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1. INTRODUCTION

1.1. BACKGROUND

Beginning with the re-entry of Cosmos 954 into the earth’s atmosphere and the 
resultant contamination of a large area of Canada in 1978, there have been several 
occasions where the prospect of re-entry of a nuclear powered satellite (NPS) has 
caused worldwide alarm and concern.

During the months in 1988 when the future life of Cosmos 1900, a Soviet NPS, 
was unclear, many countries contacted the Emergency Response Unit of the IAEA 
for advice and information. Radio communication with the satellite had been inter
rupted and there was worldwide concern that it might not be possible to eject the 
satellite into a high altitude orbit. It was feared that the nuclear reactor would enter 
the dense layers of the earth’s atmosphere and cause extensive radioactive contami
nation, as did Cosmos 954. However, an automatic backup system finally ejected the 
satellite into a higher orbit, where it should remain for a time sufficient to reduce 
the radioactivity to a safe level. This event, however, drew attention to the fact that 
there was only limited information on what actions were to be taken prior to re-entry 
and on how to manage such a possible emergency. This was the driving force leading 
to the preparation of this Safety Practice. The emergency planning and preparedness 
guidance provided in this Safety Practice is consistent with the intervention prin
ciples described in IAEA Safety Series No. 115 [1] and the guidance in Safety Series 
No. 109 [2],

Nuclear power sources used in space can suffer several types of accident. 
There is the possibility of a first stage accident at launch. Orbital decay can reach 
the point that the NPS can re-enter the earth’s atmosphere. For satellites in earth 
orbit, these accidents include destruction in space due to failure of a reactor itself 
or as the consequence of an impact with debris in the case of a reactor or radioisotope 
thermoelectric generator (RTG), loss of communication with the space vehicle and 
consequent potential risk of re-entry if other safety mechanisms fail, and destabiliza
tion of the space vehicle carrying the nuclear power source and the subsequent 
complete loss of control and an earlier than planned re-entry. In situations where 
there is a failure to reboost the NPS to a higher orbit, re-entry can occur. For deep 
space missions that involve fly-by of the earth at higher than orbital velocities, there 
is a low probability of re-entry. This may be known some days in advance or possibly 
only a few hours in advance in the case of orbital debris impact.

1.2. OBJECTIVE

The purpose of this Safety Practice is to provide a general and comprehensive 
overview of the management of incidents or emergencies that may be created when

1
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nuclear power sources employed in space systems accidentally re-enter the earth’s 
atmosphere and impact on its surface. It is primarily intended for governmental 
organizations that have the responsibility to plan for potential radiological emergen
cies and, in the case of an impending event where there has been little planning, this 
Safety Practice could serve as a valuable reference for quick action.

1.3. SCOPE

It is recognized in this Safety Practice that all types of accident involving an 
NPS are possible, but the scope is limited to emergency preparation only for the re
entry of an NPS into the earth’s atmosphere. There are a number of differences 
between the effects of an accident involving an NPS re-entering the earth’s 
atmosphere and impacting onto the surface of the earth and the effects to be expected 
in accidents involving land based reactors or other nuclear facilities. These dif
ferences strongly influence the management of an accident involving an NPS and are 
highlighted in this Safety Practice.

1.4. STRUCTURE

This Safety Practice is divided into two major components: Section 2, on risks 
associated with the re-entry of various types of NPS; and Section 3, which contains 
guidance for planning, preparedness and response with respect to such an event. 
Section 2 presents general information on existing and planned NPSs and describes 
some representative accident scenarios and consequences. Taking general safety 
criteria and emergency levels as a basis, Section 3 gives technical guidance on 
preparing for such accidents. Annexes I-IX give examples of ways that pertinent 
information could be provided to local emergency response organizations by national 
authorities.

2. RISKS ASSOCIATED WITH RE-ENTRY OF AN NPS

2.1. NPS CHARACTERISTICS AFFECTING EMERGENCY RESPONSE

In contrast to accidents involving ground based nuclear systems, in accident 
scenarios involving an NPS the accidents are not usually the consequence of a failure 
of the nuclear component of the space vehicle. Unlike planned re-entries, which will 
not occur for hundreds of years, accidental re-entries would occur as a result of the 
loss of control of the space vehicle leading to the interaction of its orbit or trajectory 
with the earth’s atmosphere in such a way that the vehicle, including the nuclear

2
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power source, suffers an unplanned and premature re-entry and impact. For long 
term planned re-entries, it would be expected that recovery strategies would have 
evolved to the point of permitting spacecraft recovery prior to re-entry or delaying 
such re-entries indefinitely.

Another important difference between an NPS in space and a land based reac
tor or other land based facility is that the position of the NPS before re-entry is 
changing continuously at a high speed, while land based facilities are fixed. Although 
future reactor type NPS designs are likely to include re-entry shields while the NPS 
is in earth orbit, the reactor type NPSs currently in orbit are designed with only the 
minimum of shielding required to protect the payload from ionizing radiation, 
because of weight limitations at launch. Thus preplanning for human and environ
mental safety for NPSs becomes appropriate for all countries that lie under a space 
vehicle’s orbit or trajectory.

An NPS re-entry is an accident which may be foreseeable several weeks or 
months in advance, although some accident sequences could occur within hours. 
When orbital manoeuvres are necessary to transport the system into a higher orbit, 
failures and misfiring of the boost mechanism are possible and can result in very 
short orbital decay times.

For the foreseeable accidents, valuable information about the type of NPS, 
radionuclide inventory, and physical and chemical form of the materials will be 
known. From observations, the trajectory of the satellite can be calculated and a 
crude estimate of the re-entry time made. Emergency planning and development of 
a search strategy can be adapted to this information.

The dynamic nature of the orbit or trajectory of an NPS is also such that the 
location of the re-entry and impact of the NPS cannot be predicted with any accuracy 
even as short a time as a few hours before the impact. Since the period of a satellite 
in a low circular orbit is about 90 min just before re-entry, several orbits or a large 
part of one orbit can be completed before the actual re-entry starts. This means that 
almost any country under the orbit can be subject to the consequences of an NPS re
entry within the latitude limits defined by its orbital inclination. The high velocities 
of interplanetary gravitational assist fly-bys1 also result in impact location uncer
tainties. However, the loss of communication with a spacecraft with a subsequent 
earth gravitational assist, inadvertent re-entry would make tracking difficult. This 
could lead to large uncertainties in impact location, potentially requiring the main
tenance of heightened response preparations for a significant area of the earth.

1 Interplanetary gravitational assist fly-bys are used to add momentum to a spacecraft 
by bringing the object within the gravitational influence or field of a celestial body.
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2.1.1. Reactor design and consequences

It is expected that the use of nuclear power sources could increase in future 
space systems for interplanetary and deep space missions. An increase may also 
occur with earth orbiting programmes, particularly when the crew may spend long 
periods in space in structures requiring large power sources and when nuclear energy 
is used for electrical power or thrust. The safety and reliability of such systems are, 
however, improving.

The trend in the case of reactors is to construct more efficient systems (to save 
weight), which leads to the use of components that can tolerate higher temperatures. 
As a result, emergency planners can anticipate the intact re-entry of large compo
nents. Indeed, some systems are designed to re-enter totally intact.

Reactor systems currently in orbit have been designed to disperse core material 
during the re-entry phase. This debris will be spread over many thousands of square 
kilometres. While it is improbable that these older systems will re-enter in the near 
future, countries on whose territory such reactors may impact should be aware of 
the difference in the type of debris.

When debris disperses over land, the urgency of search and possible recovery 
will depend on the population density within the area of deposition. For highly popu
lated areas and accessible areas in the countryside, recovery will require a large 
organization, will be expensive and will need to be completed within a short time. 
This type o f operation is different from that carried out in the case of an intact reactor 
re-entry. It is also different from the case of a land based accident where the released 
material is in the form of gases, aerosols and, in some cases, fine particles.

When small particle deposition occurs over a sea or freshwater lake, it is prob
ably sufficient for particles that sink to be left undisturbed in the bottom sediments. 
Where particles remain on the water surface owing to surface tension or other 
mechanical processes, monitoring of the shoreline should be considered.

2.1.2. RTGs

It is a characteristic of an RTG that containment of the radioisotope fuel during 
re-entry and under many impact situations can be maintained. Such containment is 
a feature of currently developed 238Pu fuelled RTGs, and this technology is 
expected to continue to be used in the future.

2.1.3. Organization and resources

The fact that the location of the impact point or area of dispersed materials is 
unknown makes it necessary that the emergency organization be mobile and well 
integrated. This requires an organization and jurisdiction at the national level, and 
to a certain extent international co-operation, which also has the advantage of making

4
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it possible to draw on resources that may not necessarily be available to the more 
local authorities responsible for emergency planning, for example for a land based 
nuclear facility.

2.1.4. Notification

National competent authorities will receive information concerning major 
nuclear accidents or radiological emergencies, including the re-entry of an NPS from 
space, from the IAEA through implementation of the Convention on Early Notifica
tion of a Nuclear Accident [3]. The IAEA expects to receive official information 
about the status of the NPS from the State which launched the NPS.

2.1.5. Assistance

Assistance, if needed, can be provided on request through the IAEA or directly 
from a State Party to the Convention on Assistance in the Case of a Nuclear Accident 
or Radiological Emergency [3].

Some States may have only limited resources to manage the consequences of 
an NPS re-entry. They also may be concerned that the international agencies will not 
be able to respond in time to meet their initial needs. Such States are encouraged to 
establish bilateral or multilateral arrangements with their neighbours for such 
assistance. They are also encouraged to develop national emergency plans with help 
from the IAEA or other international organizations and to learn about radiological 
surveys, instrumentation and emergency planning.

2.1.6. Other factors

All emergency situations can be expected to involve at least one event or 
circumstance that has not been considered in the preplanning or which has not been 
foreseen. Hence the planner must be prepared to allow for such an unexpected event 
by providing flexibility of response in any organization. A simple acknowledgement 
that an unforeseen event is possible is often all that is required.

NPS safety in space is taken into consideration in the basic design for all levels 
of NPS operation and for all foreseeable accident situations according to the recom
mendations of Principle 3, Guidelines and Criteria for Safe Use, which is one of 
11 principles relevant to the use of nuclear power systems in outer space adopted by 
the General Assembly of the United Nations [4].

The safety systems, flight programme, design and construction of NPSs 
aim to ensure the lowest probability of an accident with serious radiological 
consequences.
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2.2. TECHNICAL BACKGROUND

All spacecraft require an electrical power supply for their sensors and for 
control, communication and command systems. The types of power supply used in 
spacecraft include solar cells, rechargeable batteries, chemical fuel cells and nuclear 
power in the form of either RTGs or nuclear reactors. The choice of the power 
supply system depends on the mission parameters, e.g. power demand, orbital 
parameters and mission duration.

Solar cells convert the sun’s light directly into electricity. When combined with 
rechargeable batteries they are normally a reliable power supply system for space 
use. They have restrictions, however, as the size of the panels is determined by the 
energy demand, resulting in large areas for high demand. As the output power of 
the cells depends on the inverse square of the distance to the sun, the cells cannot 
be used for deep space missions. For low earth orbits the panels cause a significant 
atmospheric drag, which must be compensated for by extra propulsion energy. They 
also spend some time in the shadow of the earth. As a consequence, these systems 
are generally employed for high earth orbits and for missions requiring a moderate 
power supply.

Fuel cells, which convert chemical energy directly into electrical power, have 
a limited power capacity and are therefore useful only for short missions.

Because of these restrictions, there are missions for which the application of 
nuclear power sources is necessary and justified. Interplanetary and deep space 
missions requiring a significant power source are possible with the use of nuclear 
power sources. The future application of nuclear power for ionic or thermal propul
sion systems is under consideration and development.

2.2.1. NPS systems

Two different types of nuclear power source are currently used: nuclear reac
tors and RTGs.

2.2 .1 .1 . Reactors

For high energy demand, nuclear reactors are necessary. A typical space reac
tor system is shown in Fig. 1. Reactors with a power rating of approximately 
50 kW(th) have been employed to power ocean reconnaissance satellites in low earth 
orbits. Improved reactors have been designed to operate in higher earth orbits (e.g. 
1000 km or higher). There are plans for the utilization of nuclear reactors with a 
power rating of up to several megawatts to provide larger propulsion systems.

Nuclear reactors for space application have so far used highly enriched 
uranium, to save weight. For example, a reactor with a power of 100 kW(th) requires 
about 30 kg of 235U.

6
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In-vessel Safety rod ^ of 3j Primary heat
accumulator transfer piping

FIG. 1. Generic space reactor p o w er assembly.

The heat produced in the reactor may be used to produce electrical power by 
static (thermoelectric or thermionic) or dynamic cycle conversion. It could also be 
used to produce thrust by heating gases or ionized particles.

Reactors are not made critical until the vehicle has reached its orbit. As a 
result, from a radiation protection viewpoint, accidents during the launch phase are 
not relevant unless the accident causes criticality to occur. Efforts have been made 
to ensure that the reactor will stay subcritical under all credible accident conditions. 
Even with an inadvertent criticality during launch abort, the fission product inven
tory would be very small. The radioactive inventory of the reactor increases during 
its operation in space. As payload restrictions limit shielding, reactors have to be 
kept in space for a sufficiently long time after mission completion to allow for the 
decay of most of the fission products before a return to earth.

As a time span of several hundred years would be necessary, reactors used in 
low earth orbit with lifetimes in orbit of about a year or two have to be boosted to 
a higher orbit (e.g. 800-900 km). A failure in one of these manoeuvres may lead to 
a premature re-entry. Failures may range from a failure to boost the system, which 
may allow a warning time of some weeks, to misalignment of the thrust vector, 
which may lead to a very short period before re-entry. As of 1993 there were 
31 reactors in the higher orbit after successful manoeuvres.
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Some of the newer types of reactor probably will be in a sufficiently high orbit 
so that during the lifetime of the orbit the fission products o f the shutdown reactor 
will decay to the point that residual actinide and transuranic levels are not of concern. 
Other reactor types may be used in orbits of intermediate lifetime. In that case, provi
sions may have to be made to boost them to a higher orbit or dispose of them in some 
other manner. Future design of reactors may entail their being assembled and/or 
tested in an earth orbit. If nuclear reactors are used for interplanetary missions, the 
risks associated with a fly-by manoeuvre or orbital manoeuvres should be considered 
in emergency planning.

2.2.1.2. RTGs

An RTG is simpler than a nuclear reactor. It uses the heat from the spontaneous 
decay of a radionuclide to produce electricity through a thermoelectric converter. 
The most commonly used nuclide is 238Pu, which is primarily an emitter of a 
activity accompanied by some low level y  activity with a half-life of 88 years. 
Neutrons are also emitted at low levels owing to spontaneous fission in the fuel and 
(n,a) reactions. This provides a long lived, highly reliable power supply with low 
penetrating radiation, which reduces the need for shielding spacecraft instrumenta
tion and components. The high a  activity of the 238Pu poses a potential radiation 
hazard from inhalation in the event of re-entry. However, the containment design 
and the ceramic nature of the fuel (its low solubility, minimal vaporization in fire 
and small fraction of inhalable particles) reduce the risk. The activity levels of 
radionuclide daughters are small compared with the initial a  activity of the fuel. 
However, y  dose rates increase over time. Other nuclides have been under consider
ation and may be applicable in special cases.

The design of these systems has changed with time. Early RTGs were designed 
to vaporize on re-entry to avoid generating localized high activity debris. Following 
the re-entry burnup of one such RTG, SNAP-9A, in 1964, the design was changed 
to achieve an intact re-entry. Depending on their orbits, the expected lifetimes of 
RTGs are between 150 years and 1 million years [5].

A current design of RTG is shown in Figs 2 and 3, which illustrate the RTG 
as a whole as well as the modules that make up this general purpose heat source. 
Some RTG physical characteristics are listed in Table I. The current design policy 
is to contain the radioactive material in all foreseeable conditions and during all 
phases of a space mission. This means that the components are designed to survive 
malfunctions during the launch, ascent and in-orbit changes intact. At the end o f the 
space vehicle lifetime, the radioisotope fuel clads inside graphitic components 
(graphite impact shells and aeroshell modules) should withstand friction heating 
during re-entry into the atmosphere and should contain fuel upon impact with all 
ground surfaces except rock; in the case of impact with rock a small release could 
occur if any fuel clad failed. The modules, as illustrated, are designed to re-enter
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FIG. 2. General purpose heat source RTG  assem bly. Source: US Departm ent o f  Energy.

TABLE I. RTG PHYSICAL CHARACTERISTICS

Overall diameter

Length

Weight

Outer case temperature 

Outer case material 

Pu-238 activity

Radiation exposure at midpoint

43 cm 

113 cm 

56 kg 

170-280°C 

Aluminium alloy 

4.8 x  1015 Bq 

0 .6 -0 .7  mSv/h (1 m)

RTG component
Number 
per RTG

Pu-238 activity 
(1014 Bq)

GPHSs

GISs

Fuel pellets

18

36

72

2.7 per GPHS 

1.4 per GIS 

0.7 per pellet

GPHS: general purpose heat source; GIS: graphite impact shell.

9

This publication is no longer valid 
Please see http://www-ns.iaea.org/standards/



Fuelled
clad

Floating /  
Fuel membrane /  
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FIG. 3. General purpose heat source m odule assem bly. CBCF: carbon bonded carbon fibre; 
GIS: graphite im pact shell. Source: US Departm ent o f  Energy.

intact, through utilization of a carbon re-entry shell and additional inner shells to 
protect the fuel capsules against heat and shock. The RTGs of this type contain 
at launch approximately 5 X  1015 Bq of 238Pu, which produces 4400 W(th) or 
285 W(e). Smaller RTGs with similar modular heat sources might be used on future 
missions to explore the planets. Smaller warming units using 238Pu, lightweight 
radioisotope heater units (LWRHUs), are employed to heat important parts of the 
spacecraft (e.g. valves, actuators). These heater units are also protected by a 
multishell containment system (Fig. 4).

During launch into an earth orbit or onto an interplanetary trajectory, there is 
the possibility of malfunction of one of the stages of the launch vehicle. Such a 
malfunction (especially an explosion) may affect the RTG. On its interplanetary 
trajectory, a later fly-by of the earth or another planet may be necessary to accelerate 
the system to the necessary velocity. A malfunction of this manoeuvre in the vicinity 
of the earth may also lead to an inadvertent re-entry. The inadvertent re-entry condi
tions, more severe than those associated with orbital decay, could lead to a range 
of fuel damage that includes bare fuel released at high altitude in both particulate 
and vapour (less than 1 pm) form, and intact components that could fail upon impact
ing ground surfaces. RTGs may also be damaged by space debris.
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FIG. 4. Lightweight radioisotope heater unit.

2.2.2. Orbital debris

For any system operated in an earth orbit for an extended period, the possibil
ity of collisions with space debris has to be considered. This risk depends on the alti
tude of the system, the orbital inclination and the density of debris at particular 
altitudes. The rapidly increasing amount of space debris raises issues concerning the 
use of NPSs in the orbits which are populated with debris. The European Space 
Agency report on space debris [5] clearly indicates that the probability of a collision 
between an NPS and a debris particle is not negligible. The risk is significantly
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increased for the case of shutdown nuclear reactors and RTGs at altitudes of 
800-1000 km, the altitude band at which the number of human produced objects 
orbiting the earth is greatest. The probability of a collision in this band is estimated 
to be 0.003% per year per object [5]. With 31 reactor cores in orbit, the probability 
of subsequent collisions might rapidly increase if a debris generating collision were to 
occur which produced a chain reaction effect [5], i.e. the debris created by an initial 
collision could significantly increase the probability of further collisions, and so on.

There are several factors which serve to reduce the probability of chain reac
tion collisions occurring and mitigate the consequences of a collision. Collisions with 
smaller debris particles would not be likely to produce additional debris. The energy 
from a hypervelocity impact would be dissipated primarily in vaporization of the 
material rather than in momentum transfer, thus reducing the likelihood of increased 
debris. These factors lessen the probability that a collision would generate additional 
debris and cause a chain reaction effect.

If  a debris producing collision were to occur, some particles generated during 
the collision might be radioactive. Fragments created as a consequence of a collision 
with debris attain orbits different from the original NPS orbit. The main factors are 
speed loss and atmospheric drag forces. Most of the small fragments with low ballis
tic coefficients will probably re-enter within a few years [6], as opposed to the 
normal decay time of 200 or more years.

2.3. CONSEQUENCES OF RE-ENTRY AND IMPACT

The conditions resulting from a premature and unplanned re-entry and impact 
of an NPS will be considered in order to give an indication of the possible hazards. 
No account will be taken of the probability of occurrence of these conditions.

2.3.1. Reactor powered devices

As noted above, consideration is given to the fission products produced during 
reactor operation. Other hazards, such as the physical effects o f the impact or the 
dispersion of other toxic materials, are not dealt with in this context.

2.3.2. Reactor core inventories

The activity of the reactor inventory depends on how long a time the reactor 
has been in operation. Table II shows a rough estimate, for different operation times, 
of the inventory of the most important fission products of a 100 kW(th) reactor based 
on highly enriched uranium [7]. Caesium-137 is of minor importance for short oper
ation times. For operation times longer than a year, caesium and actinides become 
increasingly important.
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For reactors with operation times of less than one year, such as the Cosmos 
types, the activity of the reactor core will decrease relatively rapidly with time. After 
one month around 40% of the activity is left, after three months 15% and after one 
year 1%. For reactors with longer operation times, 137Cs and long lived nuclides 
will contribute more to the long term dose in the case of an unplanned re-entry. The 
reason is that fission products accumulate in the core and the concentration of each 
nuclide reaches equilibrium after approximately ten half-lives. As a result, after 
short operating times the activity is dominated by the short lived nuclides.

Only scenarios involving re-entry from orbit or from fly-by trajectories will 
be considered. It is assumed that during the launch phase the reactor will have no 
fission product inventory and that accidents at this time are of minor radiological 
importance.

The interaction of the nuclear reactor with the atmosphere during re-entry will 
depend on the reactor design. Reactors designed to re-enter intact will reach the 
ground as a complete system. The surface characteristics at the impact point will 
determine the extent of the damage. The high dose rate of the concentrated core 
material, whether still contained or locally dispersed, will be reduced by the shield
ing of the surrounding ground, depending on the degree of penetration. Even so, life

TABLE II. FISSION PRODUCT INVENTORY (TBq) OF THE MOST IMPOR
TANT NUCLIDES IN A SPACE NUCLEAR REACTOR WITH 100 kW(th) 
POWER AFTER DIFFERENT OPERATION TIMES [7]

Nuclide,
half-life

Activity after 
50 d

Activity after 
4 months

Activity after 
9 months

Zr-95, 65 d 95 170 2 2 0

Nb-95, 35 d 37 1 2 0 2 0 0

Mo-99, 67 h 2 1 0 2 1 0 2 1 0

Ru-103, 40 d 62 93 1 0 0

1-131, 8  d 99 1 0 0 1 0 0

Te-132, 78 h 150 150 150
Cs-137, 30 a 0 . 6 8 1.7 3.7

Ba-140, 13 d 2 0 0 2 2 0 2 2 0

Ce-141, 33 d 130 190 2 0 0

Ce-144, 284 d 2 2 49 93
Nd-147, 11 d 75 79 79

Note: The calculation assumes no side-reactions besides thermal neutron fission of U-235 and 
radioactive decay.

13

This publication is no longer valid 
Please see http://www-ns.iaea.org/standards/



threatening doses may be accumulated in a relatively short time at short distances. 
If the system is designed to exhaust volatile fission products as well, a release may 
occur, adding further to the risk.

There is also the problem of collision with space debris. If an operating or shut
down space reactor should collide with space debris and the reactor core be frag
mented, and if the uranium particles are not vaporized during the re-entry phase (that 
they will not vaporize is indicated by theoretical studies), global scale contamination 
by such larger fuel particles and fission products could occur. However, the particle 
density on the surface will be very low and the pieces will not necessarily be evenly 
distributed. There is also a chance that some of the debris will be of fragment size 
and potentially dangerous.

It should be noted that the reactors used in most of the missions so far have 
been designed to disperse core material in the case of an unplanned re-entry. For 
dispersal to be an effective design approach for inadvertent re-entry scenarios involv
ing future space reactor systems, it is necessary that all the material completely vapo
rize during re-entry. In this situation, the release would start above 40 km altitude 
and would result in a worldwide distribution of particles above the tropopause. This 
would lead to very low individual doses, and protective measures would probably 
not be necessary. This scenario would require further evaluation for future space 
reactor power systems. The evaluation would have to take into consideration that 
some theoretical analyses indicate that the heat generation during re-entry might not 
be large enough to melt the reactor fuel completely [6] if, for example, fuel with a 
high melting point such as U 0 2 is used. This could mean that a part of the fuel 
might not disperse as an aerosol and would end up as particles with diameters in the 
subcentimetre to submillimetre range. These particles would reach the ground and 
form a contaminated area (footprint) along a path several hundred kilometres in 
length. This area could also contain larger fragments as a result of the general 
breakup of the structure of the system (e.g. shielding material, side reflectors). These 
fragments may be coated with previously melted core material that had sloughed off 
owing to re-entry heating. It is not possible to predict if  this coating would be present 
in all cases or whether it would be highly radioactive. The area of the footprint 
depends on the meteorological conditions during the re-entry, particularly on the 
presence of cross-winds. For large, dense, low drag particles the cross-wind dis
placement distance will be small; for smaller, lighter particles it may be from ten 
to a few hundred kilometres.

Even if dose rates near radioactive items are quite high, the average dose rate 
within a footprint area is moderate, as the distances between point sources are large 
compared with the range of the radiation field. If the total inventory of a 100 kW(th) 
reactor is deposited homogeneously over an area of 100 000 km 2, the net average 
external dose rate increase in the central part of the footprint would be about
0.05 jiSv/h, significantly less than the natural background. The average external 
dose rate to people in the footprint area would thus be of the same order of magnitude
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as the natural background. There may be a large variability of the dose rate. 
However, owing to the random spatial distribution of the particles, it is not 
unreasonable to assume dose rate values more than ten times the local average over 
a few square kilometres.

In the case of a reactor that disperses core material during re-entry, the main 
hazard from a space nuclear reactor re-entry is that of persons’ finding and retaining 
highly radioactive items on the ground. For instance, some 20 of an estimated 500 
pieces of Skylab (not an NPS) were found. For Cosmos 954, about ten large pieces 
were found [6],

2.3.3. Exposure pathways

The major pathways by which radioactive material may cause exposure to 
persons after an NPS accident involving a fission reactor are the following.

2.3.3.1. External irradiation from  a debris cloud

The exposure pathway from external irradiation from a debris cloud would 
normally be of less importance than other exposure pathways. In the case of disper
sal, noble gases and volatile radionuclides would be dispersed in the upper 
atmosphere during the aerodynamic heating of the fuel. Moreover, the settling time 
of fragments and particles large enough to reach the lower part of the atmosphere 
is within hours after re-entry and therefore is very short compared with the exposure 
time on the ground. This pathway would also be negligible for the release of volatile 
fission products after impact in the case of an intact re-entry.

2 .3.3.2. External irradiation from  the ground

Radioactive fragments and core material on the ground can cause whole body 
exposure of individuals in their vicinity. The magnitude of the dose would depend 
on the activity of the item, the distance from it and the time spent at that distance. 
In the case of an intact re-entry of a reactor system that had recently been operating, 
this pathway would be the most important one, as the high dose rate from the core 
may cause lethal doses in a short time and over short distances. For debris from a 
dispersed reactor this holds only for large pieces. For small particles the doses may 
be variable but low.

2.3.3.3. External irradiation from  contact or near-contact with reactor fragments

High exposure of parts of the body such as hands or feet could result from a 
close approach to a radioactive item. If a fragment is picked up and carried around 
in a pocket, the dose rate to the nearest part of the body would be substantial even
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from items of quite moderate activity. Small fuel particles lodged in clothing near 
the skin could cause skin lesions.

2.3.3.4. Internal irradiation from  inhaled material

Airborne radioactive materials may be inhaled and irradiate the respiratory 
tract and other body organs. Most particles larger than about 5 ftm in diameter 
deposit in the upper respiratory tract and are quickly cleared by ciliary action to the 
gastrointestinal tract. Smaller particles, especially in the 1-5 jitm diameter range, 
may be retained deep in the lungs for very long periods. Radionuclides deposited 
throughout the respiratory tract may be absorbed into the bloodstream, and hence 
deposited in other organs, to an extent depending on the solubility of the inhaled 
material in body fluids.

This pathway may be important in the case of high time integrated airborne 
concentrations or if volatile fission products are released after an intact re-entry of 
a system.

2.3.3.5. Internal irradiation from  ingestion o f  small particles

Radioactive material deposited in drinking water or on food crops such as leafy 
vegetables may be ingested and irradiate the gastrointestinal tract and other body 
organs. Eating or smoking with contaminated hands could also transfer radioactive 
material into the body. Contamination of foodstuffs through root uptake or in most 
products from animals is expected to be insignificant. However, some contamination 
may occur in dairy products from radioisotopes of strontium, caesium or iodine if 
these are released in the case of intact re-entry.

2.3.4. Past experience

Coarse debris formed during the re-entry of a nuclear reactor will fall rapidly 
to the ground and form a footprint along the re-entry path. The length and width of 
the footprint depend, among other things, on the ballistic coefficient, wind speed and 
direction at different heights. For example, Cosmos 954 produced a 600 km long 
footprint with coarse and fine radioactive debris, covering an area of more than 
100 000 km 2. Skylab produced an impact trail of more than 1000 km length and 
150 km width on its re-entry above Australia [5].

After the Cosmos 954 accident in Canada, about 80 radioactive items, such as 
beryllium cylinders, beryllium rods, steel plates and chunks, flakes and slivers of 
other materials were found. The highest radiation level on contact was measured as 
5000 mSv/h. Other fragments showed dose rates of up to 2000 mSv/h at the surface 
and of up to 2 mSv/h at 1 m distance. All these items were found within an area of 
approximately 600 km length and 20 km width [6],
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In addition, about 4000 radioactive particles with diameters on the order of
0.1-1 mm were recovered south of the re-entry path. The area affected by the parti
cles was in excess of 100 000 km2. The particles contained uranium and fission 
products, representative of the reactor fuel.

The total activity of fission products was on average 5000 MBq per particle, 
mainly from 95Zr, 95Nb and 103Ru, giving dose rates on the order of 0 .1-0 .3  mSv/h 
at 1 m. The retrieved particles were probably only a small fraction of all debris parti
cles formed during re-entry [6],

Design philosophies currently being considered to eliminate risk to the 
environment and humans in the case of early re-entry include raising the NPS to a 
higher orbit or sending it out of earth orbit entirely. These actions would be designed 
to avoid re-entry. If re-entry were to occur after centuries in space, most of the reac
tor’s activity would have decayed. However, as an added safety precaution, systems 
will be designed to safely accommodate accidental re-entry. Where possible, the 
NPS will be designed to remain inoperable during re-entry and to survive the intense 
heat of aerodynamic forces and bury itself on impact in water, soil or pavement.

2.3.5. RTGs

The RTG radioisotope fuel containment system is designed and tested to 
demonstrate that it is capable of withstanding the extreme conditions of re-entry. 
However, there is a finite probability, although quite small, that an RTG will be 
subjected to accident environments which exceed its design criteria.

Generally, the RTG components are designed to contain fuel under accident 
conditions that include: explosion overpressure, blast and fireball; impacts; and re
entry heating. Small releases are possible in the launch area in the event of impacts 
on steel or concrete. No releases are expected as a result of orbital decay and re-entry 
heating, except that module impacts on rock could result in small releases. An earth 
gravitational assist inadvertent re-entry represents the most severe accident en
vironment to which RTGs could be subjected and would lead to a range of fuel end 
states that includes intact or damaged modules, intact graphite impact shells, and fuel 
released at high altitude in both particulate and vapour (less than 1 /nm) form.

Modules whose containment has survived an explosion at launch or in space 
without damage are expected to stay intact until they reach the ground. At that time 
there is a small probability that the containment will fail on impact with a rock 
surface. In this case some of the radionuclide contents could be released and 
contaminate the surroundings. Part of the release could be as fine respirable dust [8].

In the case of re-entry from a highly elliptical or hyperbolic trajectory, for 
example due to a failure during a fly-by manoeuvre near the earth, the thermal burden 
on the containment may be so high that some of the modules may disintegrate. This 
would result in a release of 238Pu in the upper atmosphere with a particle size
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distribution such that only part of the release will be inhalable. The other, intact 
modules will behave as discussed above.

For accidents involving RTG systems, the potential exposure pathways include 
direct inhalation of dispersing material, inhalation of resuspended material previ
ously deposited, ingestion of contaminated vegetables, seafood and other food 
products, and external exposure to ground deposited material.

The ceramic nature of the fuel — its low solubility and its low potential for 
vaporization in fire — minimizes the potential for release and its mobility in the 
environment should a release occur.

With respect to the effects of plutonium particles in a footprint or impact area, 
small pieces of plutonium fuel found and retained by members of the public could 
cause skin damage by a  radiation. Whether a skin lesion would develop or not would 
depend on how the pieces were handled and how long they were retained. Small 
pieces, much less than 1 cm 3, are more likely to cause lesions. Larger pieces would 
be too hot to handle since the specific heat generation would be around 4 W /cm3.

Because of the low y  flux, the external dose rate from RTG plutonium fuel is 
relatively low. Neutrons are also emitted at low levels owing to spontaneous fission 
in the fuel and (n ,a) reactions. A fuel piece of 1 cm 3 will produce a y  dose rate of 
around 10 /xSv/h at 1 m. Small plutonium fuel particles are therefore very difficult 
to locate by y  detection methods, and other methods, such as infrared detection, 
would be needed.

3. EMERGENCY PLANNING AND PREPAREDNESS

3.1. INTRODUCTION

Appropriate planning by national authorities to deal with the preparation for 
and management of emergencies arising from errant NPSs is essential. Countries 
with resources to deal with the effects o f accidents involving land based nuclear reac
tors or the transport of radionuclides will normally have some of the resources neces
sary to formulate plans for dealing with an accident involving an NPS, although even 
these countries may need to call for assistance in the provision of the resources that 
might be necessary to deal with the consequences. Those countries without any capa
bility or resources in respect of nuclear activities will be dependent on the provision 
of international assistance through the Convention on Assistance in the Case of a 
Nuclear Accident or Radiological Emergency [3],

The fact that the location of the potential impact is not known before the impact 
occurs limits the amount of detailed planning that can be done in advance of the 
event. Nevertheless, much useful planning can be achieved. For example, while the
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location of the space vehicle giving rise to the nuclear emergency on re-entry may 
not be known until a few hours before re-entry, previous experience has shown that 
the potential for unplanned re-entry may be known weeks, and possibly months, in 
advance. The possibility cannot, however, be excluded that the period of early 
warning might be shorter.

This section identifies three phases that can be associated with this type of 
nuclear accident and outlines the predominant elements on which planning can be 
based. It discusses the activities that can be undertaken prior to re-entry, particularly 
in respect of tracking and international notification by the launching State. It stresses 
the need for and the importance of keeping the public informed both at the stage 
before re-entry and in the event of a radiological emergency. The principal content, 
however, is the provision of technical guidance on fragment search strategies, the 
consideration of measures to protect the public at risk from the accident and matters 
concerned with the ‘return to normal’ in the aftermath of the emergency.

3.2. ACCIDENT MANAGEMENT

To manage the situation created by the potential re-entry and impact of an NPS 
on a country’s territory, a control organization should be set up. This organization 
could be part o f an existing framework. Such an organization should be headed 
by an emergency operations manager and should generally include the following 
functions:

— Communications;
— Radiation protection, including public health aspects;
— Maintenance of public order (e.g. by the police);
— Emergency services (e.g. medical, fire-fighting);
— Public information;
— Liaison with local, national and international bodies;
— Liaison with external assistance, if required;
— Civil engineering, if required, for recovery operations.

Sufficient staff, equipment and logistical support should be allocated to each 
function so that it can be carried out satisfactorily.

3.3. ACCIDENT PHASES

3.3 .1 . P re-re-en try  phase

This phase begins when reliable information is received as to the possibility 
of an NPS re-entry. The level of readiness will be increased as the time of re-entry
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approaches. Arrangements may be made, either through the IAEA or through 
bilateral agreements, to receive current information about the orbit of the NPS and 
the expected time and location of impact. This phase consists of activating the emer
gency organization so that:

— Roles and the individuals (and their alternates) to perform these roles can be 
designated for the time period of the possible emergency action;

— Major relevant organizations can be alerted and the necessary materials 
assembled;

— Communication networks can be established and exercised;
— Public information plans can be updated and press releases prepared;
— Meeting locations of central authorities can be established.

3.3.2. Re-entry and post-re-entry phases

The exact time and geographical location of the re-entry of an object (or its 
debris) cannot be determined with currently available technology. The fact that an 
NPS has re-entered is usually assumed when it is no longer observed in an earth orbit 
or on its trajectory. This requires tracking data from two independent sites and 
usually takes about 90 minutes to confirm.

For the case of an earth orbiting satellite, the ground track of the last orbit will 
be well known and those countries not under this orbit need have no further concern. 
For the remaining countries, a precise knowledge of the ground track can be deter
mined and attention can be focused on this track. From the time that re-entry has 
occurred until the time that the area of contamination has been defined is generally 
a period of emergency when the situation can be considered as indeterminate. As 
further information becomes available, the most important task is to delineate the 
areas in which protective action might be needed. Experienced radiation protection 
personnel must be transported to these areas in order that the appropriate radiation 
protection efforts can be initiated.

This phase is generally characterized by a lack of information on which to base 
decisions, and the rate at which information is provided determines when the deci
sions can be taken. Decisions may have to be made on the minimum of data. Know
ing only the location of an intact re-entry may be sufficient to establish a control 
zone, into which the public will not be admitted, in the immediate area around the 
point of impact.

Personnel with some radiation protection training can rely on their experience 
during this phase to provide reasonable protection for the inhabitants of the affected 
region. Monitoring to determine the need for protective measures is an essential 
component of this phase. Some of the possible measures are described in greater 
detail in Section 3.6.
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Once the situation is largely under control, time will permit the careful applica
tion of all radiation protection intervention procedures. This intervention will include 
the retrieval and shielding of debris when detected.

3.3.3. Recovery phase

Recovery can start when the short term hazards brought about by the emer
gency have been dealt with. In this phase, time is less of a factor and decisions may 
depend on factors that minimize cost and optimize the health and safety aspects. 
Debris may be retrieved in areas where this is warranted and practicable.

3.4. PREPARATION FOR RE-ENTRY

3.4.1. Tracking and  notification

Means currently exist around the world for the monitoring and tracking of 
space systems and of debris associated with the breakup of such systems. It is essen
tial that these existing systems be made available to track re-entry of the space system 
and project possible impact sites.

With notice of the possible re-entry of a space system usually being days or 
months in advance, it would be possible to initiate the early tracking of the system 
and project possible impact points and debris footprints. International contingency 
plans for such an accident will contain a procedure whereby the assistance of all 
nations capable of deep space tracking can be mobilized to plot the trajectory and 
provide updated information on both the early re-entry trajectories and the last trajec
tory before impact. Such information can be used by the international community to 
shorten response time and to activate emergency personnel in a timely manner.

Another advantage of the use of a worldwide tracking system is the capability 
of providing data for making calculations and predictions to determine the likely 
footprint of the debris. Such tracking allows the proper channels of notification and 
communication to be established and ensures that response assets will be deployed 
to the projected impact site within hours of re-entry. This is of particular importance 
in countries where national radiological emergency response assets are limited.

It would be useful to ask appropriate agencies (police, etc.) within the band 
where re-entry is expected to look for any unusual bright objects in the sky around 
the time of the expected re-entry and to report the direction of the re-entry to the 
appropriate authorities. This will help pinpoint the time and area of re-entry.

The scope of the Convention on Early Notification of a Nuclear Accident [3] 
includes situations where “ a release of radioactive material occurs or is likely to 
occur and which has resulted or may result in a transboundary release that could be 
of radiological safety significance for another State” , where the release is due to
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nuclear reactors, wherever located, or to “ the use of radioisotopes for power genera
tion in space objects” . States which are a Party to that Convention have agreed to 
“ forthwith notify, directly or through the International Atomic Energy Agency” 
those States which may be affected and provide certain specified information. In 
practice, the IAEA will utilize its Emergency Response System to notify all its 
Member States, and a number of international organizations, of any notification 
provided under this Convention and any updates to the initial notification. The IAEA 
is prepared to make such notifications within 1-3 hours of receipt, 24 hours a day.

Principle 5, Notification of Re-entry, of the Principles Relevant to the Use of 
Nuclear Power Sources in Outer Space states that the launching State will notify the 
United Nations and the States concerned in the event of a re-entry [4],

3.4.2. Public information prior to re-entry

Once an unplanned re-entry is recognized as a real possibility, the general 
public must be kept informed by national authorities on current developments. This 
is essential not only to lessen the anxiety of members of the public but also to mobi
lize their assistance. The information should be co-ordinated by a single official 
source, to avoid possible confusion. Prior to re-entry, it will probably not be prac
ticable to identify the specific population likely to be affected if there is any sub
sequent radiological emergency. The initial announcement should:

— State the facts of the case (in particular, whether burnup or intact re-entry is 
expected);

— Indicate the broad band of the earth’s surface which could conceivably be 
affected;

— Advise that there is a low probability of any individual being affected, and no 
need for precautionary measures at this stage;

— Request that any person who sees an unusual bright object in the sky at the rele
vant time report this to the police or appropriate authorities.

Examples of memoranda and guidance that could be used by national authori
ties and provided to local emergency response organizations, including a suggested 
public announcement, are provided in Annexes I-IX . Some modifications will need 
to be made to these suggested materials on the basis of the actual situation.

3.5. RESPONSE TO RE-ENTRY

3.5.1. Public information after re-entry

Once the time and area of re-entry are established, it should be possible to 
make an announcement delineating the area within which the population might be
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affected and informing the public of the organizational set-up which will be mobi
lized to control the situation. It is at this stage that the affected population should be 
instructed by the national authorities to take the appropriate precautionary measures 
necessary for health protection. The measures to be taken will depend on the circum
stances and might include:

— Staying indoors and listening to the television or radio (or other communication 
networks) for further announcements;

— Keeping well away from any suspicious objects and reporting them to the 
police or appropriate authorities.

To prevent unnecessary concern, the affected population should be given as 
much reassurance as is realistic, in particular as regards the initiation of response 
operations. Those definitely not affected should be told that they have no further 
basis for concern.

The public should be kept informed about the ongoing activities of search, 
identification and recovery.

3.5.2. Search strategies

Priority should be given to locating highly radioactive pieces and particles 
which could endanger the health of individuals. Clearly, any densely populated areas 
should be given immediate priority. The search techniques to be used will depend 
on whether the accident involves an RTG or a reactor. Reactor debris can be discov
ered using y  measurement techniques alone. These could include airborne or ground 
based (vehicle-borne or manual) monitoring. Searching for RTG debris may also 
require infrared or other heat detection devices.

3.5.3. Reactor power sources

3.5.3.1. Detection distances

The y  dose rate from a point source decreases rapidly with increasing distance. 
Up to 100 m distance the law of inverse squares is the dominating factor for dose 
rate reduction. At larger distances air attenuation contributes significantly to the 
decrease of the dose rate with increasing distance. This means that it is difficult to 
detect even high activity point sources at distances greater than 100 m with the use 
of ordinary handheld monitoring equipment. For example, a radioactive point source 
giving a dose rate from mixed fission products of 1 mSv/h at 1 m (like the fuel par
ticles from Cosmos 954) will give approximately the same dose rate as the natural 
background level (0.1 n Sv/h) at a distance of 100 m. Thus, the distance within which 
a radioactive fragment or fuel particle can add significantly to the natural radiation
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field is rather short compared with the possible distance between individual 
fragments.

Some examples of maximum detection distances for different fission product 
point sources are given in Table IQ.

TABLE m . APPROXIMATE MAXIMUM DISTANCES FOR DETECTION 
OF FISSION PRODUCT POINT SOURCES WITH HANDHELD SEARCH 
INSTRUMENTS

Source item
Dose rate at 1 m distance 

(mSv/h)
Maximum detection distance 

(m)

Reactor core (calculated) 1 0 0  0 0 0 1 0 0 0

Most active item 2 1 2 0

Average active item 1 90
Spherical fuel particles 0.3 50

Spherical fuel particles 0 .1 30

Irregular fuel particles 0 .0 1 1 0

Note: The maximum distance is taken as the distance at which the dose rate from the point 
source is reduced to 0.1 fi Sv/h, which is approximately equal to the average back
ground level. Examples of radioactive items (except the reactor core) are taken from 
the Cosmos 954 accident. The detection distances are estimated average values. 
Shielding material such as ground structures and buildings will reduce the maximum 
detection distances.

3.5.3.2. Searching along the ground track fo r  dispersed debris

Heavy fragments scatter along the re-entry trajectory. The possible presence 
of highly radioactive fragments scattered along the ground projected re-entry trajec
tory should be determined as quickly as possible. If one piece is found, it is likely 
that there will be more. As the first pieces are found, the location of the affected area 
can be more adequately determined to facilitate the continuing search operations.

Small particles and fragments with large surface areas will be more affected 
by the wind than compact, heavy pieces. If there is a wind component perpendicular 
to the re-entry trajectory, a debris distribution will be formed on the downwind side 
of the trajectory. On the basis o f the Cosmos 954 experience, the width of the distri
bution pattern within which larger radioactive pieces and fragments are spread after 
an accident involving a satellite with a reactor can be assumed to be at least on the 
order of 10-25 km.
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For operational reasons it might be appropriate to divide the initial risk area 
into a number of search areas along the ground projected re-entry trajectory. The 
only reasonably rapid method to search a re-entry area for highly radioactive frag
ments is by airborne y  spectrometric monitoring. This technique is quite demanding 
of resources and requires careful planning, adapted to the specific conditions as 
regards available hardware, aircraft, logistical support, etc.

3.5.3.3. Searching fo r  small particles over large areas

Very large areas can be affected by small particle debris with diameters of less 
than 1 mm, as these can be deposited at distances of hundreds of kilometres from 
the ground projected re-entry trajectory. The mapping of such areas contaminated 
with large numbers of small particles will require the use of handheld equipment. 
Whenever possible, the use of helicopters and other specially equipped vehicles 
should be considered. This could be a considerable undertaking and the benefits will 
need to be balanced against the difficulties of the operation.

3.5.3.4. Searching fo r  reactor debris after intact re-entry

Reactors in NPSs are currently being designed to impact safely on water and 
soil without breaking up. In these cases the core is covered with enough material 
either to be self-shielding or to restrict the y  emissions to a cone defined by the 
crater. In the case of impact on soil, a crater will be formed with the core material 
at the bottom, probably partly covered with soil. There has been no experience with 
this type of re-entry and it is not known if any of the ejecta will be contaminated. 
In any event the y  radiation field will be intense enough to be detectable by airborne 
equipment, including fixed wing aircraft.

Impact on pavement, concrete, rock or buildings where the depth of hard 
material exceeds 15 cm can cause a spread of the debris which would be expected 
to increase with increasing hardness of the impacted materials. In general, it can be 
predicted that there will be dispersion of core material. For reactors that were 
recently operating, the y  radiation field will be intense, thereby making detection by 
y  measuring methods relatively easy for airborne monitoring.

3.5.3.5. Special requirements fo r  reactor search instrumentation

Search teams must have the capacity to search large areas for point sources in 
a short time. Thus, instruments for searching for y  emitting sources must be sensitive 
and have a fast response. Search instruments should have a sound indicator to facili
tate the interpretation of a varying radiation field.

Dose rate meters used for radiation protection purposes are often not suffi
ciently sensitive for searching. If these meters have to be used for any part of the
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search, search personnel must be aware of their limitations. More sophisticated 
equipment should be obtained wherever practicable.

Search instruments, however, are usually too sensitive to measure high 7  dose 
rates. The maximum dose rate which can be measured with search instruments is 
typically on the order of 0.1 mSv/h and, as can be seen from Table II, a higher range 
would be needed. Thus, every search team must also be equipped with a dose rate 
meter. This instrument should be used near a high 7 activity source to pinpoint its 
location and to estimate its activity.

Searching with handheld instruments over large areas will be very time con
suming, since detection distances are relatively short. Higher sensitivity and faster 
searching could be obtained with the use of airborne 7  spectrometric equipment 
based on a large sodium iodide spectrometer. These spectrometers have, besides 
high sensitivity (and a longer range of detection) due to the large crystals, the ability 
to distinguish automatically between natural radiation and fission product activity.

Some examples of approximate maximum altitudes and speeds for aerial 
searching of point sources are given in Table IV. Maximum distances and speeds for 
ground vehicle searching are given in Table V.

In addition to the above mentioned 7  detection systems, the need for neutron 
detection equipment should also be considered.

3.5.4. RTGs

RTG type nuclear power sources are expected to survive re-entry as intact 
modules that impact independently, with small releases possible only if  rock impacts 
occur. The velocity at impact, as with reactor nuclear power sources, may be suffi
cient to bury the source to depths that will depend on the hardness of the surface of 
impact. The modular nature of current RTG designs will probably result in only 
limited dispersion of active material. The 7 radiation of this source is very weak 
compared with that o f a reactor and cannot be used for detection at any significant 
distance. Airborne infrared imaging, however, may be able to compensate for the 
loss of this detection range to some extent. The exact detection range for various 
sources will depend on the depth of burial of the active material and the degree of 
dispersion of the material, if  dispersed. Further study is required to assess whether 
the search would have to be restricted to ground based or helicopter-borne equipment 
as opposed to higher flying and faster fixed wing aircraft.

3.6. INTERVENTION

3.6.1. Principles for establishing intervention levels

Generic intervention levels for use in the event of a nuclear or radiation emer
gency are given in IAEA Safety Series No. 109 [2]. For the purposes of this Safety
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TABLE IV. APPROXIMATE MAXIMUM ALTITUDES AND SPEEDS FOR 
SEARCHING FOR A FISSION PRODUCT POINT SOURCE OF A GIVEN 
ACTIVITY

Method of measurement 
and type of detector

Minimum
detectable

activity
(MBq)

Maximum
interspace
between

lines
(m)

Maximum
altitude

(m)

Maximum
speed

(km/h)

Aerial y  spectrometry, 
50 L Nal(Tl) detector

5000 500 230 250

Aerial y  spectrometry, 
1.5 L Nal(Tl) detector

300 2 0 0 1 0 0 1 0 0

Aerial total y,
Nal(Tl) handheld instrument

5000 1 0 0 60 1 2 0

Note: Equipment for y  spectrometry refers to Nal(Tl) spectrometry with a sampling time on 
the order of 0.3 s per measurement. Equipment for total y  measurements refers to ordi
nary handheld instruments of the uranium prospecting type with a time constant on the 
order of 1 s or less. The data are based on experience of the Cosmos 954 accident.

Practice, it is useful to understand the concept of intervention levels and their appli
cation to NPS accidents.

The three general principles that form the basis for taking decisions on inter
vention are as follows:

(a) All possible efforts should be made to prevent serious deterministic health 
effects.

(b) The intervention should be justified, in the sense that introduction of the 
protective measure should achieve more good than harm.

(c) The levels at which the intervention is introduced and at which it is later with
drawn should be optimized, so that the protective measure will produce a maxi
mum net benefit.

The most important among the serious deterministic health effects against 
which the affected population group should be protected is early mortality in the criti
cal population group. Non-fatal but still serious deterministic health consequences 
of radiation exposure should also be taken into consideration. Table VI gives dose 
levels at which intervention is expected to be undertaken under any circumstances.

27

This publication is no longer valid 
Please see http://www-ns.iaea.org/standards/



TABLE V. APPROXIMATE MAXIMUM DISTANCES AND SPEEDS FOR 
SEARCHING FOR A FISSION PRODUCT POINT SOURCE OF A GIVEN 
ACTIVITY

Method of measurement 
and type of detector

Minimum
detectable

activity
(MBq)

Maximum
distance

(m)

Maximum
speed

(km/h)

5000 50 90

Ground vehicle total 7 ,
1 0 0 0 25 60

Nal(Tl) handheld instrument
500 15 40

1 0 0 5 2 0

Note: Equipment for total 7  measurements refers to ordinary handheld instruments of the 
uranium prospecting type with a time constant on the order of 1 s or less. The data 
are based on experience of the Cosmos 954 accident.

Early mortality because of bone marrow failure may be seen at doses above 1 Gy 
(acute exposure) to the whole body. This is applicable to the most sensitive popula
tion group. Some deterministic effects may also occur in single organs following 
exposures to high doses. Many of the threshold dose values for these single organ 
effects are above the threshold for bone marrow failure (lens of the eye — 2 Gy; 
gonads — 3 Gy). Because of this, it is usually not necessary to consider the effects 
to these single organs. However, some organs, such as the thyroid and the lung, may 
receive selectively high exposures due to concentration in these organs following 
inhalation or ingestion of radionuclides. The skin too may be preferentially irradiated 
from nuclides in air, deposited on the ground, or contaminating skin or clothing. 
Finally, the possibility of the dose to the foetus in a pregnant woman exceeding the 
value in Table VI should also be carefully considered in deciding whether and how 
to intervene.

However, even though the above would be the first considerations of a decision 
maker, they are not sufficient. To best serve the population, the decision maker 
should strive to reduce the levels o f exposure to the population by the implementation 
of protective measures, applying principles (b) and (c) above, and should maintain 
these protective measures as long as they continue to do more good than harm. 
Generic intervention levels developed for international guidance are given in 
Table VII [2]. Adherence to these values would in most cases ensure the proper 
protection of the public.
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TABLE VI. DOSE LEVELS AT WHICH INTERVEN
TION IS EXPECTED TO BE UNDERTAKEN UNDER ANY 
CIRCUMSTANCES

Organ or tissue
Organ dose (Gy) in no 

more than 2 d

Whole body 1
Lung 6
Skin 3
Thyroid 5
Lens of the eye 2
Gonads 3
Foetus 0.1

TABLE VII. RECOMMENDED GENERIC INTERVENTION 
LEVELS FOR URGENT PROTECTIVE ACTIONS

Protective action
Generic intervention level 

(dose3 avertable by the protective action)

Sheltering 10 mSvb
Evacuation 50 mSvc
Iodine prophylaxis 100 mGy due to radioiodined

a Sum of external and committed internal effective doses, unless noted. 
b This generic level has been optimized for the maximum anticipated 

period of sheltering (2 d). Authorities may advise sheltering at lower 
intervention levels for shorter periods, or to facilitate further protec
tive actions, e.g. evacuation. 

c This generic level has been optimized for the maximum anticipated 
period of evacuation (7 d). Authorities may initiate evacuation at lower 
intervention levels for shorter periods and also where evacuation can 
be carried out quickly and easily, e.g. for small groups of people. 
Higher intervention levels may be appropriate in situations where 
evacuation would be difficult, e.g. for large populations or in the case 
of inadequate transportation. 

d Committed dose to the thyroid.

29

This publication is no longer valid 
Please see http://www-ns.iaea.org/standards/



3.6.2. Immediate protective measures

Once it is known that NPS debris has, or may have, fallen in a particular area, 
the first essential step is to apply basic protective measures to any affected population 
in that area. This implies establishing a control zone to the extent that this may be 
necessary (see Section 3.6.5) and advising people to stay indoors and to keep away 
from any visible debris. In the meantime, radiological experts should be brought to 
the area as quickly as possible to determine what further measures may be needed.

3.6.3. Application of protective measures

As soon as sufficient information is available, the national authorities must 
provide general information and recommendations for the public in order to attempt 
to reduce individual exposures. It is highly important that guidance for recommended 
protective measures be developed.

Measures for the protection of the public are dealt with in IAEA Safety Series 
No. 109 [2], The measures which should be considered in connection with an NPS 
accident are:

— Sheltering,
— Establishment of control zones,
— Evacuation,
— Stable iodine administration,
— Decontamination of persons,
— Control of foodstuffs and water,
— Medical care.

With respect especially (but not exclusively) to the recovery phase, the measures to 
be considered are:

— Retrieval of fragments,
— Decontamination of the area affected, if necessary.

3.6.4. Sheltering

Sheltering in practice means that the population within a risk area should stay 
indoors with windows and doors closed and any ventilation systems shut down. This 
provides some protection from external y  radiation and inhalation of airborne radio
active material, depending on local housing conditions and construction. A particular 
advantage of implementing sheltering is that control of the population and the provi
sion of further information and advice by radio and television are facilitated.

In the early phase, when the presence of radioactive fragments or particles can 
be expected but is still not confirmed, the potential risk area could be very large,
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perhaps on the order of thousands of square kilometres. Even so, sheltering over the 
whole risk area may be indicated pending the first search phase, to prevent members 
of the public from coming into contact with highly radioactive fragments.

The cost of total sheltering over an extended area could be high in social and 
economic terms if implemented for a long period. Partial sheltering in smaller areas 
within the potential impact region would be more practical. Partial sheltering means 
that unnecessary outdoor activities should be restricted. This could include, for 
example, limitations on outdoor activities for schoolchildren. Specific recommenda
tions for partial sheltering should be prepared by the national authorities and included 
in the emergency plan.

3.6.5. Establishment of control zones

There may be a need for the establishment of control zones in limited areas 
with high dose rates or where debris is observed. Most probably, a high dose rate 
will result from a single or a few larger fragments, or if the whole device is returned 
to earth intact or ruptured. High dose rates could also arise if fuel particles are 
dispersed locally. The size of such control zones will in all probability be limited, 
with a radius of only a few hundred metres. Depending on the situation, it might be 
appropriate to shield the object before it is removed or before allowing people to 
leave their shelter.

3.6.6. Evacuation

Evacuation (in the sense of the mass movement of a population) is unlikely to 
be necessary after an NPS accident. Nevertheless, there may be a case for limited 
evacuation of a small population if  the dispersion of fragments is localized or if there 
is a high probability of members of the public receiving doses that would lead to seri
ous deterministic effects. When it is considered, evacuation must always be techni
cally justified and optimized since this is a disruptive procedure for the people 
affected and is not always without hazard. Example criteria and guidance for deter
mining protective actions when there are widely dispersed radioactive particles can 
be found in Annexes V and VI.

3.6.7. Stable iodine administration

Circumstances in which the administration of stable iodine would be appropri
ate cannot readily be foreseen. However, when considering the use of stable iodine 
it should be kept in mind that the iodine content of the reactor under discussion will 
be relatively low compared with that of large commercial nuclear power plants. In
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addition, administration will be not easy and will take some time, as the location of 
the impact has first to be identified, which will result in a loss of effectiveness.

3.6.8. Monitoring and decontamination of persons

For the general public living within the primary risk area it will be necessary 
to issue a recommendation concerning general methods for protecting against 
contamination, especially from small particles, e.g. to change clothes and shower. 
Shoes should be changed upon entry into a residence, but not necessarily on entry 
into a public building. Clothes and shoes which are suspected to contain radioactive 
debris should be stored away from people until contamination checks can be made 
at a later time. Provision should be made to check people who feel that they may 
have been affected by the accident. Decontamination may be needed for individuals 
who have come in contact with debris particles or larger fragments.

3.6.9. Medical care

If monitoring checks reveal that high exposures have occurred prior to the 
establishment of control in the affected area (e.g. if  some people have been in close 
contact with highly radioactive fragments), the persons concerned may need medical 
care [2].

3.6.10. Control of foodstuffs and water

Contamination of land and of agricultural products may be a significant 
problem if  large amounts of small particles are formed and dispersed widely. Radio
active contamination of foodstuffs could ensue. One potential source of intake could 
be through foodstuffs growing above the ground, particularly leafy vegetables and 
fruit. The exposure can often be reduced by careful rinsing of the products, but 
authorities should consider the banning of distribution and consumption of these 
products until a control programme is established and the risk areas are adequately 
monitored. Detailed instructions should be provided to the public at all stages. The 
transfer o f radionuclides through drinking water systems is unlikely to be of immedi
ate importance and decisions on control could await the results of monitoring. Well 
water or bottled water may also be used.

It may be necessary to consider the removal of grazing animals from pasture 
in affected areas and placing them on stored feeds until uncontaminated fresh food 
becomes available. A screening programme primarily for milk from affected areas 
should be established, if necessary.
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In the event of re-entry over the sea, it would be useful to conduct monitoring 
of fish and seafood in the affected area even though contamination would not be 
expected.

3.7. RECOVERY

3.7.1. Retrieval of fragments

Fragments will have to be collected and transported to a repository or at least 
to an intermediate storage facility. For large fragments and for a retrieved intact 
reactor, special equipment for handling and appropriate containers for transport will 
be necessary to avoid additional hazards to emergency personnel and the public. 
Preparation for retrieval and transport will require detailed planning and work under 
special conditions.

3.7.2. Decontamination

Very large areas may have been contaminated as a result of an NPS accident. 
While any areas of significant contamination will need to be dealt with in the short 
term, an evaluation should be undertaken to determine whether any wider measures 
may be necessary. When small particle deposition has occurred over a sea or lake 
and the particles have sunk to the sediments at the bottom, these particles can proba
bly be left undisturbed.

3.8. INTERNATIONAL ASSISTANCE

Most States that are affected by the re-entry of a radioactive space object will 
need some technical assistance. In general, the launching State would be expected 
at least to provide technical details about the space object. In the Convention on 
Assistance in the Case of a Nuclear Accident or Radiological Emergency [3], Parties 
to the Convention have agreed to co-operate among themselves and with the IAEA 
to provide prompt assistance in events of the kind discussed in this Safety Practice. 
Certain sophisticated search technologies will be available from a limited number of 
States. There may also be a need for more conventional radiological monitoring 
capability, which can be made available from numerous States. Such assistance may 
be provided under existing bilateral or multilateral arrangements or through the 
IAEA. Under the Convention, the IAEA has been given the function, and is 
prepared, to assist any affected States. This includes the receipt of assistance 
requests, making requests to other States and international organizations, and
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co-ordinating the assistance at the international level. Assistance within a particular 
State will be provided to that State under its overall direction and supervision.

REFEREN CES

[1] FOOD AND AGRICULTURE ORGANIZATION OF THE UNITED NATIONS, 
INTERNATIONAL ATOMIC ENERGY AGENCY, INTERNATIONAL LABOUR 
ORGANISATION, OECD NUCLEAR ENERGY AGENCY, PAN AMERICAN 
HEALTH ORGANIZATION, WORLD HEALTH ORGANIZATION, International 
Basic Safety Standards for Protection against Ionizing Radiation and for the Safety of 
Radiation Sources, Safety Series No. 115, IAEA, Vienna (1996).

[2] INTERNATIONAL ATOMIC ENERGY AGENCY, Intervention Criteria in a Nuclear 
or Radiation Emergency, Safety Series No. 109, IAEA, Vienna (1994).

[3] INTERNATIONAL ATOMIC ENERGY AGENCY, Convention on Early Notification 
of a Nuclear Accident and Convention on Assistance in the Case of a Nuclear Accident 
or Radiological Emergency, Legal Series No. 14, IAEA, Vienna (1987).

[4] Principles Relevant to the Use of Nuclear Power Sources in Outer Space, Adopted by 
the General Assembly of the United Nations, Resolution A.I. RES/47/68, 1993.

[5] EUROPEAN SPACE AGENCY, Space Debris: A Report from the ESA Space Debris 
Working Group, Rep. ESA-SP-1109, Neuilly-sur-Seine, France (1988).

[6] GUMMER, W.K., CAMPBELL, F.R., KNIGHT, G.B., RICHARD, J.L., Cosmos 
954. The Occurrence and Nature of Recovered Debris, Rep. INFO-0006, Atomic 
Energy Control Board, Ottawa, Ontario (1980).

[7] DE GEER, L.E., National Defence Research Establishment, Stockholm, personal 
communication, 1989.

[8] NUS CORPORATION, Final Safety Analysis Report for the Ulysses Mission (Execu
tive Summary), Rep. ULS-FSAR-006, Gaithersburg, MD (1990).

34

This publication is no longer valid 
Please see http://www-ns.iaea.org/standards/



ANNEXES I -IX

The following annexes give examples of ways that pertinent information could 
be provided to local emergency response organizations by national authorities. These 
directives will, of course, need some modification based on the actual circumstances 
of the situation and other identified requirements of government authorities. 
However, on the basis of previous experience, this approach provides the basic tech
nical information that may be needed, in a suggested format. It can be very useful 
for individuals assigned this task to follow such suggested formats during the periods 
of high stress just before or after re-entry of an NPS.
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Annex I

GUIDANCE FOR LOCAL RESPONSE ORGANIZATIONS 
(LOCAL POLICE, CIVIL DEFENCE, FIRE-FIGHTING)

TO: LOCAL RESPONSE ORGANIZATIONS

FROM: NATIONAL EMERGENCY RESPONSE ORGANIZATION

SUBJECT: NUCLEAR POWERED SATELLITE RE-ENTRY RESPONSE

1. INTRODUCTION

Reports indicate that a satellite with a nuclear power source will be re-entering 
the earth’s atmosphere soon. There is a small chance that pieces of the satellite may 
reach the earth’s surface. In this case, there is approximately a 70% chance that the 
debris will fall into the ocean.

Currently, the general area which may be affected by the satellite’s return 
cannot be defined. Most probably the general area of return will be defined only a 
very few hours before impact with the earth’s surface. On the basis of previous 
experience it can be estimated that the debris could be sparsely scattered over 
hundreds of kilometres.

2. DESCRIPTION OF HAZARD

(Note: Insert Attachment 1.1, fo r  the case o f  a reactor powered satellite, or Attach
ment 1.2, fo r  the case o f  a radioisotope thermoelectric generator.)

3. SUGGESTED ACTIONS

In general, the probability of a hazard to the public from the re-entry is not 
expected to be significant. If the re-entry and subsequent breakup of the reactor and 
satellite occur, some risk might exist to individuals from the particles and fragments 
that reach the earth’s surface.

Should your area be in the predicted impact zone, the following should be 
considered:

(1) Ask all persons to move indoors and listen to the radio or television for further
instructions. If this is not practical, time outside homes, buildings or vehicles 
should be minimized.
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(2) The general area of impact will be determined and an initial assessment of the 
situation will be made. It is possible that the main area of impact will not be 
known for several hours.

(3) Advise all persons not to pick up any object which they may have seen impact, 
which is smoking or which has a somewhat melted or burned appearance. 
Isolate a circle of approximately 50 m radius around any such object identified.

(4) Have anyone injured by such objects or who has come into close contact with 
such objects go to a hospital, preferably one that has a nuclear medicine depart
ment. For assistance in identifying such hospitals, contact:

(5) Report any such objects to:

Should your area be in the impact area, the enclosed suggested public 
announcement should be considered (Enclosure 1).
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Enclosure 1 to Annex I

SUGGESTED PUBLIC ANNOUNCEMENT

_____________________ has announced that he/she has been informed that
debris from a nuclear powered satellite may have re-entered the earth’s atmosphere 
and landed in _______________________________________

The [national official] asks that:

(1) No one pick up objects which they may have seen impact, which are smoking 
or which have a somewhat melted or burned appearance.

(2) Everyone move and remain at least 50 metres away from such objects.

(3) Anyone injured by such objects or who has come into close contact with such 
objects go to a hospital, preferably one that has a nuclear medicine department.

(4) All such objects be reported to the local police or civil defence authorities.

The public should be aware that national and local organizations are respond
ing to this event.

(Details o f  the affected areas should be given here.)

(Details o f  any orders issued should be given here.)
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Attachment 1.1

DESCRIPTION OF HAZARD:
REACTOR POWERED SATELLITE

If the nuclear reactor is o f a type that will disperse core material on re-entry, 
two types of debris may be encountered (on the basis of the previous experience with 
Cosmos 954):

(1) Large fragments: Large radioactive debris fragments can fall along a track 
several hundred kilometres in length. These fragments could include structural 
and control element pieces, as well as chunks, flakes and slivers of other 
materials. Some of the fragments can be as large as 10 centimetres in diameter 
and several hundred centimetres in length and can weigh several kilograms. 
Radiation intensities at the surface of the fragments can range from less than 
10 mSv/h to as high as 5 Sv/h.

(2) Small particles:1 Small particles are formed from reactor fuel and non
volatile fission products. They can be sparsely distributed, with a highly varia
ble frequency of occurrence, over a wide area. Prevailing winds at re-entry can 
contribute to the spread of the particles. Many thousands of particles can be 
formed consisting of small, high density spheres with diameters ranging from 
less than 10“2 cm to approximately 10"1 cm and with weights ranging from 
less than 10"4 g to approximately 5 X  10~3 g. A smaller group may be of 
much lower density and in a variety of shapes and sizes. Many of the small 
particles may be radioactive, with radiation intensities at the time of recovery 
ranging from less than 0.1 to 0.3 mSv/h at 1 m.

Should debris reach the surface of the earth it could cause:

(a) Physical trauma to individuals struck by falling pieces;
(b) Radiation burns to individuals handling debris;
(c) Significant radiation exposure to individuals who remain in close prox

imity to radioactive debris;
(d) Contamination of land and surfaces by sparsely distributed radioactive 

particles.

1 In the description of monitoring and protective actions regarding widely dispersed 
radioactive particles resulting from the re-entry bumup of reactor type nuclear power systems, 
reliance has been placed on the Cosmos 954 experience, where the focus was on locating 
single, isolated radioactive particles ranging in size from less than 10'2 cm to approximately 
10"1 cm. Smaller, less detectable particles dispersed over larger areas could also be possible, 
and post-re-entry monitoring and protective actions should provide for this possibility.
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Attachment 1.2

DESCRIPTION OF HAZARD:
RADIOISOTOPE THERMOELECTRIC GENERATOR 

OF INTACT RE-ENTRY DESIGN

For the case where a radioisotope thermoelectric generator (RTG) is of an 
intact re-entry design of the general purpose heat source type, the following informa
tion regarding orbital decay re-entry and debris characteristics is provided:

(1) Post-re-entry conditions: During re-entry, the RTG is designed to release 
18 modules with four fuelled clads each. Each module will re-enter inde
pendently intact and will contain approximately 68 TBq (1850 Ci) of 238Pu 
dioxide fuel in each of the four fuelled clads. The probability of re-entering 
modules impacting water would be approximately 0.72 and of impacting land 
approximately 0.28. Fuel release could occur in the case of a rock impact. The 
probability of a rock impact upon re-entry would be approximately 0.050 or 
less, and given a rock impact, the probability of a fuel release would be 
approximately 0.17 per fuelled clad. Such a fuel release would be relatively 
small, nominally 0.35 Ci (13 GBq) per failed fuelled clad, with the remainder 
retained within the failed fuelled clad. Thus, widespread contamination is not 
expected. Radioactive contamination, if any, from a damaged module would 
be expected to be localized. For a single RTG, the 18 modules would be widely 
separated over a footprint that could be several hundred kilometres long and 
up to 50 kilometres wide.

In addition to the modules described above, the spacecraft has nominally 100 
lightweight radioisotope heater units (LWRHUs) containing 36 Ci (1.33 TBq) 
238Pu each. In the case of a suborbital or orbital decay scenario, such 
LWRHUs would be expected to re-enter intact and not release fuel even in the 
case of a rock impact.

(2) Intact module: The most probable configuration that could be encountered 
would be a single intact module. The most noticeable characteristics of such 
a module would be its shape and size (bricklike, 10 cm x  10 cm x  4 cm), its 
colour (dark grey to black), its texture (a smoothed-out face due to re-entry 
heating, and possible weavelike texture on the rear side) and its heat (equiva
lent to about that of a 250 W light-bulb). Its heat alone would prevent its being 
picked up with bare hands. Conceivably, the module heat could start a fire in 
dry vegetation, which of course could be more readily noticeable than the 
actual module.

(3) Damaged module: A much less probable configuration would be a module 
damaged following rock impact with possibly a small amount of fuel released.
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Broken graphitic material with weavelike tom  edges would be evident, with 
up to two broken or intact cylinders of similar material (graphite impact 
shells). If the graphite impact shells are broken, up to four metallic fuelled 
clads could be visible.

(4) LWRHU: An LWRHU is so small that a chance encounter with it would be 
highly unlikely. The most noticeable characteristics would be its shape and size 
(a cylinder 0.75 cm in diameter and 2.5 cm long), its colour (dark grey to 
black), its texture (smoothed-out on the re-entering side owing to re-entry heat
ing) and its heat (1 W; it would be warm but could easily be held in bare 
hands).

(5) Radiation characteristics: The 238Pu fuel is primarily an a  emitter, with low 
level neutron emissions due to spontaneous fission and (a,n) reactions, and low 
level y  emissions associated with radioactive daughter products. State of the 
art monitoring, such as that to be used in the United States of America in the 
case of an accident involving the release of RTG fuel, would include sampling 
of air, water and soil for contamination, and the use of special field survey 
instruments such as the ‘fidlers’ which are designed to detect the low energy 
y  radiation component. More commonly available radiation detection instru
ments would have difficulty in detecting any dispersed material. Such instru
ments might only be useful in the case of an intact module or where the 
damaged module debris is localized. It would be unlikely that y  radiation from 
any individual 238Pu particles dispersed following a module impact on rock, 
with one or more fuelled clad failures, would be readily detectable with normal 
field survey instrumentation. Thus, providing any guidance related to radiation 
levels for use in identifying contaminated areas would be unwarranted, except 
possibly for stating that any reading above normal background could indicate 
possible contamination.

Most importantly, if a module, damaged or undamaged, should be located, an 
exclusion zone of at least 50 m radius should be established. Human activity 
in that zone should be minimized since the process of walking over such a 
contaminated area as part of the contamination survey could pose a hazard 
because of potential ground contamination and the inhalation of any 
resuspended particulates. As much as possible, individuals should stay out of 
a potentially contaminated area and wait until appropriate monitoring resources 
are available to properly characterize the contamination, if any.

The inadvertent re-entry conditions associated with an earth gravitational assist 
fly-by, more severe than those associated with orbital decay, could lead to a 
range of fuel damage that includes bare fuel released at high altitude in both 
particulate and vapour (less than 1 fim) form, and intact components that could 
fail upon impacting ground surfaces.
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Annex II

TO: ALL HOSPITALS

FROM: MINISTRY OF HEALTH

SUBJECT: RE-ENTRY OF A NUCLEAR POWERED SATELLITE

1. INTRODUCTION

Reports indicate that a satellite with a nuclear power source will be re-entering 
the earth’s atmosphere soon. There is a small chance that pieces of the satellite may 
reach the earth’s surface. In this case, there is approximately a 70% chance that the 
debris will fall into the ocean.

Currently, the general area which may be affected by the satellite’s return 
cannot be defined. Most probably the general area of return will be defined only a 
very few hours before impact with the earth’s surface. On the basis of previous 
experience it can be estimated that the debris could be sparsely scattered over 
hundreds of kilometres.

GUIDANCE FOR HOSPITALS

2. DESCRIPTION OF HAZARD

(Note: Insert Attachment L I ,  fo r  the case o f  a reactor powered satellite, or Attach
ment 1.2, fo r  the case o f  a radioisotope thermoelectric generator.)

3. SUGGESTED ACTIONS

In general, the probability of a hazard to the public from the re-entry is not 
expected to be significant. If  the re-entry and subsequent breakup of the reactor and 
satellite occur, some risk might exist to individuals from the particles and fragments 
that reach the earth’s surface.

Should your area be in the predicted impact zone, the following are suggestions 
you may wish to implement:

(1) Until notified of an impact in your area, continue your usual activities, except 
that you may wish to operationally check your radiation detection instruments, 
if  available.
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(2) Notify appropriate hospital personnel to stand by.

(3) When informed that satellite debris has impacted in your area, activate the 
hospital radiation emergency plan and notify appropriate response personnel, 
the nuclear medicine department, personnel who will respond to public 
enquiries, etc. All hospital personnel that will possibly be exposed to radioac- 
tively contaminated patients or debris should be provided with personal 
dosimetry.

(4) For any patient reporting to the emergency room who you suspect has been 
struck by or picked up some debris (any object which they may have seen 
impact, which is smoking or which has a somewhat melted or burned 
appearance):

(a) Treat any trauma.
(b) Remove any embedded particles if the patient’s condition permits such 

action. (Note: Handle all such particles as highly radioactive. Handle 
them only with forceps or tongs.)

(c) Notify the local police or civil defence officials.

It should be within the capability of your nuclear medicine department to deal 
with the amount of radioactive material on a patient until contact is made with 
national authorities or a qualified health physicist.
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Annex in

TO: LOCAL AGRICULTURE ORGANIZATIONS

FROM: MINISTRY OF AGRICULTURE

SUBJECT: RE-ENTRY OF A NUCLEAR POWERED SATELLITE

1. INTRODUCTION

Reports indicate that a satellite with a nuclear power source will be re-entering 
the earth’s atmosphere soon. There is a small chance that pieces of the satellite may 
reach the earth’s surface. In this case, there is approximately a 70% chance that the 
debris will fall into the ocean.

Currently, the general area which may be affected by the satellite’s return 
cannot be defined. Most probably the general area of return will be defined only a 
very few hours before impact with the earth’s surface. On the basis of previous 
experience it can be estimated that the debris could be sparsely scattered over 
hundreds of kilometres.

GUIDANCE FOR LOCAL AGRICULTURE ORGANIZATIONS

2. DESCRIPTION OF HAZARD

(Note: Insert Attachment 1.1, fo r  the case o f  a reactor powered satellite, or Attach
ment 1.2, fo r  the case o f  a radioisotope thermoelectric generator.)

3. SUGGESTED ACTIONS

In general, the probability of a hazard to the public from the re-entry is not 
expected to be significant. If the re-entry and subsequent breakup of the reactor and 
satellite occur, some risk might exist to individuals from the particles and fragments 
that reach the earth’s surface.

If the satellite re-enters the earth’s atmosphere, the following actions are 
recommended:

(1) Until notified of an impact in your area, continue your usual activities.

(2) Be prepared to assist civil defence officials and radiation monitoring teams in 
their response activities should satellite debris impact in your area.
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(3) Be prepared to respond to enquiries from the agriculture community.

(4) Report any sighting or finding of debris t o ______________________

The general area of impact will be determined and an initial assessment of the 
situation will be made by national authorities. It is possible that the main area of 
impact will not be known for several hours. Should your area be in the predicted 
impact zone, the following are suggestions you may wish to implement:

(a) Announce that livestock and pets should be brought to shelter and be fed and 
watered from indoor supplies, where feasible.

(b) Advise all persons not to pick up any object which they may have seen impact, 
which is smoking, or which has a somewhat melted or burned appearance. 
Isolate a circle of approximately 50 m radius around any such object identified.

(c) Have anyone injured by such objects or who has come into close contact with 
such objects go to a hospital, preferably one that has a nuclear medicine 
department.

(d) Report any such objects to the local police or civil defence.

45

This publication is no longer valid 
Please see http://www-ns.iaea.org/standards/



Annex IV

GUIDANCE ON APPROACHING DEBRIS

1. INTRODUCTION

Local officials may find it necessary to evaluate the radiation exposure coming 
from debris suspected to originate from the re-entry of a nuclear powered satellite. 
The following information may be useful in conducting such evaluations.

2. GUIDANCE

Radiation monitoring techniques and precautions are identified in Enclosures
1, 2 and 3 to this annex. Before approaching suspected satellite debris, personnel 
should:

(1) Ensure that radiation detection instruments are operating properly.

(2) Ensure that survey team members have personal dosimeters to record total 
doses.

(3) Ensure that survey teams have copies of the Satellite Debris Monitoring Report 
(Enclosure 2) in order to record the radiation readings observed in the vicinity 
of the debris.

When radioactive debris is identified, 1 it is recommended that a perimeter be 
established at a distance where the radiation exposure is 20 jtSv/h at 1 m above the 
ground and that personnel be excluded from inside the area. If radiation levels are 
below 20 /tSv/h, personnel may wish to mark the position of the debris for later 
recovery.

In critical areas where people cannot be excluded, the need for recovery and 
protective actions before advice is received from national authorities should be care
fully weighed against the potentially hazardous exposures to recovery personnel.

Suspect or unknown objects should not be picked up. All suspect objects and 
particles should be handled as if highly radioactive and picked up only with forceps, 
tongs, scoop or shovel.

Lead containers for temporary storage of radioactive debris may be available 
in hospitals, medical centres or research laboratories that routinely use radioactive 
materials.

1 Radiation levels for a radioisotope thermoelectric generator (RTG) would not be 
expected to be much above the background level.
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Sandbags, placed adjacent to or on pieces of radioactive debris, can attenuate 
the radiation level, so that the exclusion perimeter (set up at the 20 /xSv/h radiation 
level) will shrink.

The location of evaluated debris, radiation exposure levels and any recovery 
actions taken by local personnel should be expeditiously reported to national 
authorities.
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Enclosure 1 to Annex IV

RADIATION MONITORING PROCEDURES FOR THE 
CASE OF A REACTOR POWERED SATELLITE

The radiation to be searched for is expected to be ‘mixed fission product’ radia
tion without isotopes of iodine and caesium, which should have volatilized during 
re-entry. Simple radiation detection instruments are appropriate for use in detecting 
and measuring this radiation. Standard precautions should be taken to ensure that 
survey instruments are not contaminated (use of plastic bags, etc.). Geiger-Muller 
instruments may saturate or read zero in fields of radiation exposure in excess of a 
few millisieverts per hour. Because of this instrument trait, it is necessary always 
to use a high range survey meter when conducting an initial survey.

(1) Suggested instrumentation for monitors

Personal dosimeter, low range, 0 -2  mSv

)3-y radiation survey meter, low range, 0-0.5 mSv/h 
in three ranges

y  radiation survey meter, high range, 0-5 Sv/h 
in four ranges

a  survey meter (particularly for an RTG re-entry)

Personal dosimeter, high range, 0-2 Sv

Personal dosimeter charger

Satellite Debris Monitoring Report 
(see Enclosure 2)

Individual dosimeter record

(2) Suggested procedures

(a) Ensure that there are fresh batteries in all instruments and perform an 
operational check.

(b) Charge all dosimeters. Each individual must be wearing a personal 
dosimeter before initiating any radiation work. Make sure the dosimeters 
are fully charged and read zero (or record the initial reading) before 
entering any potential radiation areas.

Technical notes

1 per person 

1 per team

1 per team

1 per team 

1 per person 

1 per team
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(c) Turn on the instrumentation when reaching the area of suspected debris. 
Under no circumstances approach closer than 30 m without turning on 
instrumentation.

(d) If both the jS-7  and the y  instruments read less than 20 /xSv/h, approach 
the source until the 20 jtSv/h point is reached. If  one or both instruments 
read 0.5 mSv/h or more, move away from the source until the 20 /xSv/h 
point is reached. Keep everyone, including the monitors, outside the 
20 jttSv/h line unless advised otherwise by national authorities.

(e) Do not attempt recovery of a radioactive component without specific 
instruction from national authorities.

(f) Record all available data on the attached forms.
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Enclosure 2 to Annex IV 

SATELLITE DEBRIS MONITORING REPORT

Date and time

Name of monitor

Instrument

Debris description (estimate distance from object to 20 jiSv/h line)

Debris location (grid reference, if known)

Property owner’s name, if known

Property owner’s address

Note: On the back of this form indicate the name and address of anyone who has been in 
contact with satellite debris.

Isolate all areas with radiation readings in excess of 20 /iSv/h. Do not enter, or allow 
anyone else to enter, such an area.
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Enclosure 3 to Annex IV

RADIATION MONITORING FOR AN RTG 
POWERED SATELLITE

Should it be necessary to actively search for an RTG module or lightweight 
radioisotope heater unit suspected to be in the vicinity, use of infrared detection 
instrumentation, both airborne and ground based, would be the most effective way 
to search.

The RTG fuel consists of 238Pu in a dioxide form with a specific activity of 
12.6 Ci/g (466 GBq/g). The 238Pu fuel is primarily an a  emitter, with low level 
neutron emissions due to spontaneous fission and (a,n) reactions, and low level y  
emissions associated with radioactive daughter products. State of the art monitoring, 
such as that to be used in the USA in the case of an accident involving the release 
of RTG fuel, would include sampling of air, water and soil for contamination, and 
the use of special field survey instruments such as the ‘fidlers’ which are designed 
to detect the low energy y  radiation component. More commonly available radiation 
detection instruments would have difficulty in detecting any dispersed material. Such 
instruments might only be useful in the case of an intact module or where the 
damaged module debris is localized. It would be unlikely that y  radiation from any 
individual 238Pu particles dispersed following a module impact on rock, with one or 
more fuelled clad failures, would be readily detectable with normal field survey 
instrumentation. Thus, providing any guidance related to radiation levels for use in 
identifying contaminated areas would be unwarranted, except possibly for stating 
that any reading above normal background could indicate possible contamination.

Most importantly, if a module, damaged or undamaged, should be located, an 
exclusion zone of at least 50 m radius should be established. Human activity in that 
zone should be minimized since the process of walking over such a contaminated 
area as part of the contamination survey could pose a hazard' because of potential 
ground contamination and the inhalation of any resuspended particulates. As much 
as possible, individuals should stay out of a potentially contaminated area and wait 
until appropriate monitoring resources are available to properly characterize the 
contamination, if  any.
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Annex V

EXAMPLE CRITERIA FOR PROTECTIVE ACTIONS 
WITH RESPECT TO DIRECT EXPOSURE TO 

WIDELY DISPERSED RADIOACTIVE PARTICLES 
FROM REACTOR POWERED SATELLITES

1. INTRODUCTION

If a reactor powered satellite o f the dispersal type design re-enters the earth’s 
atmosphere, there is a high probability that small particles from the bumup of the 
fuel will be widely dispersed over a large area. 1 In such circumstances, government 
officials will be faced with the unusual situation of determining recommendations for 
protective action on the basis of radiation monitoring readings from these widely 
scattered particles. This situation has been considered previously in planning for the 
re-entry of reactor powered satellites. This annex provides an approach which was 
developed for use in the USA for the re-entry of Cosmos 1900 and which has been 
updated for this publication. The rationale for this guidance is provided so that deci
sion makers can clearly understand the basis for it and make any modification that 
they deem appropriate. Annex VI provides an example of a procedure that imple
ments these criteria. This procedure could be provided to the technical staff and 
government decision makers within a country in order that a consistent standard can 
be applied with respect to taking action to protect the public.

2. GUIDANCE RATIONALE: DERIVED CRITERIA FOR PROTECTIVE 
ACTION FOLLOWING DISINTEGRATION UPON RE-ENTRY OF A 
REACTOR POWERED SATELLITE WITH DEPOSITION OF SMALL 
PARTICULATES

The following provides an example of the calculation of derived intervention 
criteria for the temporary relocation of people from an area contaminated by deposi
tion of fine particulates following the disintegration at re-entry of a satellite-borne 
nuclear reactor. It is assumed that any large, readily identifiable piece of radioactive 
debris that would by itself present an unacceptable hazard has been or will be

1 In the description of monitoring and protective actions regarding widely dispersed 
radioactive particles resulting from the re-entry bumup of reactor type nuclear power systems, 
reliance has been placed on the Cosmos 954 experience, where the focus was on locating 
single, isolated radioactive particles ranging in size from less than 10'2 cm to approximately 
10'1 cm. Smaller, less detectable particles dispersed over larger areas could also be possible, 
and post-re-entry monitoring and protective actions should provide for this possibility.
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promptly removed, and that the particulates lend themselves to individual identifica
tion using a handheld meter, but are not all easily removable. For the purpose of this 
calculation, the intervention level for members of the general population is taken as 
10 mSv (1 rem). Derived criteria for other choices of the intervention level will be 
proportional to those calculated here. The derived criteria are expressed in terms of 
the normalized sum of measured initial exposure rates at 1 m above all point (particu
late) sources in an area chosen large enough to provide a statistically useful result. 
The isotopic mix of deposited radioactivity is assumed to be the same as that 
observed for particulates on land following the re-entry and disintegration of the 
reactor in Cosmos 954.

(1) Estimate the average exposure rate in the affected area, £ ;(av), from a single 
particle i with a measured exposure rate £ ,(1) at a point 1 m directly above it. 
Assume members of the public will be located at a random distance, on average, 
from the particle, and therefore calculate the average exposure for persons who move 
with equal probability to all locations within a circular area of radius r0 centred on 
the particle. The radius r0 is taken to be that for a circle of 1 km2 area. This is 
chosen as a conservative representation of the area over which a member of the 
public may move. (It can be shown that the average exposure is relatively insensitive 
to this assumption for contaminated areas that are large compared with -ktq.) The 
average exposure rate in the area from the particle i may be calculated as:

where Et(\)A(r)r~2 is the attenuated y  exposure rate as a function of distance r  from 
the point source. For simplicity, we assume A(r) =  1 for r <  r0 and A(r) =  0 
for r > r0. The integration is commenced at a distance of 1 m in order to avoid the 
singularity at the origin; the second term expresses the small contribution to the 
average exposure from the area within 1 m radius in terms of the directly measured 
value, £ ,(1). Next, assume that particles are randomly distributed over the entire 
area, with the normalized sum, per unit area, of measured exposure from particles 
at 1 m height denoted as £,,(1). The average exposure rate over the entire area of 
integration, £(av), can now be approximated as:

E (av) =  4.7 X  10-5£„(l)Trrg =  47E„(1)

(2) Calculate the projected dose, integrated over the period of time that interven
tion continues, and express it as the ratio of the projected effective dose equivalent

Ei (av) = =  4.7 X  10~sE i(l)
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to be avoided by the intervention to the initial exposure rate (taken as that at the time 
of deposition of radionuclides on the ground surface at the time of re-entry). For the 
purpose of this calculation, intervention is assumed to continue for one week. Decay 
characteristics of the deposited radioactivity are based on the inventory of radionu
clides in particulates from Cosmos 954 [V -l].

The projected effective dose for a one week exposure was calculated using the 
procedures described in Chapter 7 of the US Environmental Protection Agency 
Manual of Protective-Action Guides and Protective Actions for Nuclear Incidents 
[V-2]. This calculation yields a ratio of 107 mSv per mGy/h at re-entry, for an 
assumed one week period of exposure.

(3) The sum of initial exposure rates at a distance of 1 m for each of the particles 
located in an appropriate sample of the contaminated area, divided by the sample 
area, can now be used to determine the projected dose over the assumed one week 
period for which intervention is being contemplated. The relation between effective 
dose over one week and the normalized sum of initial exposure rates at 1 m is the 
product of the ratio from step (1) and the ratio calculated in step (2):

47 mGy/h (av) 107 mSv _  5000 mSv
X

m Gy-h 1 -m 2 (point) mGy/h (av) m Gy-h 1 -m 2 (point)

(4) The derived criterion for intervention at 10 mSv (1 rem), expressed as the 
quotient of the sum of measured initial exposure rates (at 1 m) for single particles 
and the area in which they are found, is therefore:

m G y-h"1-m '2 (point) ^ , _i _■>
10 mSv X ------------------------------  =  0.002 m Gy-h -m

5000 mSv

That is, the criterion 0.002 mGy -IT1 -m“2 (0.2 m rad-h-1 -m~2) corresponds to 
an intervention level of 10 mSv (1 rem).

(5) The decision criteria in the example guidance are based on the assumption that 
voluntary restriction of outdoor activities is appropriate at doses down to one tenth 
the above intervention level for temporary relocation, and that persons at higher risk 
from relocation should not be moved until a five times higher dose is reached, in 
accordance with US recommendations for other radiological emergency situations.

REFERENCES

[V-l] TRACY, B.L., PRANTL, F.A., QUINN, J.M., Health Impact of Radioactive Debris 
from the Satellite Cosmos 954, Health Phys. 47 (1984) 225.

[V-2] US ENVIRONMENTAL PROTECTION AGENCY, Manual of Protective-Action 
Guides and Protective Actions for Nuclear Incidents, Rep. EPA-400/R-92/001, 
Office of Radiation Programs, Washington, DC (1991).
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Annex VI

EXAMPLE GUIDANCE ON 
DECISION CRITERIA FOR PROTECTIVE ACTIONS 

WITH RESPECT TO DIRECT EXPOSURE TO 
WIDELY DISPERSED RADIOACTIVE PARTICLES

Deposited material from the re-entry of a dispersal type reactor can include 
widely scattered small particles with exposure rates in the range 100-1000 /zGy/h 
at 1 m from each particle and an average exposure rate of about 300 ftGy/h at 1 m. 
It could be expected that particles may be scattered to such an extent that protective 
actions, other than cleanup of larger debris, may not be needed.

To confirm that no protective actions beyond cleanup of debris are required, 
it is necessary to determine the average exposure rate. Because the exposure rate 
varies greatly depending on the distance from a particle, special procedures are 
necessary to determine the average exposure rate in an area of widely dispersed 
radioactive particles.

(1) Decision criteria: Recommendations for protective actions are based on the 
assumption that exposures would be delivered over a period of one week. To 
determine the appropriate protective action, compare the value of En from 
step (4) below with the following decision criteria:

E„ (/iG y-h-1 -m “2) Protective action

Less than 0.2 No restrictions; locate and clean up particles

0.2  to 2.0 Restrict outdoor activities until particles are 
cleaned up

Greater than 2.0 Except for those who would be placed at high risk 
by evacuation, evacuate the general public until 
particles are cleaned up

Greater than 10.0 Evacuate the general public, including those who 
would be placed at high risk by evacuation, until 
particles are cleaned up

(2) Locate and measure: Locate and measure the exposure rate at 1 m above each 
particle in a contiguous area and maintain a sum of all these values (Es).
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Monitoring passes at intervals of 2 m should be adequate for locating the parti
cles. Wider intervals would be acceptable with more sensitive instruments such 
as micro-R meters. Measurements of at least 25 particles are usually necessary 
to provide adequate statistical significance. (However, see step (5) for the 
maximum search area required for widely dispersed particles.)

(3) Measure the area: Determine the size of the area (A) in square metres (m2) 
where the particles were located.

(4) Calculate: Divide Es (step (2)) by A  (step (3)) to determine En (fxGy • h '1 -m-2).

(5) Determine the maximum search area necessary: If the particles are widely 
dispersed, it may not be necessary to continue to search until 25 particles have 
been found. The size of the search area required to yield reasonable confidence 
that a particular decision level will not be exceeded is directly proportional to 
the average exposure rate from the particles and inversely proportional to the 
decision level. The maximum area required may be calculated as follows:

(a) Estimate the average exposure rate in /xGy/h at 1 m (EA) associated with 
particles in the area.

(b) To determine the maximum search area, divide the estimated average 
exposure rate (EA) by En and multiply by 6. (See step (1) above for deci
sion criteria.) For example, if the average exposure rate from particles 
is 300 juGy/h at 1 m, and E„ is 0.2, the maximum search area required 
is 9000 m 2.
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Annex VII

GUIDANCE ON ESTABLISHMENT OF SCREENING CENTRES 
FOLLOWING RE-ENTRY

1. INTRODUCTION

Local officials may find it necessary to establish centres for screening people 
for radioactive material. The following information may be useful in planning such 
centres. This guidance is based upon experience with the debris created by the re
entry of an NPS in 1978.

2. GUIDANCE

Personnel: Screening should be conducted by personnel experienced in the relevant 
procedures or under the supervision of a qualified individual.

Contamination limits: A practical criterion for confirming the presence of contami
nation is a measurement of 1 /xSv/h or more above the background level. This can 
be determined with an open window, low range Geiger-Miiller survey meter.

Monitoring: A worker can process about thirty persons per hour using a handheld 
survey instrument. Portal monitors, if available, permit faster screening.

Decontamination: If contamination consists only of particulates, as assumed, decon
tamination of clothing may be accomplished with forceps or adhesive tape. For 
sources on the skin surface, adhesive tape should be used to avoid abrasion. Shower
ing is not necessarily indicated, but rinsing may be appropriate.

Wastewater: Wastewater should be directed into a large sanitary sewage system.

Transport: In order to avoid transfer of particles, vehicles bringing persons to the 
screening stations from areas of risk should not be employed for return trips or other 
purposes until the interiors have been surveyed. If resources permit, surveying the 
exteriors should be considered.

Records: Information should be recorded which identifies each decontaminated 
individual, the location of each particle on the body, its estimated size and source 
strength, and the date and time of the procedure. These records should be provided 
to __________________________  as soon as possible.
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Annex VIII

GUIDANCE CONCERNING FOOD USE FOLLOWING RE-ENTRY

1. INTRODUCTION

The following guidance is provided for use by local officials within a zone 
affected by debris from an NPS. The guidance is based upon experience with the 
debris created by the re-entry of an NPS in 1978. It is recommended that this 
guidance be observed during the initial hours or days until the nature and extent of 
the debris are determined.

2. HAZARD

Experience with the 1978 satellite re-entry showed that the small radioactive 
particles are the debris of concern with respect to foods. In that event the small radio
active particles fell over a wide area but were sparsely distributed within that area.

The number of individuals likely to encounter the small particles cannot be 
predicted, but such occurrences would be expected to be random and infrequent. 
However, radiation risk to an individual may result from the ingestion of one of the 
small radioactive particles in food.

3. GUIDANCE

The following guidance concerning food use is provided for the period from 
re-entry until the nature and extent of the debris are determined:

(1) Advise the public that packaged foods are safe to eat, as are fresh foods such 
as fruits and vegetables if they were covered or otherwise sheltered from the 
debris.

(2) Advise the public to refrain from consuming crops grown in open fields or 
gardens until further guidance has been provided.
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Annex IX

GUIDANCE CONCERNING WATER USE FOLLOWING RE-ENTRY

1. INTRODUCTION

The following guidance is provided for use by local officials within a zone 
affected by debris from an NPS. The guidance is based upon experience with the 
debris created by the re-entry of an NPS in 1978. It is recommended that this 
guidance be observed during the initial hours or days until the nature and extent of 
the debris are determined.

2. HAZARD

In the case of the 1978 satellite re-entry, the small radioactive particles fell 
over a wide area but were sparsely distributed within that area. On this basis, the 
number of individuals likely to encounter the small particles cannot be predicted, but 
such occurrences would be expected to be random and infrequent. However, radia
tion risk to an individual would result from the ingestion of one of the small radioac
tive particles in water.

3. GUIDANCE

The following guidance concerning water use is provided for the period from 
re-entry until the nature and extent of the debris are determined:

(1) Advise the public to avoid the use of rainwater collected during or after the 
impact for drinking or cooking, until monitoring confirms that such sources are 
acceptable.

(2) Restrictions on other sources should not be necessary.
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