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Abstract

An Interagency Nuclear Safety Policy
Working Group (NSPWG) was chartered to
recommend nuclear safety policy, requirements,
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and guidelines for the Space Exploration Initiative
(SEI) nuclear propulsion program to facilitate the
implementation of mission planning and concep-
tual design studies. The NSPWG developed a
top-level policy to provide the guiding principles
for the development and implementation of the
nuclear propulsion safety program and the devel-
opment of Safety Functional Requirements. In
addition, the NSPWG reviewed safety issues for
nuclear propulsion and recommended top-level
safety requirements and guidelines to address
these issues. Safety requirements were devel-
oped for reactor start-up, Inadvertent critically,
radiological release and exposure, disposal, entry,
and safeguards. Guidelines were recommended
for rlsk/reitablltty, operational safety, flight trajec-
tory and mission abort, space debris and meteor
oids, and ground test safety. In this paper the
specific requirements and guidelines will be
discussed.

Background

President Bush, in his speech on July 20,
1989, announced his plan to initiate the most
ambitious exploration endeavor in history. This



new program, the Space Exploration Initiative
(SEI), would include a return to the moon and a
manned mission to Mars by the year ?O19.
Nuclear propulsion has been identified as a key
enabling technology to meet the objectives of the
SEI program (Stafford, 1991).1

Nuclear thermal propulsion and nuclear
electric propulsion are the two basic types of
nuclear propulsion systems that could support the
SEI program within the 2019 time frame:

• Nuclear thermal propulsion (NTP) sys-
tems produce thrust by heating a propel-
lant (usually hydrogen) passing through
a nuclear reactor and expanding the hot
gases through a nozzle. The very high
temperature capability provided by a
reactor and the use of a low molecular
weight propetlant provides a high specific
impulse and high levels of thrust for a
relatively low propellant and system
mass. At these high thrust levels relative-
ly brief reactor operational times (hours)
are required for a voyage to Mars and
back. A variety of solid, liquid, and gas-
eous core reactor concepts have been
proposed for NTP systems. NTP solid
core concepts have been proposed as
the baseline technology for propulsion
from Earth orbit to Mars orbit and back
(Stafford, 1991).

Nuclear electric propulsion (NEP) con-
cepts use reactor thermal power with a
power conversion system to produce
electrical power. The electrical power is
then used to accelerate an Ionized pro-
pellant through an electric thruster. NEP
systems produce a very high specific
impulse and very low thrust. NEP con-
cepts require very little propellant and
could entail relatively low propulsion
system mass. A variety of reactors,
power conversion devices, and electric
thrusters have been proposed for NEP
systems. NEP systems have been pro-
posed as a follow-on propulsion technol-
ogy for Mars cargo missions (Stafford,
1991) and is also under consideration for
piloted missions.

Nuclear propulsion is not a new concept.
In fact, from the late 1950s through the early

1970s, space nuclear propulsion systems were
aggressively pursued by the United States. The
Nuclear Engine for Rocket Vehicle Application
(NERVA) was developed as part of the ROVER
nuclear thermal rocket program. Twenty propul-
sion reactors were designed, built and tested.
Although the NERVA program established a viable
capability, the program was terminated in 1973
due to changing national priorities. Nuclear
electric propulsion systems were also designed
and a variety of propulsion elements were tested,
including arc jet and ion engines. The US flight-
tested the SNAP-10A reactor power system in
1965. Electricity produced by the reactor power
system was used to power an ion engine as part
of an experimental package.

When nuclear propulsion was identified as
a necessity for SEI, the National Aeronautics and
Space Administration (NASA) held joint agency
workshops, in June and July 1990, to explore
options and requirements to initiate a new space
nuclear propulsion progiam. The agencies
represented included the Department of Energy
(DOE) and the Department of Defense (DoD), as
well as NASA. Based on these workshops, a joint
agency Nuclear Safety Policy Working Group
(NSPWG) was chartered to recommend a top
level nuclear safety policy for the SEI nuclear
propulsion program. The working group was
comprised of the authors of this paper with
Marshall as chair and Sawyer as vice chair. The
NSPWG was also asked to recommend safety
requirements and guidelines for a number of
specific nuclear propulsion safety Issues. In this
paper, the emphasis will be placed upon the
requirements and guidelines. Previous papers on
this subject summarized the safety issues and
resulting top level policy2 and the recommenda-
tions.3 The full report4 of the NSPWG is also
available.

Scope

The NSPWG scope of activities can be
understood in terms of the proposed safety
program hierarchical structure. At the top (Tier 1)
of the hierarchy are the policies and mandatory
requirements that an set by the existing agencies
(DOE, NASA, and so on). Below this level is the
SEI Nuclear Safety Policy (Tier 2) that provides
the guiding principles for the development and
Implementation of the safety program and safety



requirements. The Safety Functional Require-
ments (Tier 3) delineate the specific safety func-
tions required of the system or program. The
development of these policies is the responsibility
of the government agencies. The contractors'
responsibilities include the design specifications
(Tier 4) and system design and research (Tier 5).

It is expected that the recommended
NSPWG Safety Policy will be adopted or adapted
at Tier 2 to formulate the Joint Agency Space
Nuclear Safety Policy for the SEI space nuclear
propulsion program. The NSPWG also recom-
mended Safety Requirements and Guidelines for
important safety issues and considerations. It Is
anticipated that the NSPWG-recommended Safety
Requirements and Guidelines will be used at Tier
3 to develop the Safety Functional Requirements
for SEI nuclear propulsion.

In the course of Its deliberations, the
NSPWG made several assumptions pertaining to
the scope of its work. Although the working
group's efforts and the development of the policy
included the consideration of non-nuclear safety
issues, the development of requirements and
guidelines focused on nuclear safety issues.
Public involvement, the development of an overall
safety program plan, and recommendations for a
safety review process were Identified as activities
that should follow the establishment of the safety
policy and are suggested future activities. Based
on the proposed SEI mission architectures (e.g.,
Stafford, 1991), the NSPWG assumed that SEI
would use nuclear propulsion beginning from
orbits about Earth and other celestial bodies, on
trajectories between celestial bodies and into
deep space, and to and from the surfaces of any
celestial body except Earth. All mission phases
were Included In the scope of the NSPWG activi-
ties. (The mission phase* are divided Into the
prelaunch, launch and deployment, operational,
and disposal phases.)

Approach

The development of the NSPWG recom-
mendations took place In a series of ten meetings
between November 1990 and September 1991.
Existing national and international guidelines and
regulations were reviewed (see, for example, U.S.
Department of Energy5,1984). In addition, perti-
nent previously developed safety policies were
reviewed (see, for example, Wahlquist6, 1990).

The NSPWG discussed and developed a top level
safety policy. Each member was assigned princi-
pal responsibility for one or more of the safety
issues to be addressed. The responsible member
for each safety issue presented a discussion of
the topic to the group. Discussions on each topic
continued until a consensus was reached on the
draft recommendations. Meeting minutes were
mailed to a broad distribution, and several open
sessions and presentations were given to obtain
feedback from the technical community.

NSPWG Safety Policy

In order to provide the context In which to
develop safety requirements and guidelines, the
NSPWG developed a top level safety policy which
is presented here.

Recommended Space Exploration
Initiative Nuclear Propulsion

Safety Policy

Ensuring safety is a par-
amount objective of the Space
Exploration Initiative nuclear pro-
pulsion program; all program
activities shall be conducted in a
manner to achieve this objective.
The fundamental program safety
philosophy shall be to reduce
risk to levels as low as reason-
ably achievable. In conjunction
with this philosophy, stringent
design and operational safety
requirements shall be estab-
lished and met for all program
activities to ensure the protection
of individuals and tim environ-
ment. These requirements shall
be based on applicable regula-
tions, standards, and research.

A comprehensive safety
program shall be established. It
shall Include continual monitor-
ing and evaluation of safety per-
formance and shall provide for
independent safety oversight.
Clear lines of authority, responsi-
bility, and communication shall
be established and maintained.



Furthermore, program manage-
ment shall foster a safety con-
sciousness among all program
participants and throughout all
aspects of the nuclear propul-
sion program.

In this context, safety is meant to include
the health and safety of the public, program
personnel, and mission crew, in addition to
protection of the terrestrial and nonterrestrial
environments. Safety also includes safeguarding
nuclear systems and special nuclear materials
from unauthorized use or diversion, and protec-
tion of property against accidental loss or dam-
age. Although unstated in the policy, It is impor-
tant to communicate openly with the public on
both the benefits and the risks associated with the
SEI program. The specific emphasis the program
places on safety and the progress made toward
achieving safety objectives must also be commu-
nicated.

To ensure the protection of individuals
and the environment, the fundamental program
safety philosophy shall be to reduce risk to as low
as reasonably achievable. Economic and social
factors and technology maturity must be taken
into account to guide the judgment of what is
reasonably achievable. This philosophy couples
the development and revision of all safety require-
ments to their effect on risk. Risk Is a measure of
potential harm or damage, Incorporating both the
probabilities of undesirable consequences and the
magnitude of the consequences, such as number
of exposed individuals, number of injuries and
fatalities, and the level of environmental contami-
nation. Reduction of risk implies a reduction in
both the probability and consequences of poten-
tial adverse events.

The development of stringent design and
operational safety requirements Is essential to
implement the fundamental safety philosophy of
reducing risk to as low as reasonably achievable.
Safety requirements must also accommodate
aversion to severe accidents of extremely low
probability. These safety requirements must be
established and met for all program activities and
must be based on applicable regulations and
standards and incorporate relevant developments
from research activities. These requirements
ensure compliance with all applicable national and
international regulations. These requirements and

supporting guidelines are discussed in the follow-
ing section.

Recommended Requirements and Guidelines

Recommended safety requirements were
developed for reactor start-up, inadvertent criti-
cality, radiological release and exposure, disposal,
entry, and safeguards. Both quantitative and
qualitative requirements have been recommend-
ed. Quantitative requirements for radiological
exposures were recommended only when appli-
cable established guidance could be cited. More
specific and quantitative design requirements
must be developed as the program matures and
specific concepts and missions are defined. The
development of all recommended requirements
(and any subsequent modifications) must be
compatible with the fundamental philosophy of
reducing risk to as low as reasonably achievable.

Safety Guidelines are recommended for
use by the program to establish program plans as
well as design and operational requirements for
the development of nuclear propulsion systems
for SEI. Some of these guidelines may be useful
for formulating additional Safety Functional Re-
quirements. Safety guidelines are recommended
for risk/reliability, operational safety, flight trajec-
tory and mission abort, and space debris and
meteoroid safety considerations.

The NSPWG also recommended the
general type of safety validation that may be
required for nuclear propulsion systems and
provided guidelines for ground facility and equip-
ment safety. A discussion of this topic can be
found in References 3 and 4.

NSPWG Requirements

The following safety requirements are
recommended for use by SEI management and
program safety to develop Safety Functional
Requirements.

1. Reactor Start-Up

Safety Issues concerning reactor start-up
and operation during the prelaunch, launch, and
deployment phases are Included under the head-
ing of reactor start-up.



A reactor fueled by uranium 235 that has
never been operated has a very small radioactive
inventory. This inventory is limited to the natural
radioactivity of the fuel. Very low-power opera-
tion, which may be employed for ground testing,
produces a negligible increase in the radioactivity
of the reactor system. During power operation,
significant neutron and gamma radiation ema-
nates from the reactor. If the reactor operates at
an appreciable power level for a sufficient length
of time, the reactor will accumulate a significant
radioactive inventory that can remain after reactor
shutdown. Thus, radiation from an operating
reactor or a reactor that has been operated at an
appreciable power level could cause a significant
exposure to ground operations crews and to
launch crews. For a pre-launch, launch, or
deployment accident with an operating reactor or
a reactor that has been operated at significant
power levels, additional issues are raised concern-
ing the potential for radiation exposure to the
public and the release of radioactive materials into
the environment.

The current NASA mission planning
documents for SEI (e.g., Stafford 1991) do not
include suborbital reactor operations in their
mission planning options; consequently, scenarios
requiring suborbital start-up were considered to
be beyond the NSPWG scope. Considering this
scope, a simple and prudent approach to address
the issues under discussion would be to require
that the reactor not be operated and remain
shutdown until an acceptable orbit is achieved.
Very low-power testing of the reactor on the
ground should be excluded from this requirement,
provided that the fission and activation product
inventory from testing is negligible at the time of
launch. Reactor shutdown, as used In this dis-
cussion, Is defined as being subcritical by an
adequate margin and incorporating positive
measures to ensure that the reactor start-up Is as
follows:

The reactor shall not be operated prior to
space deployment, except for low-power
testing on the ground, for which negligi-
ble radioactivity is produced.

• The reactor shall be designed to remain
shut down prior to the system achieving
Its planned orbit.

These recommendations ensure that no
hazard is presented from either direct radiation
from a critical core or from the accidental release
of fission products from power operation of a
reactor prior to achieving orbit.

2. Inadvertent Critlcality

When shut down, a reactor is subcritical;
that is, it cannot support a neutron chain reaction.
In this state the reactor is producing no fission
power and no additional radioactive inventory. A
reactor accident could cause the reactor to
become critical by causing changes in the config-
uration of reactor materials or by changing the
material environment of the reactor. Fuel com-
paction and water immersion from a launch or
Inadvertent entry accident are examples of these
potential accident-caused changes. An Inadver-
tent crftfcalfty event can produce significant
radiation and can increase the radioactive inven-
tory of the reactor. When additional accident
conditions are postulated, criticality could pose a
potential hazard to the crew, the public, and the
environment. If sufficient power is produced
during an inadvertent criticality event, disruption
of the reactor system could occur, with the
potential for release of radioactive materials to the
environment. The potential for inadvertent critical-
ity can be essentially precluded by incorporating
features to assure a secure shutdown during
launch and assuring highly reliable shutdown
features for accidents. The recommended re-
quirement for inadvertent criticality is as follows:

Inadvertent criticality shall be precluded
for both normal conditions and credible
accident conditions.

3. Radiological Release and Exposure

Guidance on radiological releases and
exposures to radiation from reactor propulsion
systems deployed In space are needed to protect
the mission crew, space environment, and Earth
environment. The protection of other space
enterprises, such as other space missions involv-
ing astronauts, is encompassed by protection of
space environments. In addition, the mission
spacecraft must be protected from any adverse
effects that could result from radiological releases.
This guidance pertains to routine operation and
potential accidents in space. Space, in this
context, Includes all regions beyond Earth's



biosphere, including other celestial bodies.
Radiological release and exposure prior to intend-
ed operation or In the event of Inadvertent Earth
entry are covered in Subsections 1, 2, and 5.
Principal reactor sources of radiation include
neutrons and gamma radiation that have not been
stopped by radiation shielding, potential fission
product release, and positron and electrons
produced from gamma interactions with the
system. Charged fission products, positrons, and
electrons can be trapped in Earth's magneto-
sphere and remain a source of radiation for a
period of time. Trapped radiation can contribute
to the crew dose and can adversely affect other
space enterprises, such as satellite gamma ray
observations.

For routine operation and expected
occurrences, allowable doses can be preestab-
lished. For accidents, deterministic requirements
are Inappropriate and probabilistic guidance is
recommended. In all cases the principle of
reducing radiological risk to as low as reasonably
achievable should be used to enhance safety.
Current NASA guidance for total whole body dose
is SO rem/year, of which 5 rem/year may be
received from man-made on-board radiation
sources (see 29 CFR 1910.96 {U.S. OSHA,
1989 ]).7 Since the natural background radiation
dose to the crew will be quite high for some
proposed SEI missions, the 5 rem/year dose limit
from reactor radiation is both reasonable and
prudent. Pursuant to 29 CFR 1960.18 (U.S.
OSHA, 1991)8, NASA has adopted the recommen-
dations of the National Commission on Radiologi-
cal Protection and Measurements (NCRP, 1989)9

as its supplementary standard for space flight
crew radiation exposures. NASA implementation
of this standard requires, among other things, that
exposure limits for on-board radiation sources
comply with 29 CFR 1910.96, except where the
NASA mission or objectives cannot be accom-
plished otherwise.

Radiological release to the space environ-
ment may have a significant or insignificant effect
depending on where and when it is released and
depending on the quantity and type of radiation
released. For example, an appreciable release of
long-lived radioactive materials on the surface of
the moon would be unacceptable and in violation
of International treaties. On the other hand, it
could be acceptable to allow released radioactive
materials in some regions of deep space to decay

and dissipate over a period of years. Conditions
for releases In space and potential future space
enterprises are too numerous to allow quantitative
guidance at this stage.

No established guidance was found that
would be directly applicable for setting quantita-
tive limits for radiological contamination of Earth's
environment from space activities. A conservative
requirement for releases in space potentially
affecting Earth's environment would be to assure
that any radiological contribution to Earth's
environment Is much less than the radiological
guidelines for terrestrial activities. For example,
the US Environmental Protection Agency limita-
tions for radiological environmental contamination
of US territory could be the most appropriate
guideline.

The recommendations presented here
recognize that any radioactive releases in space,
for both normal and accident conditions, should
have an insignificant and probably undetectable
effect on Earth's environment. Based on these
considerations the requirements for radiological
release and exposure are as follows:

Routine Operations and Expected Occurrences

Use 29 CFR 1910.96 dose limits for on-
board radiological sources.

• Radiological releases from the spacecraft
shall not impair its use.

• Radiological release from the spacecraft
shall not contribute significantly, over an
extended period of time, to any local
space environment.

• Radiological release from the spacecraft
shall have an insignificant effect on Earth.

Accidents

• The probability of accidents involving
radiological release affecting the immedi-
ate or long term hedth of the crew shall
be extremely low.

• For those accidents involving radiological
release for which the crew is expected to
survive, the radiological release shall not
render the spacecraft unusable.



The probability of a significant radiologi-
cal effect from an accident on any local
space environment over an extended
period of time shall be extremely low.

The consequence on Earth of a radio-
logical release from an accident in space
shall be insignificant.

The term "insignificant" as used here for
radiological release means "much less than the
value specified for terrestrial guidelines." An
extremely low probability event is one that is not
expected to ever occur during the execution of
the SEI program. "Significant" means "greater
than the most appropriate guideline or norm." An
"extended period of time" Is understood to mean
"encompassing the time period of potential future
space enterprises in the region of space under
consideration."

The requirement presented above for
radiological effects from accidents on the space-
craft apply only to radiological effects. Reactor
failures or accidents might render the spacecraft
unusable from factors other than radiological
effects. These other factors must be addressed
as reliability considerations, and their manage-
ment must be consistent with the philosophy of
reducing risk to as low as reasonably achievable.

4. Disposal

Disposal plans for space reactor systems
and associated spacecraft components should be
established before the propulsion system is
deployed. Furthermore, the method of disposal
must be safe; that is, the radioactive materials of
the disposed reactor system must not endanger
the public or the environment. Strategies for
disposal must preclude entry by orbital decay in
order to comply with the requirement for no
planned Eaith entry (next topic). The reactor
system integrity must be protected for all normal
conditions and credible accident conditions,
including collisions with meteoroids and orbital
debris, that could compromise the user's ability to
dispose of the reactor system safely.

The recommended disposal requirements
are as follows:

Safe disposal of spent nuclear systems
shall be explicitly included In Space
Exploration Initiative mission planning.

• Adequate and reliable cooling, control,
and protection for the reactor system
shall be provided for all normal and
credible accident conditions to prevent
reactor system disruption or degradation
that could preclude safe disposal.

5. Entry

Entry refers to an event in which a reac-
tor system enters the atmosphere or impacts the
surface of Earth or another celestial body. Entry
issues include the potential for the release of
fission products and activation products into
Earth's or another planet's environment and the
potential for exposure from direct radiation from
the reactor. Radioactive release due to entry can
result from the effects of passing through a
planetary atmosphere or from reactor disruption
from impact.

Should inadvertent entry and impact
occur, emergency response measures will be
more effective for small areas of distribution of
system debris. The location and cleanup of
system debris Is simpler for debris confined to
small areas than for widely scattered debris.
Recommended requirements for entry are as
follows:

• Planned Earth entry shall be precluded
from mission profiles.

• Both the probability and the consequenc-
es of an Inadvertent entry shall be made
as low as reasonably achievable.

• Inadvertent entry through an atmosphere
shall be essentially intact, or, alternative-
ly, result in essentially full dispersal of
radioactivity at high altitude.

For an impact, radioactivity shall be
confined to a local area to limit radio-
logical consequences.

• The reactor shall remain subcrftical
throughout an inadvertent entry and im-
pact.



6. Safeguards

Safeguards encompass all measures
used to control and protect special nuclear
materials (SNM).

Proven safeguards approaches devel-
oped for terrestrial use are applicable to the
protection of nuclear propulsion system hardware
and SNM prior to launch. It is important to
ensure, to the extent practicable, that this existing
safeguards technology is not precluded or com-
promised by the nuclear propulsion system
design. Also, design options exist which can
enhance safeguards of nuclear propulsion system
hardware. This Is particularly true with respect to
the nuclear fuel, especially its composition and
material form. In assessing such options, consid-
eration should be given tc preserving the direct
applicability of existing safeguards technology.
Based on these considerations, the recommended
safeguards requirements are:

• Positive measures shall be provided to
control and protect the nuclear system
and its SNM from theft, diversion, loss, or
sabotage.

To the extent practicable, the design of
the nuclear system shall Incorporate
features that enhance safeguards and
permit proven safeguards methods to be
employed.

• Positive measures or features shall be
provided to facilitate timely Identification
of the status as well as the location and,
if necessary, recovery of the nuclear
system or its SNM.

NSPWG Guidelines

The following safety guidelines are rec-
ommended for use by the program to establish
program plans as well as design and operational
requirements for the development of nuclear
propulsion systems for SEI.

1. Risk/Reliability

All activities in the SEI program, including
the nuclear propulsion activities should be guided
by a formal reliability program based on a com-
mon technical approach. The reliability program

should focus on the generic problem of demon-
strating high reliability at the system level based
on feature and component testing and a few
subsystem-level tests. The reliability program
should be integral with the engineering design
and development activities to maximize the
usefulness of test data. This means that reliability
technologists should support definition of the
design and development testing, and these efforts
should include margin testing and test-to-failure
activities necessary to support demonstration of
reliability.

The reliability program should include
analytical activities to relate empirical data to
systems-level performance objectives and support
definition of data requirements. These analytical
activities should also be used to support the
establishment of priorities for the data require-
ments. Highest priority should be given to the
design and data requirements that support evalu-
ation and demonstration of the reliability of safety
functions. For example, demonstration of the
reliability of the control system to perform the
shutdown function is very important to safety.
Shutdown heat removal and its role in retaining
radioactive materials is also an important safety
function, especially in ground testing.

All program elements should support the
safety policy objective of assuring that risks are
as low as reasonably achievable. Design-basis
mission risk analysis should be initiated as soon
as possible to serve as the foundation of the
future baseline mission risk analyses. The risk
analysis tasks should provide analytical evaluation
of the risk to individuals and the environment
associated with each major task. This information
should be compiled and reported to the responsi-
ble line management for use in the decision
making process. The risk analysis information
should also be used to guide safety design
requirements and safety testing and analysis
development activities. Several types of risk
assessments and analysis will be required to
incorporate the nuclear and space technology
elements into a common set of methods.

2. Operational Safety

All missions planned In SEI, whether
piloted, cargo, or robotic, require long operational
sequences that include a large number of varied
operations. Consideration of these operations



and the design strategy to assure that they can ail
be accomplished safely should be completed as
early as practical. Early objectives Include: (1)
incorporation of adequate safety margins and
operational safety features ki the design, (2)
identification of aM developmental equipment
required to support safe operations, and (3)
identification of the design duty cycles and envi-
ronmental conditions that this equipment must
accommodate to assure its reliabiiity for all mis-
sion phases. Normal, abort, and credible acci-
dent sequences must be included. A high level of
computer simulation is recommended. Candidate
human-machine interface equipment should be
integrated with nuclear system simulators. It is
important that these tasks be given priority and
visibility so requirements that will lead to accept-
able levels of mission safety can be established.

Eight Issues have been Identified for
consideration by the operational safety activity.
These are discussed in detail in Reference 4 and
are:

• Integrating Safety Considerations.

Criticality and Control Calibration.

Role of Flight Crew in Nuclear Operation.

• Instrumentation Requirements and Oper-
ational Strategies.

• Development of the Operational Duty
Cycle.

Extra Vehicular Activity (EVA).

• Proximity Operations.

Testing and Surveillance.

3. Riant Trajectory and Mission Abort

In addition to the many and varied inputs,
constraints, and requirements necessary for
chemical thrust mission trajectory planning, the
designers of SEI missions using nuclear propul-
sion must address the nuclear safety issues
during the process of trajectory design, analysis,
and selection. Specific nuclear safety Issues that
should bs addressed are discussed elsewhere in
this paper.

Specific mission-abort principles should
be developed with systematic risk analysis, and
where practical, should include provisions for
addressing the nuclear safety requirements. In
the event of mission abort after nuclear system
operation, flight elements should have sufficient
alternate (nuclear or non-nuclear) propulsion
capability to return the crew safely and place the
nuclear reactor in the planned or alternate dispos-
al trajectory.

4. Space Debris and Meteorotds

Meteoroids and space debris are a part
of the space environment and need to be consid-
ered in the development of safety and reliability
requirements. The technology required to quanti-
fy this environment and provide protection for
spacecraft is ongoing. Unique features associat-
ed with nuclear propulsion systems requiring
special development attention have not been
identified. The ongoing development efforts for
sensors and protective materials to address
debris and meteoroids concerns may need to be
supplemented to support the SEI programs.
Improved measurement and modeling of the
environment could be of benefit to the spacecraft
and propulsion system designers. Because of
their large radiator areas, NEP systems are likely
to require more attention to protection from space
debris and meteoroids than NTP systems would.
The need to accommodate particle Impacts may
be the limiting factor for minimizing the mass of
large NEP radiators. For NTP systems, pressure
requirements and structural requirements result In
relatively thick fuel tanks and other large surfaces
of potential concern. These thicker components
for NTP systems reduce their potential vulnerabili-
ty to particle impacts.

Conclusions

The Safety Policy, Requirements, and
Guidelines, and other recommendations have
been provided to guide the design and develop-
ment of nuclear propulsion systems for SEI. The
Safety Requirements and Guidelines are Intended
to provide initiaS direction for early trade studies
and should be expected to be expanded and
refined as a result of development work and
design evolution. Timely adoption or adaptation
of these recommendations should greatly facilitate
the implementation of the nuclear propulsion
program and will assure the safety of the public,



mission staff, and the environment during all 7.
program activities.
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