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Abstract

In 2009, the International Safety Framework for Nuclear Power Source Applications in Outer Space was adopted, following a
multi-year process that involved all major space faring nations under the auspices of a partnership between the the UN Committee
on the Peaceful Uses of Outer Space and the International Atomic Energy Agency. The Safety Framework reflects an international
consensus on best practices to achieve safety. Following the 1992 UN Principles Relevant to the Use of Nuclear Power Sources
in Outer Space, it is the second attempt by the international community to draft guidance promoting the safety of applications of
nuclear power sources in space missions.

NPS applications in space have unique safety considerations compared with terrestrial applications. Mission launch and outer
space operational requirements impose size, mass and other space environment limitations not present for many terrestrial nuclear
facilities. Potential accident conditions could expose nuclear power sources to extreme physical conditions.

The Safety Framework is structured to provide guidance for both the programmatic and technical aspects of safety. In addition to
sections containing specific guidance for governments and for management, it contains technical guidance pertinent to the design,
development and all mission phases of space NPS applications.

All sections of the Safety Framework contain elements directly relevant to engineers and space mission designers for missions
involving space nuclear power sources. The challenge for organisations and engineers involved in the design and development
processes of space nuclear power sources and applications is to implement the guidance provided in the safety framework by
integrating it into the existing standard space mission infrastructure of design, development and operational requirements, practices
and processes. This adds complexity to the standard space mission and launch approval processes.

The Safety Framework is deliberately generic to remain relevantly independent of technological progress, of national organi-
sational setups and of space mission types. Implementing its guidance therefore leaves room for interpretation and adaptation.
Relying on reported practices, we analyse the guidance particularly relevant to engineers and space mission designers.
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1. INTRODUCTION

Nuclear power sources (NPS) have provided energy to space-
craft since the dawn of the space age. They have enabled some
of the most spectacular space missions and are generally con-
sidered as key enabling technologies for space exploration [1–
5]. The safety of such applications has been a priority for mis-
sion designers and engineers from the very first missions and a

subject of public discussions and concern [6].

The Safety Framework for Nuclear Power Source Applica-
tions in Outer Space (the Safety Framework) is a self-standing
international document, jointly prepared by the Scientific and
Technical Subcommittee (STSC) of the United Nations Com-
mittee on the Peaceful Uses of Outer Space (COPUOS) and the
International Atomic Energy Agency (IAEA) [7].
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Following a lengthy consultation and negotiation period on
its scope and attributes and the drafting mechanisms and pro-
cesses, the actual drafting phase for the Safety Framework
started in 2007 and was concluded in February 2009. The IAEA
Commission on Safety Standards approved the Safety Frame-
work in April 2009. It was subsequently endorsed by the COP-
UOS Main Committee in June 2009 and jointly published by
COPUOS STSC and the IAEA in December 2009, after it had
been “welcomed with satisfaction” by the UN General Assem-
bly [8].

The work plan of the NPS WG of the STSC subsequent to the
publication of the framework for the years 2010 to 2015 aims
at promoting and facilitating the implementation of the Frame-
work by providing information pertinent to challenges faced by
member States and international intergovernmental organisa-
tions, in particular those considering or initiating involvement
in applications of NPS. The discussion on the legal status of the
Safety Framework is outside of the scope of this paper and sub-
ject to dedicated publications (e.g. [9]). The guidance provided
in the Safety Framework is based on an international consensus
on measures needed to achieve safety for launch, operations and
end-of-service phases of all space NPS applications.

2. SPECIFIC AND UNIQUE SAFETY CONSIDERATIONS
FOR THE DESIGN OF SPACE NUCLEAR POWER

SOURCES

NPS applications in space have unique safety considerations
compared with terrestrial applications (e.g. [10, 11]). Mission
launch and outer space operational requirements impose size,
mass and other space environment limitations not present for
many terrestrial nuclear facilities. Potential accident conditions
resulting from launch failures and inadvertent re-entry could
expose NPS to extreme physical conditions. These and other
unique safety considerations for the use of space NPS are sig-
nificantly different from those for terrestrial nuclear systems
and are not addressed in safety guidance for terrestrial nuclear
applications.

The purpose of the Safety Framework is thus to provide guid-
ance on governmental, organisational/managerial and technical
elements to mitigate risks arising from the use of space NPS.
Since safety must always be an inherent part of the design and
application of space NPS, the Safety Framework focuses not
only on the space NPS component but on the entire application,
e.g. launch vehicle and spacecraft designs. Therefore the use
of a space NPS needs to be integrated into the overall missions
safety assurance process from the early design and development
phases of both the space NPS and space NPS application (i.e.
mission).

3. TYPES OF GUIDANCE PROVIDED IN THE
INTERNATIONAL SAFETY FRAMEWORK

3.1. Foundation for the development of governmental frame-
works

The Safety Framework contains dedicated sections providing
guidance for governments, management, and technical matters

for space NPS applications. It is intended to provide a foun-
dation for the development of governmental frameworks while
allowing for the necessary flexibility in adapting those frame-
works to specific NPS applications.

3.2. Addressing public concern

Space NPS applications tend to create attention and interest
by the general public, both related to their typically challenging
mission objectives and the use of NPS. Implementation of the
Framework by governmental and international intergovernmen-
tal organisations provides assurance to the global public that the
space NPS application will be used in a safe manner.

3.3. Covering all phases of space NPS applications

The technical guidance provided in the Safety Framework is
pertinent to the “design, development and all mission phases
of space NPS applications”. It specifically covers the elements
of technical competence in nuclear safety, safety in design and
development, risk assessments and accident mitigation.

3.4. Continuous improvement process

The Framework provides guidance related to incorporating
lessons learnt from prior experience, verifying and validating
design safety features and controls through tests and analyses,
using risk analysis to assess the effectiveness of design features
and controls and to provide feedback to the design process and
to design reviews.

3.5. Applicable to all type of space NPS

The actual text of the Safety Framework is applicable to all
types of space NPS developments and applications. In this as-
pect it is distinct from the 1992 NPS Principles, which were
developed with a focus on specific NPS applications that were
in use at the time these Principles were drafted.

3.6. Technical guidance vs technical requirements

The guidance is based on best practices at the time of drafting
of the Safety Framework and reflects an international consensus
on those practices. Following this guidance naturally leads to
practical technical nuclear safety requirements for the identifi-
cation, evaluation and implementation of design features, con-
trols and preventive measures. The purpose of these measures
is to reduce the probability of potential accidents that could re-
lease radioactive material and reduce the magnitude of potential
releases and their potential consequences.

Instead of prescriptive requirements, the Safety Framework
focuses on the necessary capabilities and competences. It de-
scribes the type of technical activities that are needed during
the design and development processes for space NPS and space
NPS applications as well as during the launch phases to miti-
gate accident consequences.

Engineers and space mission designers typically work to sat-
isfy specific requirements. One of the necessary steps for space
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agencies involved in or considering involvement in a space NPS
development or application is therefore the integration of guid-
ance from the Safety Framework into the agency’s existing in-
frastructure of design, development and operational require-
ments, practices and processes.

The requirements that flow from the Safety Framework are
similar to other ‘mission-unique’ requirements that agencies
face when conducting ‘first-of-a-kind’ missions. New require-
ments (and the organisations, personnel, and interfaces required
for satisfying those requirements) may likely be involved in
space NPS application missions compared to missions with
conventional solar-powered power sources; however, as long as
the mission planners recognise those requirements at the outset
of the mission formulation phase, then the standard processes
for defining a mission’s organisation and lower level require-
ments can readily apply.

Not surprisingly, the additional requirements (including the
attendant increase in the number of organisations and inter-
faces) in a space NPS application mission increase the cost and
complexity of the mission relative to a mission powered by so-
lar power. However, as indicated above, NPS has typically en-
abled missions that push the bounds of scientific knowledge and
human capabilities in space. The incremental benefits that flow
from such missions have long been one of the key justifications
for incurring these additional costs and complexities. Following
the guidance of the Safety Framework by considering nuclear
safety “from the earliest stages of design and development” en-
ables space agencies initiating involvement in a space NPS de-
velopment or space NPS application to significantly impact the
size and scope of these incremental costs and complexities.

Early consideration of the Safety Framework’s guidance pro-
vides a focus on the key elements that will help ensure not only
the safety of the mission, but also integration of the require-
ments derived from the Framework’s guidance into the mis-
sion’s organisational and requirements management infrastruc-
ture. This early consideration allows for potentially complex
issues or arrangements (e.g. exchanging export-controlled or
national security data) to be addressed in the governing instru-
ments for the mission.

The following section provides additional information on the
guidance for governments, for management and the technical
guidance provided in the Framework, drawing from existing
and published best practices from organisations with experi-
ence in the safe use of space NPS applications, e.g. presenta-
tions given by U.S. and Russian delegates to the STSC of COP-
UOS [12–19]. The focus is on highlighting practical consider-
ations directly useful to practitioners and engineers involved in
space NPS applications.

4. ANALYSIS OF RELEVANT GUIDANCE FROM THE
‘GUIDANCE FOR GOVERNMENTS’ SECTION

The first main section of the Framework addresses the guid-
ance for governments and international intergovernmental or-
ganisations (e.g. regional space agencies) that authorise, ap-

prove or conduct missions which use NPS applications. It out-
lines the governmental responsibilities for such space NPS mis-
sions which include: having the relevant safety policies, re-
quirements and processes; ensuring that there is acceptable jus-
tification for using a space NPS when weighed against other al-
ternatives; establishing a formal launch authorisation process;
and preparing for and responding to emergencies.

The Safety Framework lists four areas of guidance for gov-
ernments:

1. Safety policies, requirements and processes;
2. Justification for space nuclear power applications;
3. Mission launch authorisation’; and
4. Emergency preparedness and response.

4.1. Practical considerations related to the guidance on safety
policies, requirements, and processes

Section 3.1 of the Safety Framework specifies that govern-
ments and international intergovernmental organisations that
authorise or approve space NPS missions should establish and
ensure compliance with their respective safety policies, require-
ments and processes in order to satisfy the fundamental safety
objective (to protect people and the environment in Earths bio-
sphere from potential hazards associated with relevant launch,
operation and end-of-service phases of space NPS applications)
and fulfil their own safety requirements.

The policy and strategy for NPS safety should be promul-
gated as a statement of the government’s or international inter-
governmental organisation’s intent and long-term commitment
to safety. It should specify the scope of the government’s legal
and assurance framework for safety. In the case of an interna-
tional intergovernmental organisation, the policy and strategy
would need to specify the roles and responsibilities of the in-
dividual member governments of the organisation in relation to
those of the overall organisation. Organisations and engineers
involved in the design, development and use of NPS should be
able to refer to the governments or international intergovern-
mental organisation’s policy and strategy, as appropriate, in or-
der to gain an understanding of the implications for issues such
as:

(a) The types of facilities and activities that are included within
the relevant legal and assurance framework for safety;

(b) The process that needs to be followed in order to ensure
that the rationale for each space NPS application considers
alternatives and is appropriately justified (see section 4.2
for more details);

(c) The types of authorisation or approval that are required
for different activities and operations associated with space
missions with NPS applications (see section 4.3 for more
details);

(d) The steps to follow leading to such authorisation or ap-
proval, the technical information that needs to be provided
and the timescale for decision-making (see section 4.3);

(e) The assignment of legal responsibility for safety and for
ensuring continuity of responsibility when relevant safety-
related activities are to be carried out by successive organi-
sations;
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(f) Independent review of the safety achievement of persons or
organisations responsible for safety;

(g) Provision for preparedness for, and response to, a nuclear or
radiological emergency involving a space NPS application
and for the timely notification of other States that may be
involved (see section 4.4 for more details);

(h) Provisions for addressing other interests unique to NPS
missions such as nuclear security, the accounting and con-
trol of nuclear material, and the import and export of nu-
clear/radioactive material; and

(i) Responsibilities and obligations with respect to the end-of-
life phase of any space NPS mission.

As an example of the application of safety policies, require-
ments and processes, Wilcox [12] describes several laws and
processes in the U.S. which pertain to the launch and safe use of
space NPS, which include the National Environmental Policy
Act (NEPA) and the Presidential Launch Nuclear Safety Ap-
proval process, and numerous NASA internal orders. NEPA
requires the launching organisation, NASA, to complete an en-
vironmental impact statement (EIS) early in a missions design
and development phase. The EIS must assess the potential en-
vironmental impacts of the baseline design for the mission and
reasonable design alternatives for accomplishing the mission’s
objectives.

A diverse team of engineers, scientists, lawyers and technical
writers are involved in the production of an EIS for a mission
involving the launch of an NPS. The engineers and scientists
with close knowledge of the mission and the NPS prepare rel-
evant sections of the document including mission description,
assessment and applicability of alternatives, and risk assess-
ment. The environmental specialists combine these inputs into
the EIS with other relevant studies to ensure that it complies
with the NEPA requirements.

The NPS working group of the STSC provides an interna-
tional forum for countries to share experiences in the use and
launch of space NPS. It thus offers countries and international
intergovernmental organisations the opportunity to benefit from
the experience of countries such as the U.S. and Russia, both
of which have long and wide-ranging experience accumulated
over decades on the safe use of space NPS applications. How-
ever, the wide diversity in the governmental, legal, social and
industrial systems of countries considering or initiating involve-
ment in NPS space missions implies that considerable adapta-
tion of this experience to their respective and specific circum-
stances is likely to be necessary.

4.2. Practical considerations related to the guidance on justifi-
cation for space nuclear power applications

Space NPS applications may pose risks to people and the en-
vironment. For this reason Section 3.2 of the Safety Framework
specifies that governments and international intergovernmental
organisations that authorise or approve space NPS applications
should ensure that the rationale for the use of a space NPS is
carefully considered against potential alternatives and is appro-
priately justified. Organisations and engineers involved in the

design, development and use of NPS should be able to refer,
as appropriate, to the government’s or international intergov-
ernmental organisation’s policy and strategy for justification in
order to gain an understanding of the implications for issues
such as:

(a) The processes and procedures that are to be used to con-
sider the justification for using space NPS applications in
specific missions, how justification decisions will be made,
and which body is responsible for making such decisions;

(b) The time-frame for reaching decisions on the justification
for using space NPS applications on specific missions;

(c) The scope of the information required in order for a jus-
tification decision to be made, and who is responsible for
providing it; and

(d) The mechanisms for ensuring transparency and the involve-
ment of all relevant bodies/persons in the process of reach-
ing a justification decision.

In the U.S. the EIS examines the rationale for the use of NPS
against other alternatives and assures that this rationale is made
publicly available for comment before a final decision is made
on proceeding with completion of the mission’s development,
launch and operation.

4.3. Practical considerations related to the guidance on mission
launch authorisation

Section 3.3 of the Safety Framework specifies that the gov-
ernment which oversees and authorises the launch operations
for space NPS missions should establish a mission launch au-
thorisation process focused on nuclear safety aspects. This pro-
cess should include a detailed and thorough risk assessment and
an independent review of the risk assessment.

Organisations and engineers involved in the design, develop-
ment and use of NPS should be able to refer, as appropriate, to
the government’s policy and strategy for authorisation in order
to gain an understanding of the implications for issues such as:

(a) The process and procedures that are to be used to deter-
mine whether to authorise the launch of missions using
space NPS applications, how authorisation decisions will
be made, and which body is responsible for making such
decisions;

(b) The time-frame for reaching decisions on the authorisation
of missions using space NPS applications;

(c) The scope of the information required in order for an au-
thorisation decision to be made, and who is responsible for
providing it;

(d) Adequate mechanisms for taking account of the authorisa-
tion processes covering non-nuclear and terrestrial aspects
of launch safety; and

(e) The mechanisms for ensuring transparency and the involve-
ment of all relevant bodies/persons in the process of reach-
ing an authorisation decision.
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Experience has demonstrated the effectiveness of an approval
process with requirements for both a detailed safety analysis of
the actual system (i.e. power source, spacecraft, launch vehi-
cle, mission design and flight rules) and an independent review
of this safety analysis involving the government authorities re-
sponsible for the mission’s safety. In addition, the information
underlying and flowing from this process provides information
that guides the development of site-specific radiological contin-
gency plans. [12].

Moreover, since such a process involving the highest lev-
els in government (in the U.S. the Presidential Launch Nu-
clear Safety Approval Process) likely automatically involves all
government agencies and bodies that have a substantive safety
responsibility for various aspects of the mission (i.e. space-
craft/mission safety typically by the space agency; NPS safety
typically by the manufacturer/owner of the NPS; launch site and
range safety typically by the owner/operator of the launch site;
and accident cleanup safety, typically by some governmental
or regional body responsible for environmental protection), the
development and evaluation of the safety analysis provides a fo-
cal point for coordinating the discussions and resolution of any
nuclear safety issues identified during the development phase
of the application.

Further discussion on the launch approval process can be
found in section 6.3 of this paper.

4.4. Practical considerations related to the guidance on emer-
gency preparedness and response

Section 3.4 of the Safety Framework specifies that the gov-
ernment or international intergovernmental organisation that
authorises, approves or conducts space NPS missions should
be prepared to respond rapidly to launch and mission emergen-
cies that may result in potential radiation exposure of people
and radioactive contamination of the Earth’s environment.

Emergency preparedness activities include emergency plan-
ning, training, rehearsals and development of procedures and
communication protocols, including the drafting of potential
accident notifications. Organisations and engineers involved
in the design, development and use of NPS should be able to
refer, as appropriate, to the government’s or international inter-
governmental organisation’s policy and strategy for emergency
preparedness and response in order to gain an understanding of
the implications for issues such as:

(a) The assignment of responsibilities, within the overall gov-
ernmental legal framework, for preparing emergency re-
sponse plans and for making arrangements for emergency
preparedness and response, and for the immediate notifica-
tion of an emergency to the competent authorities;

(b) The need and provision for human, financial and other re-
sources;

(c) Designation of competent authorities that will have the re-
sponsibility and resources necessary to make preparations
and arrangements for dealing with the consequences of a
space NPS emergency, both during the emergency and in
its aftermath;

(d) Specifying and assigning clear responsibilities for decision
making in an emergency and for ensuring effective liaison
between all authorised parties and the competent authori-
ties;

(e) Provision for an effective means of communicating with the
affected parties, particularly the general public, during the
course of a space NPS emergency;

(f) Provision for review and assessment of the emergency re-
sponse plans of organisations responsible for space NPS
missions and of their state of preparedness for such emer-
gencies; and

(g) Provision for acquiring and maintaining the necessary com-
petence to ensure an appropriate, continuing level of emer-
gency preparedness and response.

In the case of the U.S., accidents involving space NPS appli-
cations have been included in its comprehensive National Re-
sponse Framework (NRF) for preparing and responding to dis-
asters and emergencies. For such accidents, the U.S. considered
the agencies which would normally be applied to a terrestrial
nuclear or radiological emergency at a government facility. It
then adapted those normal procedures and agencies to apply to
the unique situation of a launch accident involving a space NPS
at a NASA facility. [12, 20].

Further discussion on mitigating and managing conse-
quences of potential accidents can be found in section 6.3 of
this paper.

5. ANALYSIS OF RELEVANT GUIDANCE FROM THE
‘GUIDANCE FOR MANAGEMENT’ SECTION

The second main section of the Safety Framework addresses
the organisations “involved in space NPS applications”, and
specifically their management setup. The scope is wide and the
formulations used are encompassing with the aim to include all
those entities actually involved.

Based on experience gained with missions using space NPS,
all organisations involved in such a mission are to some degree
affected by the use of nuclear power sources on that mission,
even if their involvement is limited to the hardware or software
elements not directly related at first view.

The Safety Framework lists three, non-exclusive specific
tasks for management:

1. Taking ‘prime responsibility’ for safety;
2. Providing ‘adequate resources’ for safety; and
3. Promoting and sustaining a ‘robust safety culture’.

It then provides some additional guidance separated into
guidance related to:

1. Responsibility for safety; and
2. Leadership and management for safety.
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5.1. Practical considerations related to the guidance on the
prime responsibility for safety

Section 4.1 of the Safety Framework recommends that “the
organisation that conducts the space NPS mission has the prime
responsibility for safety” and further specifies that “that organ-
isation should include, or have formal arrangements with, all
relevant participants in the mission (spacecraft provider, launch
vehicle provider, NPS provider, launch site provider etc.) for
satisfying the safety requirements established for the space NPS
application.”

The practical consequence of requiring to take into account
nuclear safety from “the earliest point in the development of a
space NPS application” is that all main organisations involved
in the development of a space project considering using space
NPS need to agree on which organisation will assume prime re-
sponsibility according to the terms of the Safety Framework.
This implies the establishment of formal relations which in-
clude provisions to achieve the fundamental safety objective,
with ‘relevant participants in the mission’ early in the space
project’s formulation phase.

According to U.S. experience, the nuclear safety consider-
ations exist in all elements and phases of a space NPS appli-
cation. Safety-relevant changes can be introduced by all main
entities involved in the design of a mission: For example, the
developers of the NPS can engineer inherent design safety fea-
tures into the space nuclear power source taking into account
accident scenarios. Similarly, the developers of the NPS appli-
cation can modify and optimise spacecraft and/or mission de-
signs as well as integration processes to mitigate or reduce the
probability or severity of potential failures that could lead to the
release of radioisotopes. The organisation responsible for the
launch of the NPS application can mitigate or reduce the prob-
ability or severity of pre-launch processing or launch accidents
that threaten the containment of the nuclear power source [19].

Given the potential range of NPS, spacecraft, mission and
launch vehicle designs and configurations (many of which are
unique), determining with confidence the primary threats to
NPS fuel containment is not immediately apparent or intuitive.
This leads to the risk of potentially erroneous assumptions by
one element of the mission team about another mission element
and as a result, the need for all participants in a mission with
an NPS application to assume some level of responsibility for
nuclear safety. Following the guidance provided by the Safety
Framework therefore implies that nuclear safety considerations
need to be taken into account into the governing instruments
for space NPS applications. In the U.S. experience this leads
to, for example, all mission participants explicitly agreeing to
support, as appropriate, the definition and satisfaction of the
mission’s nuclear safety requirements and criteria that are in-
corporated into the mission’s organisational and requirements
structures and engineering review processes [19].

According to experience shared by the U.S., this does not
necessarily require the development of new organisational
structures or processes to replace those that typically exist for
multilateral non-NPS missions. Rather it requires existing or-
ganisations to incorporate NPS safety requirements, such as

the establishment of a nuclear safety culture, at the earliest
stage of a mission’s development. This is particularly relevant
for countries and international intergovernmental organisations
considering or initiating involvement in space NPS develop-
ment and/or space NPS applications, since the necessary exper-
tise and competence to complement existing processes typically
involves ’long-lead’ times.

In countries without experience in the use and launch of
space nuclear power sources, the existing authorisation and ap-
proval processes might lack the expertise or participation of
governmental agencies or officials necessary to adequately ad-
dress the breadth of potential requirements or issues involved
in ensuring a mission’s nuclear safety. In this case, an action
for mission managers early in the development phase of such a
mission would be to identify organisations with the requisite ca-
pabilities, and identify organisational arrangements to integrate
them in the NPS application development phase. This could
lead to the identification of incremental analytical requirements
and processes which are not part of non-NPS missions [19].

The Safety Framework provides some general managerial re-
sponsibilities for the organisations involved in space NPS appli-
cations, such as:

(a) Establishing and maintaining the necessary technical com-
petencies;

(b) Providing adequate training and information to all relevant
participants;

(c) Establishing procedures to promote safety under all reason-
ably foreseeable conditions;

(d) Developing specific safety requirements, as appropriate, for
missions that use space NPS;

(e) Performing and documenting safety tests and analyses as
input to the governmental mission launch authorisation pro-
cess;

(f) Considering credible opposing views on safety matters; and
(g) Providing relevant, accurate and timely information to the

public.

From a practical standpoint, all points except point (d) are
also present in non-NPS missions to some degree. However,
since space NPS application missions have been and are ex-
pected to remain relatively rare occurrences, it would be im-
practical to put in place and maintain completely independent
processes, procedures and infrastructure for such missions. As
a consequence infrastructure and processes for NPS missions
tend to be conceived and built as augmented aspects to existing
non-NPS mission infrastructure and processes.

Launch system reliability and failure effects analysis and
modelling are such an example. These would use the existing
tools characterising launch failure modes but “delve further into
the physical environments created by and the sequence of po-
tential threats to NPS containment resulting from a launch ac-
cident”. Similarly, the potential “environmental impacts of re-
leases of radioactive material are assessed using the same mete-
orological databases and, in some cases, highly similar models
for understanding the impacts of accidents involving large-scale
accidental releases of launch vehicle propellants” and “NPS
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contingency plans follow standard protocols for responding to
any large accident that would potentially involve multiple agen-
cies and levels of government” [12, 15, 19].

Similarly, best practices show that NPS-specific safety re-
views and approvals should be handled as incremental require-
ments for standard mission approvals, even if they involve the
highest levels of government as is the case in the U.S.. The
practical implication for the management of such missions is
that these additional processes, which all require specific com-
petencies, expertise, resources, and time need to be included in
the overall planning for the mission. Space mission managers
therefore should strive to define and clarify the different addi-
tional roles and processes as early as possible in the mission
phases to reduce uncertainty and schedule/cost risk in the over-
all planning.

5.2. Practical considerations related to the guidance on leader-
ship and management for safety

Subsection 4.2 of the Safety Framework addresses internal
organisational aspects of the organisations involved in space
NPS applications. It lists five specific points that need to be
included in the required safety culture of an organisation con-
ducting a space NPS mission:

(a) Clear lines of authority, responsibility and communication;
(b) Active feed back and continuous improvement;
(c) Individual and collective commitment to safety at all organ-

isational levels;
(d) Safety accountability of the organisation and of individuals

at all levels; and
(e) A questioning and learning attitude to discourage compla-

cency with regard to safety.

Points (c) to (e) are mirroring the three points listed as es-
sential for a proper safety culture by the IAEA Fundamental
Safety Principles for terrestrial nuclear applications, namely
the individual and collective commitment to safety on the part
of the leadership, the management and personnel at all levels;
the accountability of organisations and of individuals at all lev-
els for safety; and measures to encourage a questioning and
learning attitude and to discourage complacency with regard
to safety [21]. The NPS Safety Framework, includes two ad-
ditional points, (a) and (b), related to the need for clear lines
of authority, responsibility and communication, and for active
feedback and continuous improvement.

The former, while necessary for ensuring an efficient de-
sign/development process involving multiple organisations, is
especially important for assuring the efficient and effective
management of contingencies during the launch phase of a mis-
sion. The latter is important for future NPS missions since NPS
application missions typically don’t occur more than once or
twice a decade.

6. ANALYSIS OF TECHNICAL GUIDANCE

This section follows the structure of Chapter 5 of the Safety
Framework and is thus divided into subsections, each dealing
in detail with one of the following elements:

1. Establishing and maintaining a nuclear safety design, test
and analysis capability;

2. Applying that capability in the design, qualification and
mission launch authorisation processes of the space NPS
application (i.e. space NPS, spacecraft, launch system,
mission design and flight rules);

3. Assessing the radiation risks to people and the environ-
ment arising from potential accidents and ensuring that the
risk is acceptable and as low as reasonably achievable;

4. Taking action to manage the consequences of potential ac-
cidents.

Due to their relatively long development times, space nuclear
power sources tend to be designed well in advance of specific
target NPS applications. Development times tend to be on the
order of one decade. The primary focus regarding safety dur-
ing the early development phases of space NPS is on the con-
tainment of NPS fuel under a wide range of potential accident
scenarios. Accident environments include explosive overpres-
sures, solid and liquid propellant fires, shrapnel impacts, ground
impact and reentry.

The risk analysis process of missions involving space nuclear
power sources focuses on detailed risk assessments of the inte-
grated NPS application (i.e. NPS, spacecraft, launch system,
mission design, flight rules).

This analysis provides an objective basis for identifying and
assessing potential design modifications that can enhance the
mission’s nuclear safety. Such modifications can occur at a sub-
system and/or system level and thus include the nuclear power
source, its immediate environment, the design of the spacecraft,
the design of the launch system (including its abort subsystems
and procedures) as well as overall mission design parameters
such as trajectories.

Current best practices have shown that the overall objective
to keep the radiation risk of nuclear power source applications
as low as reasonably achievable, cannot be achieved via de-
sign choices of either the NPS or the NPS application alone.
It requires a continuous and integrated system level approach
involving all aspects of a mission [12].

A thorough nuclear safety review process, integrated into the
standard mission review process, is critical to encouraging con-
tinual evaluation and consideration of safety enhancements dur-
ing the entire design, development and approval process.

The following subsections provide further details for each of
the four elements listed above.

6.1. Establishing and maintaining a nuclear safety design, test
and analysis capability

Under this provision the Safety Framework specifies the
competence to:

(a) Define space NPS application accident scenarios and their
estimated probabilities in a rigorous manner;
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(b) Characterise the physical conditions to which the space
NPS and its components could be exposed in normal op-
erations, as well as potential accidents;

(c) Assess the potential consequences to people and the envi-
ronment from potential accidents; and

(d) Identify and assess inherent and engineered safety features
to reduce the risk of potential accidents to people and the
environment.

All four points require close technical cooperation between
the power source, payload and launch system providers.

Actions under point (a) require the definition of accident sce-
narios and their probabilities. Such scenarios and their respec-
tive probabilities are crucial input parameters for the safety as-
sessments of space nuclear power source applications. (The
launch vehicle data required to define these scenarios and prob-
abilities can be defence-restricted or commercially sensitive.)
The definition of accident scenarios in the early phases of a
mission can influence the design of the NPS (if it has not al-
ready been finalised) and help inform design trades involving
the spacecraft and/or launch system. In the later phases of the
mission’s development, refined accident scenario descriptions
and sequences are used to estimate the residual probability of
an accident which can lead to a potential release of NPS nuclear
material.

The competence to define these scenarios and their probabil-
ity typically include expertise from the launch vehicle manu-
facturer(s) and from the spacecraft manufacturer(s).

Actions under point (b) require detailed engineering com-
petence, mainly in the form of sophisticated modelling of the
propagation of effects from initiating accidents. For regular
missions such modelling is limited to the extent necessary for
traditional range safety purposes such as the trajectory ranges of
fragments in case of accidents. The relevant physical conditions
in case of launch accident scenarios for space NPS applications
however include also temperature, pressure, chemical reactions,
energetic (particle) impacts and various combinations thereof.
(e.g. [22]).

The competence to characterise the physical conditions re-
sulting from defined accidental conditions described in point
(a) typically involves expertise from the spacecraft manufac-
turer, the nuclear power source manufacturer as well as specific
physics and chemistry expertise.

Actions under point (c) require another step uncommon to
non-nuclear missions: the translation of the different physi-
cal conditions determined under point (b) into responses of the
NPS in terms of release probabilities and the potential amount,
form and location of a release. Given the extreme conditions of
launch accidents, these physical parameters are on the limit of
typical engineering knowledge for material responses and thus
tend to require additional tests and experiments.

The competence to assess the potential consequences to peo-
ple and the environment from accidents thus usually includes
expertise from the space nuclear power source manufacturer,
from the launch site operator and its meteorological and envi-
ronmental services.

Some of the extreme environments a nuclear power source
can be exposed to in case of accidents might not be able to be
mitigated via careful material engineering and protective layer
measures.

Actions under point (d) therefore require identifying and as-
sessing measures that could potentially lower the residual risk
levels. Maintaining this competence includes maintaining func-
tioning, iterative information exchange processes between the
different entities responsible for the design of the NPS (if it
has not already been finalised), the spacecraft, the launch sys-
tem, the overall mission and the flight rules. The competence
necessary for these tasks includes expertise resting with these
entities.

6.2. Application of nuclear safety capability in the design,
qualification and mission launch authorisation processes
of the space NPS application

This subsection describes the core actions necessary to
achieve the overall safety objectives during all phases up to
launch. These include the design and development processes
necessary to keep the risk from normal operations and from po-
tential accidents to as low as reasonably achievable.

These provisions include the ALARA (‘as low as reason-
ably achievable’) principle omnipresent in terrestrial nuclear
safety [21]. The comparison with terrestrial nuclear safety (e.g.
the IAEA Safety Fundamental Principle 8 on the prevention of
accidents) reveals the necessarily different approach to an im-
portant concept in terrestrial nuclear safety: the concept of “de-
fence in depth”, which in the IAEA Safety Fundamental Princi-
ple 8 is described as the “primary means of preventing and mit-
igating the consequences of accidents” [21]. While space NPS
system designs naturally also follow this approach in principle,
sometimes there is no practical way to implement the required
redundancy that would “ensure that no single technical, human
or organisational failure could lead to harmful effects”. [21] The
Safety Framework, however, recognises that it is impractical, if
not technically infeasible, to achieve the safety objective of a
space NPS application by simply focusing on the safety of the
NPS. Instead, mission planners achieve the safety objective “by
establishing comprehensive design and development processes”
and by fully integrating safety considerations “in the context of
the entire space NPS application” [7].

The Safety Framework recommends that the design and de-
velopment processes include:

(a) Identifying, evaluating and implementing design features,
controls and preventive measures that:

(i) Reduce the probability of potential accidents that
could release radioactive material;

(ii) Reduce the magnitude of potential releases and their
potential consequences;

(b) Incorporating lessons learnt from prior experience;
(c) Verifying and validating design safety features and controls

through tests and analyses, as appropriate;
(d) Using risk analysis to assess the effectiveness of design fea-

tures and controls and to provide feedback to the design
process; and
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(e) Using design reviews to provide assurance of the safety of
the design.

The actions under this recommendation are also required as
inputs to the mission launch authorisation process, especially
those related to point (e). While the nuclear launch authorisa-
tion process occurs relatively close to the launch, the principal
decision to include nuclear power sources into the (baseline) de-
sign occurs during early phases (e.g. phases A/B) of missions.
During these phases, a technical analysis of credible alterna-
tives can help provide the justification for base-lining the use of
nuclear power sources.

Points (a), (c) and (d) directly follow the recommendations
made in section 5.1 of the Safety Framework [7]. The identifi-
cation, evaluation and implementation of design features, con-
trols and preventive measures to reduce on the one hand the
probability of accidents, and on the other hand the magnitude
of potential releases and their potential consequences typically
requires multiple technical iterations during all design phases
of space mission.

This aspect is specifically highlighted by point (d) with the
recommendation “to provide feedback to the design process”.
This implies establishing and exercising a risk analysis capabil-
ity early enough in the mission design process to allow alter-
native designs to be compared. Point (c) specifically refers to
the use of both, tests and analyses for the process of “verifying
and validating design safety features and controls”. It thus di-
rectly connects to the recommendation made under point (c) of
Section 5.1 of the Safety Framework [7].

The recommendations in points (b) and (e), and in particular
(b), have more of an organisational nature. They recommend
the use of lessons learnt and of design reviews. Both points are
standard elements of all space missions and not specific to NPS
applications. Design reviews are particularly important for es-
tablishing the performance requirements for design safety fea-
tures since risk analyses need to explicitly assess design safety
features. The reference to prior experience without any further
qualifications (i.e. tests) typically requires close scrutiny to en-
sure that experience gained by others is, in fact, relevant and
comparable to the NPS mission application being assessed [12–
20, 23].

Reported examples of mission design modifications for
U.S. space NPS applications using radioisotope power sources
(RPS), which have allowed the U.S. to keep the overall nuclear
risk as low as reasonably achievable can be classified according
to locations and mission types [12]:

launch phase Examples specific to the launch area with the
aim to limit the potential crushing forces and fire hazards
associated with the intact impact of the entire flight sys-
tem (i.e. launch vehicle and its RPS application payload)
include:

– Enhancing the visibility and telemetry for com-
manded destruct systems;

– Shortening response times for commanded launch
destruct systems; and

– Adding redundant and automated launch vehicle de-
struct systems.

locations downrange from the launch site Examples spe-
cific to reducing the risk at locations downrange from the
launch site which enhance a mission’s likelihood of miti-
gating on-orbit anomalies that could result in uncontrolled
reentry and ground impact of an RPS application include:

– Increasing the likelihood of spacecraft control in on-
orbit or post- injection anomalies; and

– Deploying ground-commanding resources for in-
creasing the likelihood of spacecraft control in on-
orbit anomalies.

missions involving Earth swing-by Examples to reduce the
risks related to Earth swing-bys include:

– Minimising operations during critical manœuvres;
and

– Biasing Earth swing-by trajectories away from Earth.

The first example helps limit the likelihood of having an
anomaly that could pose the risk of Earth impact while
the second example limits the likelihood that any anomaly
could result in an Earth impact.

The essence of the “lessons learned” provided publicly by the
U.S. is mainly of an organisational nature. This is indicative of
the importance attributed by the U.S. to maintaining a conti-
nuity of processes, procedures and organisational relationships
between missions that, as indicated above, occur intermittently
with different personnel. They include:

– Developing accident scenarios in partnership with the devel-
opers of the NPS, the spacecraft and the launch vehicle to
better understand the contribution of each component to ac-
cident scenarios and to provide an objective basis for evalu-
ating potential nuclear safety enhancements.

– Conducting coordinated rigorous nuclear launch safety anal-
yses, reviews and evaluations with agencies involved in the
launch authorisation process.

– Treating each spacecraft / launch vehicle configuration as
unique since achievable risk reductions are not always pre-
dictable.

– Supporting a ‘safety culture’ by creating incentives to contin-
ually assess and consider implementation of safety enhance-
ments. Wilcox [12] specifically calls out these aspects of the
U.S. process:
- Vesting final nuclear launch safety authorisation in the

highest office of the government;
- The absence of pre-defined ‘acceptable’ levels of safety;

and
- Subjecting nuclear safety assessments to independent re-

view.

The U.S. places considerable emphasis on this combination,
which ensures a strong, continuous, and concerted effort by all
involved agencies of the government in a space NPS application
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(especially, NASA which, as the agency conducting the mis-
sion, has the primary responsibility for the mission’s safety) to
assure the nuclear safety of the space NPS mission application.

6.3. Risk assessments - Potential consequences to people and
the environment from potential accidents

The Safety Framework specifies that risk assessments are es-
sential for the mission launch authorisation process. It recom-
mends that the radiation risks to people and the environment
from potential accidents during relevant launch, operation and
end-of-service phases of space NPS applications should be as-
sessed and uncertainties quantified to the extent possible. It fur-
ther specifies that risk assessments are essential for the mission
launch authorisation process.

In the case of the U.S. launch approval process, three distinct
document types are key in leading to launch approval. First a
“Launch Vehicle Databook” is prepared by NASA specific to
each mission. It includes the detailed reference design of the
mission, launch vehicle, spacecraft, launch complex, mission
time-line and trajectory. It also identifies the range of poten-
tial accident scenarios (including their sequence of events), and
related accident environments (explosion overpressure, fireball,
fragment, impact, and reentry) and probabilities. It is the ba-
sis for the nuclear safety analysis conducted by the Department
of Energy in its Safety Analysis Reports (SAR) for the launch
approval process.

Second, a “Safety Analysis Report” (SAR) is prepared by the
U.S. Department of Energy which assesses the nuclear safety
and potential mission risks. The SAR contains a detailed prob-
abilistic risk assessment of the mission and is documented in
three iterative (preliminary, draft, final) levels as part of the
launch approval process.

Third, a “Safety Evaluation Report” (SER) is made by an
independent group. In the U.S. process this ad-hoc group is
called the “Inter-Agency Nuclear Safety Review Panel”, which
reviews the databook and the Safety Analysis Report and per-
forms an independent evaluation of the mission’s nuclear risk.
The SAR and the SER are the primary documents used by the
leadership of the government agencies involved in the mission
and by the Office of the President in deciding whether to ap-
prove the nuclear launch safety for the mission.

The flow of data that leads to the final risk evaluation of a
mission has been documented by Bechtel et al. [13]. They pro-
vide a working example of how to clearly delimit the different
tasks in this process and thus how to allocate technical and func-
tional work packages [13, 24].

The response of the NPS (i.e. its containment hardware and
nuclear material) to the accident scenarios defined in the data-
book is estimated using using models based on a wide range of
safety tests. These include tests at the component up to power-
system level. In the case of RPS, such safety testing tends to
focus on the response of the radioisotope fuel and its protec-
tive layers of cladding to typical accidental conditions. In the
U.S. process, the following tests have been conducted by the

U.S. Department of Energy to calibrate RPS response models:
S [13, 24]:

Explosive overpressure tests This test series evaluates the ef-
fects of a shock wave hitting the RPS or one of its compo-
nents as the result of an explosion.

Fragment projectile tests Fragment tests determine the ef-
fects of small fragments and projectiles impinging on the
RPS as a result of a launch vehicle explosions. In the U.S.,
these tests are conducted with aluminium and titanium bul-
lets.

Drop tests Drop tests from high altitudes allow determining
terminal velocities and examining tumbling behaviours.

Impact tests These tests allow the determination of the re-
sponses to impacts against different media (e.g. for acci-
dents on-pad or during early ascent) and the response to
the atmospheric reentry and subsequent Earth impact ex-
perienced in the aftermath of an orbital abort. Such tests
involve heating, ablating and hot impact at different an-
gles. Entire RPS system impact tests also produce safety
relevant test data on distortions and their variability.

Large fragment and flyer plate tests These tests involve the
impact of a large fragment and of flyer plates from a launch
vehicle casing onto different sides of a simulated section of
an RPS. Such tests typically are conducted using rocket
sleds. RPSs are heated to pre-launch temperatures just
prior to the time of impact.

Solid propellant fire characterisation tests Such tests inves-
tigate and characterise the environments underneath and
near various types of solid propellants when burning in at-
mospheric conditions, and measure the response of various
isotopic materials or surrogates and their protective layers
of containment to those environments [13, 24].

The response to such tests is usually reported in terms of pro-
tective cladding distortions, crack dimensions, and released fuel
particle size distributions, with the overall goal to determine the
size and character of the source term which could be released
given an accident.

Since the range of accident conditions and combinations
thereof is much larger than those that can be tested, a substan-
tial part of the analysis needs to rely on simulations. Dedicated
mathematical models and codes need to be developed for this
purpose (e.g. [25]) to model all major potentially damaging en-
vironments such as the blast from the launch destruct event,
the impact of the NPS hardware on the ground, the impact of
debris and solid propellant fragments onto the NPS hardware,
and the response of the power system due to reentry. These
codes produce a set of look-up tables which allow determin-
ing the source term for a given accident scenario. Under most
cases, the safety features of the NPS should prevent a release of
material. For cases under which a release might occur, an anal-
ysis needs to determine how far any released material might
be transported and what health effects or environmental effects
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might result. In the U.S. process this is done by transferring the
source term to a consequence suite of codes modelling trans-
port of material, health effects and environmental effects. The
final product of such a risk assessment contains calculated ‘best
estimates’ of the probability of an accident, the probability of
release given an accident, possible consequences in terms of po-
tential individual and population radiation doses and land con-
tamination, overall risk (i.e. probability times consequences)
calculations, and uncertainty distributions around the various
estimates [13, 24].

Clayton et al. [26] report that for radioisotope power sys-
tems, the initial typical sequence for these environments is a
blast overpressure, followed by a fragment field, and lastly a
fireball. All are strongly dependent on the moment of the ini-
tiation of the accident. The blast overpressure depends on the
altitude of the event and the amount and location of propel-
lant from the launch vehicle. The fragment field defines the
mass, dimensions, origin and velocity of the fragments. The
fragment properties are dependent on the blast and the accident
outcome conditions. The resulting fireball is calculated based
on the amount and types of fuel remaining in the launch vehicle.
The size and type of fireball affects the particle size distribution
and the amount of vaporised material.

Clayton et al. [26] further describe that in the case of the U.S.
code used for this analysis (Launch Accident Sequence Evalu-
ation Program (LASEP)), the next element after the determina-
tion of the state of the NPS is to determine the NPS’s and all
other fragment trajectories to the ground. The fragment field is
then evaluated to determine any impact with the NPS during the
flight to the ground.

The models for evaluating the effect of the ground impact
need to take into account the impact orientation of the NPS
and the impact surface. The NPS may then be impacted by
falling debris. For accident scenarios where the liquid propel-
lant does not ignite in the air, ground fires, along with blast
over-pressures need to be calculated. Some accidents will re-
quire application of a model to determine the effects of solid
propellant impacts and fires when fragments of the solid propel-
lant land in proximity to the NPS and NPS components. Solid
propellant fires will also impact the particle size distribution
and amount of material that is vaporised [26].

6.4. Mitigating and managing the consequences of potential
accidents

The Safety Framework recommends that as part of the safety
process for space NPS applications, measures should be eval-
uated to mitigate the consequences of accidents with the po-
tential to release radioactive material into Earth’s environment.
The necessary capabilities should be established and made
available, as appropriate, for timely support of activities to mit-
igate the consequences of accidents, including:

(a) Developing and implementing contingency plans to inter-
rupt accident sequences that could lead to radiation haz-
ards;

(b) Determining whether a release of radioactive material has
occurred;

(c) Characterising the location and nature of the release of ra-
dioactive material;

(d) Characterising the areas contaminated by radioactive mate-
rials;

(e) Recommending protective measures to limit exposure of
population groups in the affected areas;

(f) Preparing relevant information regarding the accident for
dissemination to the appropriate governments, international
organisations and non-governmental entities and to the gen-
eral public.

While the previous three subsections of the technical guid-
ance section of the Safety Framework deal with measures to
prevent accidents, the last one makes recommendations regard-
ing the preparedness in case of accidents and the measures to
limit and mitigate potential accident consequences. These need
to be integrated into the safety process for space NPS applica-
tions.

Points (a) to (f) identify the major elements of a radiolog-
ical contingency planning process. The information provided
by countries with experience on launching space nuclear power
sources also provides information that is useful to engineers and
space mission designers. According to U.S. experience, one of
the major functions of this process is to identify the require-
ments basis for the contingency response plan and develop ef-
fective plans and timely procedures for addressing an accident
or incident that could result in a radiological release. Accord-
ing to information from past U.S. NPS mission applications, de-
tailed radiological contingency planning starts about three years
prior to a scheduled launch [20].

Mission specific support plans are drafted and matured over
the three years up to launch in an iterative process. These
include areas such as: data management plans, out-of-launch
area contingency plans, source recovery plans, data assessment
plans, logistics support plans, and field monitoring [20].

The development of these radiological contingency plans
needs to be based on the same data and analysis from the ap-
proval process for launches of NPS applications. It thus needs
to be gradually updated taking into account updates to the safety
analysis and evaluation reports that are prepared for the nuclear
launch safety approval process.

The radiological contingency plans need to be coordinated
among all entities involved in the case of a potential release.
These normally include: the organisation conducting the mis-
sion; the organisation manufacturing the nuclear power source;
state, provincial, and local officials with roles in civil security
(e.g. local emergency management representatives); the launch
site; environmental protection agencies; meteorological ser-
vices; and diplomatic services as well as maritime services (e.g.
coast guard) in case of a launch close to coasts. The efficient
coordination of information flow typically requires one lead or-
ganisation and one specific person (usually from the lead organ-
isation) to serve as coordinator and primary interface. This per-
son and his/her team, containing representatives of all relevant
organisations involved, act as the focal point for on-site and off-
site operations, including the coordination, approval and dis-
semination of information and recommendations involving the
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status of the radiological materials on the mission.
Recommendations (b) to (d) require specific technical exper-

tise, facilities and also equipment. It is important that the co-
ordinating team has centralised, reliable real-time information.
This includes telemetry, trajectory and tracking data for the mis-
sion launch vehicle and, if an accident/incident occurs with the
launch vehicle during any phase of the launch to orbit, informa-
tion on the accident parameters, the predicted impact locations
of the spacecraft and associated debris, including the NPS. This
information combined with local meteorology can be used to
help predict the potential dispersion of any radioactive material
and related ground concentrations and radiation doses [20].

In addition to mission and launch specific information, the
radiological contingency planning and coordinating team needs
reliable information on whether a release has occurred and, if
so, on the dispersion of radioisotopes. The surroundings of
launch sites are therefore equipped with (potentially automated)
ambient air sampling devices that allow real-time detection of
radioisotopes. These are placed around the launch site based on
expected plume characteristics depending on short-term mete-
orological forecasts.

7. CONCLUSIONS AND FUTURE WORK

The Safety Framework for Nuclear Power Source Applica-
tions in Outer Space represents a global consensus on best prac-
tices for activities related to ensuring the safety of such mis-
sions. It provides guidance for governments, management as
well as technical guidance.

Applying its recommendations requires augmenting the non-
NPS space application mission review and launch approval
processes with additional requirements, organisations and pro-
cesses. Relying extensively on reported best practices within
the U.S. and to a certain degree, the Russian Federation, so far
the only two countries with long-standing experience in space
NPS mission applications involving all phases, the present pa-
per has attempted to summarize the guidance and highlight
points of particular relevance to engineers, designers and man-
agers of space missions involving nuclear power sources.

ABBREVIATIONS AND ACRONYMS

ALARA As Low As Reasonably Achievable

COPUOS Committee For the Peaceful Uses of Outer Space

DOE Department of Energy (U.S.)

EIS Environmental Impact Statement (U.S.)

ESA European Space Agency

IAEA International Atomic Energy Agency

JPL Jet Propulsion Laboratory (U.S.)

LASEP Launch Accident Sequence Evaluation Programme
(U.S.)

NASA National Aeronautic and Space Administration (U.S.)

NEPA National Environmental Policy Act (U.S.)

NPS Nuclear Power Source

NPS WG Working Group on the Use of Nuclear Power
Sources in Outer Space (within the STSC)

NRF National Response Framework (U.S.)

OOSA Office of Outer Space Affairs

RPS Radioisotope Power Source

STSC Scientific and Technical Subcommittee of COPUOS

ACKNOWLEDGEMENTS

The paper has greatly benefited from information shared
within the 2010-2015 work-plan of the Working Group on
Space Nuclear Power Sources in Outer Space within the Sci-
entific and Technical Subcommittee of the Committee on the
Peaceful Uses of Outer Space. The views expressed in the pa-
per are those of the authors and do not necessarily reflect the
view of any entities with which the authors may be affiliated.
Part of this work was supported by the Jet Propulsion Labora-
tory, California Institute of Technology, under a contract with
the National Aeronautics and Space Administration.

References

[1] G. L. Bennett. Mission interplanetary: Using radioisotope power to ex-
plore the solar system. Energy Conversion and Management, 49(3):382
– 392, 2008. ISSN 0196-8904. doi: 10.1016/j.enconman.2007.06.051.
Space Nuclear Power and Propulsion.

[2] A. Pustovalov. Role and Prospects of Application of RTG on Base of
Plutonium-238 for Planetary Exploration. In 5th European Conference on
Thermoelectrics, Odessa, Ukraine, September 2007. The European Ther-
moelectric Society.

[3] L. Summerer and K. Stephenson. Nuclear power sources: a key enabling
technology for planetary exploration. Proceedings of the Institution of
Mechanical Engineers, Part G: Journal of Aerospace Engineering, 225
(2):129–143, 2011. ISSN 0954-4100. doi: 10.1243/09544100JAERO766.

[4] N. Ponomarev-Stepnoi, V. Talyzin, and V. Usov. Russian space nuclear
power and nuclear thermal propulsion systems. Nuclear News, 43(13):
33–46, 2000.

[5] E. R. Stofan and W. Anders. Priorities in space science enabled by nu-
clear power and propulsion. Technical Report ISBN: 0-309-10011-9, US
National Research Council, National Academy of Sciences, 2005.

[6] R. D. Launius. Reacting to nuclear power systems in space: American
public protests over outer planetary probes since the 1980s. Acta Astro-
nautica, 96(0):188 – 200, 2014. ISSN 0094-5765. doi: http://dx.doi.org/

10.1016/j.actaastro.2013.12.004. URL http://www.sciencedirect.

com/science/article/pii/S0094576513004463.
[7] Safety Framework for Nuclear Power Source Applications in Outer Space.

Number A/AC.105/934. United Nations Committee on the Peaceful Uses
of Outer Space Scientific and Technical Subcommittee and IAEA, 2009.

[8] United Nations Office for Outer Space Affairs. http://www.oosa.

unvienna.org/oosa/en/OOSA/index.html acc. Aug. 2014.

12

http://www.sciencedirect.com/science/article/pii/S0094576513004463
http://www.sciencedirect.com/science/article/pii/S0094576513004463
http://www.oosa.unvienna.org/oosa/en/OOSA/index.html
http://www.oosa.unvienna.org/oosa/en/OOSA/index.html


[9] L. Summerer and U. Bohlmann. The STSC/IAEA Safety Framework for
Space Nuclear Power Source Applications – Influence of non-binding rec-
ommendations, volume 102 of Studien zu Politik und Verwaltung, pages
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