouping into a smaller number of more "generic" recommendations. These
recommendations are presented here.

•

Increase the awareness of the debris problem
Increasing the awareness of man-made space debris to decision-makers
worldwide is a good way to approach the problem. Awareness among the major
spacecraft investors can be increased by creating non-technical publications that
explain the debris threat to financiers in investment banks and to government
officials. The description of cascade effect analysis in such publications would
explain how the advent of low earth orbit (LEO) constellations would
exponentially accelerate the accumulation of space debris as the total crosssectional area of objects in space increases . If people are aware of a problem and
perceive considerable risk to their businesses, they will act. This is the goal of
increasing the awareness of space debris and this should be one of the missions
of the IADC. Furthermore, a design handbook on the debris threat to spacecraft
hardware and miss ion design should be compiled by the IADC.

•

Develop internationally accepted technical standards and practices for
prevention and mitigation of space hazards
International technical standards and practices for prevention and mitigation of
space hazards should be adopted. In this context, the International Standard
Organization (ISO) should play a leading role. These standards should address
questions of spacecraft design and operations, shielding, mitigation, procedures
for re-orbiting and de-orbiting, launch vehicle passivation and regulation of
nanosatellite constellations. In order to make these standards binding,
enforcement by national law is required.
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•

Establish a Space Traffic Control Authority, issuance of "Cleanliness
Certificate"
Increased collision risks from dense space traffic calls for the establishment of a
Space Traffic Control Authority (STCA). The STCA should be incorporated in
the UN system and be designed using the ICAO or IMO models. Further, it
should provide for the safety of space traffic by inspecting the implementation of
technical standards, coordinating operational monitoring and cataloging,
managing launch scheduling and traj ectories, coordinating operations to de-orbit
space objects and disseminate space weather information. With regard to the
prevention of space debris, an important task of the STCA would be to decide
whether a "Cleanliness Ce11ificate" could be granted. The issuance of this
certificate would be a prerequisite for the registration of the space object at the
UN.

•

Adopt an international treaty on space debris
At the present time, space law does not adequately address the issues of space
debris. To achieve legal security and stability in this field, an international treaty
on space debris should be adopted within the next 5 years. This treaty, to be
developed by the Legal Subcommittee of United Nations Committee on the
Peaceful Use of Outer Space (UNCOPUOS), should give a precise definition of
relevant terms, provide for the termination of jurisdiction and control over space
debris, state the liability for damage caused by space debris in outer space and
create an international fund for damage compensation. Furthermore, it would
foresee space sal vage.

•

Establish an International Space Weather Monitoring and Warning Service
(SWS)
An International Space Weather Monitoring and W arning Service should be
created under the au spices of the U nited Nations with the task of the operational
monitoring and forecasting of space weather. Earl y warning mechanisms relating
to potentiaJJy hazardous space weather conditions should be developed in the
near future. The dissemination of data to space agencies and space faring
industry should be commercialized at cost.

•

Continue research of the space environment in meteoroids, debris and
radiation
Reliable knowledge of the environment is a prereqms1te for the design and
development of cost effective protection and mitigati on techniques. Our present
knowledge of the debris environment exhibits an excessive degree of
uncertainty, which mu st be decreased. To achieve this goal, the present
observations should be continued and expanded to include amongst others
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equatorial regions, as well as in-orbit real-time observations and impact detection
in LEO, MEO and GEO. These observations would lead to the compilation of
accurate catalogs and models all owing a reliable statistical treatment of the
debris hazard. They should be coordinated by the IADC in cooperation with the
relevant space agencies.
Similarly, in situ observations are required to map accurately the radiation
environment as a function of time and location, both within and outside the
magnetosphere, in order to develop a reliable correlation between solar events
and the local radiation environment. IACG should play a coordinating role in this
context. This knowledge is of particular importance for the safe conduct of
interplanetary mi ssions.

•

Continue research on the effects of the different hazards
At present, sufficient and accurate data about the properties of systems and
materials used in spacefli ght with respect to radiation and hypervelocity impacts
of meteoroids or debris is lacking. This may result in an improper design of
spacecraft components, which could consequently lead to damage and loss of a
space based system. Therefore, it is necessary to acquire more knowledge
through experiments based both on the ground and in space. This should be
coordinated within the framework of IADC and IACG. The development of
systems with an increased survival capability under space conditions would be
made possible with the acquired knowledge.

•

Involve space industry more actively in space hazard mitigation efforts
The international space industry should play a proactive role in supporting
research on space environment and on the effect of the different hazards. An
observer status should be granted to representatives of space industry in the
respective fora (IADC, IACG, UNCOPUOS and COSPAR). Furthermore,
insurers should play a constructive role in formulating rules for minimizing
collisions in orbit and should cover reentry ri sks posed by de-orbiting operations.

•

Use passivation for upper stages and satellites
Over 30 percent of the m an-made debris currently produced in space are
produced by the fragmentation of rocket booster upper-stages. Satellites and the
upper-stages of rockets often explode in space, because vapors in their gas tanks
expand when the fuel system or the propellant tanks lose their ability to operate
properly. These systems are often not designed to avoid thi s grave problem
because the spacecraft have already accomplished their mission when these
space debris causing explosions occ ur. To solve this problem, the IADC should
ensure that passivation of upper stages and spacecraft is made mandatory.
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•

International coordination on biomedical research
International space agencies should jointly coordinate their research efforts in the
biological and medical sciences. This should be done to reduce duplication of
effort. They should implement their research projects globally through the
national scientific granting bodies (or equivalent organizations) in order to
maximize cross-fertilization with other areas of similar inquiry.

•

Orbiting radiobiological research facility
Space agencies should implement the construction of a crewed base outside of
the magnetosphere to be occupied on a long-duration basis in order to study the
efficiency of proposed protective systems against radiation. Currently, it is
impossible to recreate on Earth the spectrum of energies experienced beyond the
magnetosphere, or to study the effect of this radiation environment on humans.
Further, we have no knowledge of the impact of changes in the human immune
system seen in space on susceptibility to radiation-induced tumorigenesis. These
data are required before allowing long-duration missions at great distances from
Earth where there will be no possibility of emergency return.

•

Biological radio-protective strategies
Space agencies need to take the lead in interfacing with the scientific community
conducting research in the area of biological radio-protection (i.e. cancer
treatment), and to direct research specific to the application of spaceflight.
Radiation represents a risk to humans in space. Savings in the cost of physical
shielding may be realized by researching biological radioprotective strategies.
The best form of biological mitigation of the threat posed by radiation may
involve combinations of different types of radioprotection strategies. These
strategies include diet, manipulation of natural radioprotective systems by drugs
like cytokines and with chemical radioprotective agents.

•

Mission design approaches to the mitigation of psychological hazards
Space agencies should conduct research on individual and group characteristics
and interactions in the space environment. These results should be applied in the
selection and training of both the astronauts/cosmonauts and ground crews for
long-duration missions. Interdisciplinary teams composed of psychologists,
astronauts/cosmonauts and engi neers should be in charge of research on
spacecraft design to see its effects on the productivity of small groups for
prolonged periods of time.
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Medical mitigation in space
Space agencies should conduct research on the performance and interpretation of
physical examinations and on the delivery of medical and surgical care in space
in order to be prepared to design systems to deliver such care on long-duration
missions in the future.

**********************
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CONCLUDING NOTE

The prevention of debris and the preservation of the outer space
environment for future generations are not only a question of policy, law
and technology, but also of responsibility and ethics. ISU participants invite
countries, space agencies and industry to pay more attention to the
protection of the outer space environment when performing space activities.
This invitation is offered so that our children and future generations can
receive the benefit of sustainable space development. National and
commercial interests should never be detrimental to the human species and
its interests.
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