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1. GENERAL OBSERVATIONS ON SPACE POWER

Space power is an offshoot of ground-based power technology but it has a number
of characteristic features which we will discuss below. At this point it is appropriate to
comment on the general features of any power system such as devices for satisfying
appropriate needs for different kinds of power (electrical, mechanical, thermal, etc.). We
can cite many examples beginning with early steam machinery and ending with complex
atomic electric stations. It is important here to emphasize something else. Power has
always proven to be and will always prove to be a decisive factor in determining system
characteristics and capabilities. Moreover, power exerts a revolutionary influence on the
development of the means for which it is intended. Here are just a few characteristic
examples. Conventional aerospace power technology came at the end of the 1940s to a
dead end. Piston engines, although modernized, could not bring propeller aircraft even
close to the speed of sound. The advent of jet engines by the beginning of the fifties
allowed jet aircraft to approach the sound barrier and then transition to supersonic flight
speeds.

Another example is the submarine fleet. Submarines with powerful diesel engines
were always limited in the duration of submerged voyages. The situation rapidly changed
with the development of powerful atomic steam turbine installations. Atomic powered
undersea voyages became practically unlimited in duration.

The last example is in the space power area. All space systems to date are used
principally for gathering information. The information is transmitted to earth (and in some
cases into space) by way of weak electrical signals. They contain what we need to know;
i.e. meteorological, navigational and other kinds of data. However, the advent of new and
more efficient sources of power and principally of new converters of primary energy into
electromagnetic radiation with a high energy density beam will turn the space vehicle from
one of information to one of power. It will then be capable of long distance transmission
of large amounts of energy that is far from in the nature of information.

The examples presented illustrate general characteristics of power. However,
space power has its own specific characteristics. We need to discuss these, if only briefly.
First of all, there are the conditions to which any space system, and, consequently, its
power equipment, are subjected. These conditions are very well known: deep vacuum,
weightlessness, space environmental factors (radiation of various kinds, flows of
elementary and microparticles, radiation belts, and so on). Before proceeding with a
summary of specific space power characteristics, we need to define terms in the area to be
considered.

To begin with, all on-board systems of a space vehicle can be divided
conventionally into two large groups: special purpose and support. The first group
involves the accomplishment of specific tasks and it requires the supply of different forms
of energy. The second group makes sure that this energy is provided. It includes thermal
control systems, command and control, and electrical supply systems. Life support
systems must be added to a manned space vehicle. The purpose of the electrical supply
system is obvious. The thermal control system provides the temperatures needed by
different on-board users. Command and control includes low thrust rocket engines
(sometimes also electric thrusters). The purpose of these systems is to make sure that a
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variety of space vehicle maneuvers can be accomplished in space, in particular, orbit
correction, stabilization, orientation, etc. Later on we will examine the principles of an
electrical supply system with nuclear sources of primary power, and in general the thermal
control system which constitutes in part the equipment for rejecting heat to the external
medium. The electrical control system includes not only sources of electrical power (these
we call energy sources), but also different current converters and devices for stabilization,
regulation and control. However, the central position in any electrical control system is
occupied by the energy source. The power plant is the sum total of the source of primary
energy, the conversion of this energy to electric energy, and finally the equipment for
rejecting waste heat into space.

The purpose of any energy source to generate electrical power in response to a
specific schedule. In the more general case, the make-up of the energy source may include
piping systems with heat transfer fluids, pumps and other smaller components. Since our
main attention later on will be paid to thermal nuclear power plants, we present their
general schematic (Fig. 1.1). We note that the schematic is characteristic of any thermal
power plant for stationary or transport purposes.

Now that we have provided a general definition of items in space power, it is wise
to examine general requirements placed on them from the standpoint of the system
mission.

1.1. Basic Aspects of Energy Expenditure in Space

The accomplishment of any task in space involves different ways of expending
energy. The basic expenditures are electrical, thermal and mechanical energies. It is
convenient to separate the expenditure of electrical energy and the demand it places on the
electrical supply system into two independent groups by assigning to them the following
principal requirements:

The first class of use is for spacecraft data processing. All spacecraft electronics
produce heat in addition to their intended function as processing devices. Under ground-
based conditions this situation does not cause any complications. This can, however,
become a serious problem in space. Heat rejection can only occur by radiation to space in
this situation. At low temperatures, very large radiators are required. There are,
therefore, limitations on how much electrical power can be made available to satisfy the
needs of the given group. In summarizing numerous studies in this area, we find that
power requirements will probably be limited to around 30-50 kW and almost certainly less
than 100 kW, at least for the foreseeable future.

The second group of users of electrical energy consists of equipment in which the
greater part of the expended energy leaves the space vehicle. Typical examples are
electric thrusters. In such engines (at their best performance level) up to 70 - 80% of the
required electrical energy is transformed into kinetic energy of the working fluid flow
which develops reactive thrust. Here there are virtually no limitations on electrical power
requirements. Numbers in the hundreds of kilowatts and even tens of megawatts (such as
in engine assemblies in Mars vehicle designs) are mentioned in the literature.

The expenditure of thermal energy generally involves heating of appropriate space
vehicle compartments. Such an expenditure to room temperature levels is referred to as a
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heating expenditure. However, if one has in mind the need to secure substantially lower
temperatures all the way to cryogenic temperatures, then we do not talk about heating
expenditures but about refrigeration expenditures. Such expenditures require the use of
special refrigeration units. These units need also to consume electrical energy. The "cost"
of the cooling done can, therefore, be quite high.

Finally, we have mechanical energy expenditures. Again in the general case, we
can talk about the operation of some mechanical device (control equipment, control units
of aerospace planes, etc.). However, the main form of mechanical energy expenditure
involves that expended in accomplishing a variety of space vehicle maneuvers in the space
environment. These expenditures are none other than flows of fuel (working fluid)
through different kinds of engine units. The magnitude of the required flow is easily
established from the Tsiolkovskiy equation. It results from the need to maintain
characteristic velocities and may be responsible for a significant fraction of the launch
weight of the space vehicle.

In our discussion we have been talking about average power requirements. Actual
energy needs during one orbit around the earth are clearly marked by nonuniformities. In
order to illustrate this, we present in qualitative form a load graph, i.e., a function in the
form shown in Figure 1.2. As can be seen, the maximum power may significantly exceed
the average requirement during a single orbit.

Such is the general view of energy expenditures in space. On-board power is
required to satisfy them. As we have noted, our principal attention will be focused on the
energy supply. Next, we present a retrospective overview of possible sources and convert-
ers of energy that make up an energy source.

1.2. Brief Characteristics of Primary Energy Sources.

Let's turn to the schematic in Fig. 1.1 which illustrates the basic components of any
power plant. The first one is the source of primary energy. Such a source came from
several classes which we will divide into two groups: on-board and external. On-board
sources include mechanical, thermal, chemical and nuclear sources. Mechanical sources
may be compressed gases, springs and flywheels and others. A feature that distinguishes
mechanical sources is the extremely low values of stored specific energy (i.e., energy per
unit mass of the source). Practical considerations limit this to 20 to 60 w/kg. This
mechanical energy can easily and virtually without loss be transformed into electrical
energy. An example is winding down a previously spun up flywheel with an electric
generator. Such a system could be of interest in providing short duration maximum (peak)
power. Here and later on we should keep in mind that the energy requirement for one
revolution or orbit around the earth is clearly nonuniform. In addition to some constant
power requirement, the need for peak power is encountered, although of short duration,
that will exceed by several times the average requirement.

The simplest primary sources of thermal energy are different kinds of thermal
energy storage devices. They work by melting and freezing appropriate substances.

Chemical sources of primary energy are found on board the space vehicle as stored
(in principle, periodically replenished) fuel components. Their energy can be utilized in
different ways. In short, these are the combustion reaction with the liberation of heat and
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the "cold" combustion reaction during which the chemical energy is converted directly into
electrical.

Hydrogen-oxygen sources are most widely used in space power. Their energy
capacity reaches hundreds to thousands of w/kg.

Nuclear sources of primary energy have a significantly greater energy capacity.
The effects of different nuclear processes (reactions) can be used in liberating the
following kinds of energies:

a. Mechanical, for example, by focusing the fission fragments being produced and
in this manner develop reactive forces. The escape velocity of such a "working fluid" from
these unique rocket engines may reach 107 cm/sec and higher. However, we have not
found a practical application for such engines.

b. Electrical, by applying different electrical potentials during scattering from the
reaction zone of oppositely charged elementary particles (for example, o particles and 8
particles). The difference in potentials can reach tens of kV. Atomic batteries are created
in the laboratory based on this principle. However, in view of the low current density, the
power of such atomic batteries does not exceed milliwatts, and the value of their practical
use in space power has not been demonstrated.

c.. Thermal, due to the slowing down of fission fragments which at the instant of
formation have colossal kinetic energies. This is the fundamental way in which nuclear
energy produced in both fission reactors and radioisotope generators is used. The
magnitude of the liberated energy lies in the range of tens of kilowatts per kilogram (in
radioisotope generators) to millions of kilowatts per kilogram (in fission reactors).

Solar energy falls in the external source of primary energy category. The chief
characteristic of solar radiation is its spectral composition, i.e., the distribution of radiation
density as a function of the wavelengths that make up the spectrum (Fig. 1.3).

The total density of solar radiation, called the solar constant, is determined from
the formula

® :
Es=] 5(—? dx (1.1
o 4mr

where Eg()) is the total amount of energy radiated by the sun at a wavelength A, and r is
the distance away from the sun. Its magnitude is characterized by the distance from the
sun and at the limits of the earth's atmosphere it is about 1360 W/m?2. We note in passing
that close to Mars the solar constant is about 680 W/m2, and at Venus 2000 W/m?.

Only the portion of the solar spectrum in the visible wavelength range (from 0.1 to
1.1 - 1.3 microns) is of practical use. Solar radiation as a primary source of energy is
characterized by the following:

a. It is practically inexhaustible;

b. It is ecologically pure;
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c. It may be converted to many forms of energy.

The latter requires explanation. First, it is possible to obtain heat by in solar
concentrator systems. Second, successes in the science and technology of semiconductor
materials have allowed the development of efficient photoelectric converters of light
energy into electrical. That is accomplished in solar cells. Third, it is possible also to use
solar radiation in the direct production of thrust forces in the so-called photon engines
("solar sails"). Fourth, it is even possible to consider the direct conversion of solar energy
to laser radiation, according recent studies.

These characteristics of solar radiation make it of great value in space power not
only currently but also over the long term. For these reasons, solar radiation is a serious
competitor with nuclear sources of energy. Thus, solar power must certainly be
considered for any space power system.

In addition to solar radiation, there are different kinds of external flows such as
cosmic radiation, magnetic fields of the Earth and of other planets, etc. Today it is also
possible to consider remote transmission of energy via microwaves or laser beams.

1.3. Brief Characteristics of Energy Converters.

Processes of conversion of energy are accomplished in all on-board systems of the
spacecraft for both special purposes and support. Below, we will briefly examine these
processes with application to the energy source and only partially to the thermal control
system by keeping in mind the conversion of heat at different temperature levels into
thermal radiation to the surrounding medium.

Converters of primary energy that make up any energy source are divided into two
groups: mechanical and direct converters. The first one is characterized by the fact that
the primary (basically, thermal) energy is first transformed into mechanical energy mainly
in devices operating within a closed gas (Brayton cycle) or a vapor (Rankine cycle) loop.
Mechanical energy generated by gas or vapor turbines is converted into electrical energy
by an electric generator. There are practically no losses in this process.

There are also other kinds of mechanical converters, for example, the well-known
Stirling engine which is theoretically the most efficient of the mechanical converters.
However, because this book is devoted primarily to nuclear energy sources with direct
conversion of heat, we must discuss these especially in greater detail.

We can start by examining the principle of operation of direct converters of heat,
chemical and solar energy. We will begin with the thermoelectric converter, using in our
analysis a single thermoelement (Fig. 1.4), consisting of two semiconductors. The
working process of the thermoelement is based on three thermoelectric effects: Seebeck,
Peltier and Thompson. In a simplified examination of the principle of operation of the
thermoelement (more detail on the operation of the thermoelectric converter will be
provided later), it is sufficient to consider only the first effect. Essentially, when two
semiconductors are joined, an electric current will arise when one of the junctions is
heated and the other is cooled. When the circuit is interrupted by a gap, a difference
potential (voltage) will exist across the gap. This is referred to as an electromotive force
or thermal emf Hence, when a temperature gradient exists along both semiconductors, a
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movement of charges (electrons) from the part with the higher temperature to the part
with the lower temperature will begin. The electrical field that arises tries to reverse the
electron flow, but since a temperature difference exists along the conductor, the
concentration of electrons at the cold section will be higher than at the hot section. Since
we agreed to consider only semiconductors, at any location (cross-section) of the column
which they make up we will observe a difference in the concentration of electrons, which
causes a thermal emf. If we now include in the circuit some load with a resistance R, an
electric current I and a voltage V will be observed in the circuit. As a consequence,
electrical work, I2R, will be done.

Another direct converter of heat is the thermionic converter. Its operating process
is based on the well-known thermionic effect, the emission of electrons by heated metals.
It is not difficult to make such a diode. When there is a temperature differential between
its electrodes (Fig. 1.5), in the one that is emitting electrons (the cathode, emitter) an
electrical insufficiency (positive volume charge) will be created, and in the other (the
anode, collector), a negative volume charge will accumulate. If such a diode is included in
a circuit with a load R, a potential difference, or emf, will be observed across the open
electrodes, and when they are closed, some voltage V and current I. The electrical power
generated by such a diode will be equal to I2R.

It is useful to make an analogy between a thermionic converter and any heat
engine. In effect, at one of the electrodes heat is being conducted at a high temperature
Te and at the other it is being extracted at a lower temperature Tg. The difference between
the conducted and extracted heat is, without accounting for losses, transformation to
useful work. The working fluid of such a heat engine is an electron gas.

Fuel cells, another kind of direct energy converter, does not use heat but chemical
energy to produce electrical energy. Power plants on this basis provided power from
electrochemical generators in carrying out the "Apollo" lunar program and are used
aboard the Space Shuttle Orbiter. The fuel cell also has two electrodes separated by some
gap (electrolyte, ion membrane). A fuel is fed to one of the electrodes (Fig. 1.6). Owing
to the catalytic properties of the electrode material, breaking of the chemical bond
between the molecule and the atoms of the fuel occurs with the formation of positive ions
of the fuel and free electrons. Ions migrate into the interelectrode gap, but the electrons
remain at the electrode giving it a negative volume charge (the electrode becomes the
anode). At the other electrode to which an oxidizer is fed, the process is similar.
However, when the chemical bond of the molecule and the atoms of the oxidizer 1s
broken, a combination occurs with the electrons from the electrode material with the
simultaneous formation of negative oxidizer ions. This electrode takes on a positive charge
and becomes a cathode. A potential difference is established between the cathode and the
anode, the emf of the fuel cell. When the external (electron current) and the internal (ion
current) circuits are closed, normal operation of the fuel cell begins with the development
of useful work, I2R, and the formation of reaction products by the interaction of positive
ions of the fuel and negative ions of the oxidizer.

We observe that the working processes in fuel cells are similar to the working
processes in thermionic converters of heat.

Last among the direct converters is the photoelectric converter, or solar cell which
converts energy in the form of light into electrical energy. As shown in Fig. 1.7, it consists
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of a diode (photodiode) with different properties that make up its electrodes. The
partition between the electrodes behaves like a valve, i.e., it has the ability to let electrical
charges pass freely through in one direction and to obstruct their movement in the other.
As the result of absorption of solar radiation, additional charge carriers are formed (the
well-known photoelectric effect). However, as the result of the valve properties of the
layer bounding the diode, one part of the diode is negatively charged (a surplus quantity of
electrons), and the other is positively charged (an insufficient quantity of electrons
compared with the first one). Thus, a difference potential is created, the photoelectric emf,
and by closing the circuit, an electric current I will flow in it doing useful work, IR

At this point we could complete our consideration of the general principles of
converters of primary energy into electrical. However, we want to mention still another,
magnetohydrodynamic or MHD generators. A number of designs of such converters with
nuclear sources are known, including also for space power. The essence of operation of
the MHD converter is based on a well-known principle from electrical engineering.
During the flow of a conducting fluid through a magnetic field, an electric current will
arise in it. In this case, the conducting fluid is a plasma of any substance (liquid, gas), and
its motion depends on purely gasdynamic properties, the conversion of potential (thermal)
energy into kinetic energy. A simple schematic of an MHD converter is shown in Fig. 1.8.

For a variety of reasons (complex design requirements, the need to operate at high
temperatures, etc.), such designs have not found practical application in space power. The
reader may wish to consider the question: should such converters be classified as direct or
indirect converters of thermal energy into electrical energy?

One should also consider thermal radiators that are not part of the primary power
plant. To the number of energy converters on board the spacecraft one should also add
thermal radiators (cooler-radiators) that are not used in primary energy power plants. A
separate chapter in this book is devoted to their working processes.

The existence of all these possible sources and converters of primary energy make
it possible to define an exceptionally broad spectrum of different classes and kinds of
power plants.

1.4. Nuclear Power in Space: State of the Art and Prospects for the Development of
Space Nuclear Power Plants.

The preceding sections provided a retrospective review of the principles of
operation of different classes of space power plants. Many have found practical
application (albeit not to the same degree), or offer significant promise for future use.
Space nuclear power plants have also been mentioned briefly. However, specialists in a
number of countries currently do not have a well-defined answer to the question of their
use in space.

At the present time, a wealth of experience has been accumulated in the operation
of nuclear power plants for both stationary and mobile applications. Unfortunately, while
positive and highly acclaimed results have been achieved, some extremely negative events
have also come about, at times tragic (for example, the Chernobyl atomic electric power
station catastrophe in 1986).
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Much anxiety developed throughout the world as a result of the accident on the
Soviet space satellite "Cosmos-947" with its nuclear power plant. As is well known, this
satellite fell in an uncontrolled manner through the dense layers of the atmosphere and
certain components, including its nuclear reactor, impacted in the territory of Canada.
Fortunately, dangerous consequences related to nuclear radiation were apparently
avoided. Nevertheless, considerable doubt has arisen in scientific circles regarding the
future use of nuclear power in space. In this connection, it is especially important to
acquire detailed assessments of all aspects of the application, design and development of
power plants with nuclear energy sources.

By correlating more than 30 years of experience in using nuclear power plants for
different purposes in order to assess the future of nuclear power in general and in space in
particular, we can with reasonable certainty single out three basic criteria for justifying the
appropriateness in designing and developing power systems with nuclear energy sources

for any purpose:

1) Nuclear energy must result in fundamental changes in the characteristics and
nature of applications for which the use of nuclear energy is proposed. The importance of
these changes must extend into military, political and economic spheres in the activities of
humankind and must be supported at the highest government levels.

2) These fundamental, cardinal changes in these applications can come about only
through the use of nuclear energy sources. Alternatives to their use must not exist.

3) The operation of any system with a nuclear energy source through its entire life
cycle (including the burial of nuclear waste) must pose no danger or harm whatsoever to

the earth's population.

Let's briefly examine the prospects for the development and use of space nuclear
power in light of the above criteria.

We will not touch upon military-political goals although we could probably come
up with some very convincing arguments (for example, the need for unlimited submerged
travel of nuclear missile submarines). Regarding the first condition, let's turn our attention
to economic and scientific objectives. Diminishing organic fuel reserves and the enormous
difficulties in accessing them in remote regions (the Chukot region, the Far North, Alaska)
and sharp (factors of 10) increases in cost make the development of nuclear power plants
a national issue. Moreover, under these conditions the value of such power plants is
increasing so much that they will permit new solutions to many economic problems.

A second example, which is illustrative of the first condition for the expedient
development of nuclear power plants, pertains to space. At the present time and as the
result of scientific and technical progress, the growing earth population increases the need
for expanding communication and information links in all areas of life: commerce,
education, medical services etc. Such services can be provided in a variety of ways:

a. By information exchange through new kinds of data links (video telephone, fax
transmissions, electronic mail, etc.);
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b. By global exchanges of computer software;

c. By monitoring and observing the movement of transport vehicles (aircraft,
ships, and automobiles);

d. By supplying radar maps of the earth surface on request, etc.

All areas will experience an increase in the size of the territories served, an
increasing number of subscribers and increasing exchange activities.

These needs can only be satisfied through the use of information systems in space.
This can be accomplished only by increasing the strength of the signal used by the
communications links. This, in turn, requires that the electrical power produced by the
space vehicle be increased up to 20-30 kW and higher (possibly up to 100 kW in order to
accomplish the radar mapping task). Power plants with nuclear energy sources are not
only recommended in providing such power outputs, they are the only ones possible.
There is still another advantage in using nuclear power plants in placing the
"communications" satellites mentioned above in orbit. We know, for example, that the
size of the payload placed in a geostationary orbit by using electric thrusters powered by a
nuclear power supply will be significantly larger than that placed in the same orbit using
liquid rocket engines.

A task of a special scientific nature, reflecting the realization of mankind's long
dream, is the planned flight of a manned vehicle to Mars during the first quarter of the
next century. Considerable research on a Mars vehicle and its power systems has been
conducted during the past decades. A unique conclusion that can be drawn from these
studies is that there is virtually no alternative to primary nuclear energy sources in
supplying the entire range of energy for all stages of the flight. This, moreover, satisfies
the second criterion for the development of nuclear power systems.

Numerous examples are appropriate here (recall again the comparison of atomic
marine installations versus diesel generators for submarines). We will discuss only one.
We know that radar mapping surveys of the earth surface are best accomplished from
altitudes of 220-240 km. The electrical power requirement for radar mapping is in this
case about 3 kW. Of course, such power levels can be satisfied in three different ways: by
power plants that burn organic fuels (that is to say, hydrogen-oxygen fuel cells), solar cells
and, finally, nuclear power plants. Note that when solar cells are used, thrusters will be
needed in order to compensate for the aerodynamic drag of the solar cell panels. This
drag can be substantial at the stated altitudes. Let's evaluate the time of active operation
of such a spacecraft for each of the three classes of power plants. Turn to Table 1-1 and
assume that the relative mass of the power and thruster system of the given spacecraft will
not exceed 30% and that the mass of the spacecraft is less than 5 metric tons.
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Table 1-1. Power System Mass Fraction

Operating | Fuel Cells Photovoltaic Nuclear Power
Time, days Arrays
10 ] 0.072 0.084 | 0.20-0.22
30(0.216 0.132 | 0.20-0.22
100 | 0.72 0.30 | 0.20-0.22
360 | >1 >1 ] 0.20-0.22

It is clear that beyond 100 days of active operation of the spacecraft there are no
alternatives to nuclear energy sources.

Let's briefly discuss the third condition for the utility in developing and using
nuclear power plants: the assurance of nuclear and radiation safety of nuclear power plants
during their entire life cycle. A number of subsequent sections in this book are devoted to
this important problem. Here we will only mention that even during the malfunctioning of
"Cosmos-954" and "Cosmos-1900,” no serious radiation consequences resulted. This
holds true for the impact of satellite components from "Cosmos-954" in Canada and for
the emergency transfer of "Cosmos-1900" into a radiation safe orbit. To this should be
added the development of modern methods for providing nuclear and radiation safety of
existing nuclear power plants (for example, Topaz) as well as of those planned in the
future. We will discuss this more later.

Generally speaking, one can conclude that all the necessary conditions exist for the
design and development of space nuclear power plants for a variety of applications,
including lunar base. In addition, their role will inevitably increase as the number and
complexity of space missions increase, including flights to the planets in the solar system.

It is now appropriate to discuss some historical aspects of the origin and modern
development of space nuclear power.

These questions arose in the world immediately after the first launches of Sputnik
and manned space vehicles as the 50's ended and the 60's began. These questions were
also widely discussed in the USSR. Thus, during the mid 1960's numerous discussions
were held in these areas at the Kurchatov Institute of Atomic Energy (IAE), at the
Institute of Physical Power Engineering (IPPE) in Obninsk, and at various scientific and
industrial organizations. The first All-Union scientific-technical conferences on problems
of space power in 1963 - 1967 were held at the A. F. Mozhaiskiy Military Engineering
Institute with the participation of prominent scientists and specialists from industry.
Among the important decisions taken at these conferences, one should single out the
thesis that the advent of new and more effective sources and converters of energy would
open mainly new avenues to the use of cosmic space for a variety of purposes. The
present has substantiated this prognosis. Currently, there are a number of competing
projects for remote transmission of energy from space to satisfy a variety of requirements
in space as well as on Earth. Other and still more practical results related to nuclear
power have been obtained from the preferential development of nuclear power plants with
direct conversion (thermoelectric and thermionic) of thermal energy into electrical. At the
same time, in the USA preference has been given to the development of mechanical
conversion using vapor and gas cycles. However, further design development and testing
of individual components under test stand conditions have not taken place. In the Soviet
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Union, on the other hand, specific power plant models with direct converters were
developed, a number of which have repeatedly completed successful operation in space.

Variants of nuclear energy sources with thermoelectric conversion of thermal
energy began to be studied in our country during the early 1960's. One of the first
installations of this type was the "Romashka" facility, which was developed at the
Kurchatov Institute of Atomic Energy (IAE). It was a high temperature fast reactor. High
temperature fuel elements of dicarbide uranium with a 90% enrichment enclosed in
graphite cartridges were used in the reactor. The reflector was made of metallic beryllium.
The unused heat was radiated to the surrounding space from a finned radiator. The
installation was brought to a calculated power of ~ 0.5 kW and successfully operated
under test stand conditions for 15,000 hours. During this same time period, the SNAP-
10A reactor was developed in the USA from the SNAP-2 reactor and it was tested in
space for 40 days. However, thereafter work on the development of direct energy
conversion came practically to a standstill. Further development in the USSR of nuclear
energy sources with thermoelectric converters led to the development of installations with
comparatively low powers (kilowatt level), which saw practical use in space and which did
not lead to breaches in radiation safety (despite the well-known space objects, "Cosmos-
954" and "Cosmos-1900").

The second direction in the area of nuclear energy sources with direct energy
conversion was the use of the well-known phenomenon of thermionic emission.

One of the basic designs of a nuclear thermionic installation is the design with
reactor-converters (Fig. 1.9), in which thermionic fuel elements (TFEs) are built into the
reactor so as to create a single unit that generates heat and transforms that heat into
electrical energy. Work on a nuclear energy source with single and multielement
thermionic energy converters was conducted within the framework of the Topaz program
and concentrated on the development of reactor-converters with cylindrical thermionic
electrical generating channels. The work was done together with specialists from IAE,
IPPE, NPO "Red Star,” Central Design Bureau of Machine Building, now referred to as
NPO Energiya) and other organizations. This joint development work on the nuclear
energy source in the Topaz program led to a space demonstration.

Some parametric data on the Topaz-II unit and prospects for its development are
shown in Tables 1-2 and 1-3.

Table 1-2. Topaz-2 Characteristics.

Electrical Power, kW 6
Thermal Power, kW 135
Output Voltage, v 28-30
Minimum Life, years 3
Mass of the Reactor Assembly, kg 1000
Length of the Reactor Assembly, m 3.9
Maximum Diameter, m 1.4
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Table 1-3. Topaz Derivative Characteristics

Topaz 3-61 Topaz 3-85 Topaz 3-97
Number of TFEs 61 85 97
Core Diameter, cm | 31.5 37.0 38.5
Reactor Mass, kg 430 565 600

Electric Power per | 220 |300 |400 |220 |300 |400 |220 |300 |400
TFE, W
Reactor Output | 13.5 [ 183 |24 18.7 | 255 |34 21 29 38
Power, kW
Reactor Assembly | 1.3 14 (15 |16 (18 |20 |18 |20 |22
Mass, Metric Tonne

In 1987-1988, demonstration testing was successfully carried out during two
flights of space vehicles in the "Cosmos" series. In order to assure safety, the experiments
were done in high orbits. The results are still being analyzed. A preliminary result is that
the practical operating capability of a nuclear energy source with thermionic emission
during long, uninterrupted operation under cosmic space conditions was substantiated for
the first time in the world. There was complete agreement of the parameters and their life
behavior under natural conditions with characteristics obtained during ground testing.

There are two basic directions in the Soviet Union in the investigation of
thermionic systems: low power reactors with zirconium hydride moderators and fast
reactors with significantly higher powers. Up to now, the first direction has been given
priority, and, therefore, our scientists and engineers have achieved the greatest results in
this area.

The scientific potential that has been accumulated in the course of this work can be
applied in the development of experimental models of nuclear thermionic energy sources
in the 10-100 kW electric power output range (with thermal and intermediate reactors)
and above 100 kW (with fast reactors).

Studies carried out in recent years and results of specific investigations show that
the use of nuclear energy sources for a variety of space purposes are especially promising
in energy-engine assemblies consisting of thermionic nuclear energy sources and high
specific impulse electric thrusters. Such a combination allows one to accomplish highly
efficient long duration and smooth satellite maneuvers, and as the energy supply and thrust
of the engines grow, tasks involving transportation of loads into geostationary orbit and in
interplanetary flight can be accomplished.

Investigations and preliminary analysis are also conducted of bimodal reactors
capable of producing both electric power and propulsive thrust. The utility of applying
nuclear energy sources for multiple functions will be determined by the possibilities
offered by the nuclear rocket engine, which allows one to achieve exhaust velocity of up
to 9000 m/sec in the engine mode with hydrogen as the working fluid. The advantages of
nuclear energy sources will also be determined by the excellent thermal power, life and
mass-size characteristics of nuclear energy-engine installations with closed power cycles.
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We noted earlier that the work in the USA during the 1960s on the development of
nuclear energy sources with mechanical converters of heat has been virtually discontinued,
while in the USSR even simple design studies have generally not been conducted. This is
due to the following reasons. In the vapor turbine design there are complexities in the
management and separation of liquid phase and vapor phase working fluid under
weightlessness, comparatively low efficiencies due to limitations on the turbine inlet
temperature (especially with alkali metal vapors), the need for multiloop design
configurations, etc.

Difficulties with the gas turbine design are the comparatively large dimensions of
the radiator because of limitations on the turbine inlet gas temperature, and also the
comparatively low development level of gas-cooled reactors.

Characteristic disadvantages of both kinds of power plants are gyroscopic
moments caused by the rotating components (turbines, pumps, compressors), and also
complexities in securing long rotor bearing life.

Currently, however, the position with regard to the development of nuclear energy
sources with mechanical converters and the prospects for their application has changed
substantially. This applies in particular to gas turbine designs that operate on the Brayton
cycle. Gas-cooled reactors are being successfully developed. So-called petal shaped gas
bearings with an operating life in excess of 10,000 hours have been developed. Of the
greatest importance, however, is the advent of ceramic materials for gas turbine blades.
One can now speak with confidence of turbine inlet gas temperatures at the 2000 degree
Kelvin level and higher. Such temperatures, together with optimized compressor pressure
ratios, will permit increases in gas turbine power plant efficiencies up to 20 - 25% and
higher, i.e., gas turbine power plants will be fully competitive with thermionic reactor
converters.

This completes our very short survey of the creation and development of specific
items in space nuclear power. We note once more that we will return later to a more
detailed examination of equipment and design of specific components in nuclear power.
However, before we proceed with that it will be useful to acquaint the reader with
fundamental and general information on nuclear energy sources from the nuclear physics
point of view. We will present only the minimum information necessary to explain basic
material on the theory and design of nuclear reactors for space nuclear energy sources,
and partially in order to describe the principles of operation of isotope generators for
space applications.

1.5. General Information on Nuclear Energy Sources.

In starting to study any item in nuclear power we need to turn our attention to the
important situations we must deal with in terms of categories and topics pertaining to the
submicroscopic world. Many of the laws that pertain to this world are not described by
classical equations but by quantum mechanics. The theory of relativity is widely applied to
this world. While familiar quantities are applied here, their measurement scales are quite
unusual. The "tenants" of the "houses" in this world are elementary particles that rub
shoulders with each other in a way peculiar only to their rules and laws. In order to enter
into this world and in a general way become acquainted with its inhabitants, we need to
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become familiar with (or restore in our recollection) a number of general premises in the
science of nuclear physics.

1.5.1. General Information on Atomic Nuclei and Nuclear Forces.

The discovery of the structure of the atom and of the atomic nucleus were
outstanding events in this century in the field of natural science. It allowed us not only to
learn new laws of nature, but also to put them into service for the benefit of humankind. It
allowed us to piece together an understanding of the worlds around us. In effect,
everything that surrounds us in this world consists basically of three kinds of elementary
particles: protons, neutrons and electrons. These particles can participate in only four
known interactions: strong (nuclear), electromagnetic, weak and gravitational. These
interactions differ substantially by the distances at which they manifest themselves
noticeably, and also by their characteristic intensity. Thus, nuclear forces manifest
themselves at distances between interacting particles on the order of 10-13 cm and in this
region these forces are up to 103 times higher than electromagnetic forces.

Weak interactions (for example, neutron decay) occur at still shorter distances. At
the same time, gravitational forces in nuclear processes can generally be neglected because
their forces are comparatively small. Thus, any would-be phenomenon in nature we
haven't discerned, or any would-be states of substances we haven't dealt with, will in the
final analysis reduce to these basic interactions of several kinds of particles. For example,
all atomic processes (combustion, chemical reactions) reduce to electromagnetic
interactions of electrons with nuclei. In turn, all nuclear reactions are strong,
electromagnetic interactions between elementary particles, basically, nucleons at "nuclear"
distances. More intensive study of the properties of the nucleus led to the discovery of
new elementary particles: mesons, pions, and others. They number more than a hundred
at the present time. The study of elementary particles has now progressed to the point that
there is hope of discovering the initial "building blocks" - super elementary particles with
fractional electrical charges ("quarks") from which one could construct any microscopic or
macroscopic object.

Elementary particles are notable for their high energies and they travel at high
speeds that approach the speed of light. They interact, however, at very small distances.
For this reason, they possess relativistic and quantum properties.

We are far from thinking about doing any detailed examination of this issue. We
refer the student instead to appropriate materials usually presented in physics courses. We
will only note that in energy calculations, together with the rest mass of elementary
particles, the relativistic mass is also widely used. This can differ substantially from the rest
mass. ,
We will often use one of the basic properties of the quantum world, the discrete
standard structure of the energy spectra of atomic nuclei and elementary particles.

1.5.2. Fundamental Physical Quantities and Measurement Scales used in Nuclear
Power.
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Phenomena and processes are studied in nuclear physics that occur at small
distances and at very high energies of the particle interactions. The upper limit on distance
is the size of the atom, i.e., approximately 10-8 cm. The lower limit on energy involving
single microparticles can be considered to be the electron binding energy in the atom, i.e.,
about 1017 - 10-18 joule. Any lower limit on distance and higher limit on energy have
not been established. Both of these limits are determined by experimental technology and
measurement instruments. Advances in these areas will gradually change the limits. At
the present time, the minimum length that can be measured is approximately 10-15 ¢m,
ie., five orders of magnitude smaller than the size of the atom. The maximum energy
obtained experimentally involving a single particle falls in the range 0.6 x 10-7 t0 0.8 x 10
7 joule. This is, of course, low for a macroscopic body but a lot for an elementary particle.

It is apparent that nuclear physics encompasses an enormous scale, five orders of
magnitude in distance and 10 to 11 orders of magnitude in energy. While the fundamental
unit of length in the SI system is one meter, in nuclear physics the unit of length used is
basically one centimeter. A nonsystem unit, the fermi, which is equal to 10-13 m, is
sometimes used. This unit is convenient because its order of magnitude is close to the size
of the atomic nucleus. It is similar to the angstrom unit (1 A = 108 cm) which is also used
in atomic physics because of its closeness to atomic sizes.

We must point out that not all elementary particles have sizes close to one fermi.
This is the order of length (or distance) over which nuclear forces (strong interactions)
act. The radii of electrons and of other elementary particles (weak interaction region) are
so small that they still defy description by either measurement or observation.

The scale of distance is closely associated with the time scale. The most important
notion of a time scale in nuclear processes is called nuclear time. It characterizes the time
of flight of an elementary particle through an atomic nucleus. By supposing that the size
of the nucleus is on the order of 10-13 c¢m, we obtain for nuclear time a magnitude of
about 1022 sec. Therefore, in nuclear processes T > 10-22 sec is considered large and 7 <
10-22 sec small.

The unit, 1 electron volt (eV) = 1.6 x 10-19 joule, is used in nuclear physics in
measuring energy. This is the amount of energy acquired by an electron accelerated by a
potential of 1 volt. Since nuclear interactions are characterized by much higher
magnitudes of energy, either keV or MeV is often used. For example, in order to tear one
proton or one neutron away from the nucleus one must expend about 10 MeV. With
interaction energies of elementary particles on the order of 1 MeV the formation of an
electron-positron pair is possible; with interaction energies up to 150 MeV, disintegration
of the nucleus is possible; and at higher energies, the birth of new elementary particles can
occur.

The so-called atomic mass unit (amu) is used in measuring the mass of atomic
nuclei and elementary particles. The amu is defined as 1/12 the mass of a carbon isotope
with a mass number A = 12. From this it is easy to obtain

&
amu = -1—(2]: latom mol — |- 166x107* g
120A )7 127 | gy o2 2om
mol
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The mass of the atomic nucleus ranges thus from about 1 amu in the case of hydrogen to
over 250 for artificial trans-uranic elements.

Energy units of mass are often used in estimating the mass of an elementary
particle. Their magnitudes in atomic units can easily be established from the fundamental
Einstein principle which reflects the relationship between mass and energy. According to
this principle, one amu = 931 MeV. The mass of elementary particles in reference tables is
usually given in units of energy.

There are elementary "particles" (gamma quanta) the rest mass of which are equal
to zero. From the theory of relativity, it follows that such particles, which do not have a
nonrelativistic analog, must travel at a speed exactly equal to the speed of light.

We have looked at a number of fundamental physical quantities and measurement
scales which are most frequently used in nuclear physics. In conclusion, we call attention
to the fact that there are some other quantities that are used principally in various kinds of
calculations in nuclear power. They are characterized by dimensions that do not
correspond with our usual concepts. Thus, the probability of this or that interaction taking
place are frequently expressed by the dimension of area (cm?), and the probability of
neutron escape from a reactor, frequently indicating an increasing number of neutrons, has
dimensions of length squared (cm?) etc.

In the subsequent sections we will briefly discuss such quantities and their
measurement scales.

1.5.3. Basic Information on the Atomic Nucleus.

As is well-known, the atomic nucleus consists basically of nucleons, i.e., protons
and neutrons. The nucleons in the nucleus are firmly held together by nuclear forces.
Therefore, the energy (mass, by recalling Einstein's equation) of the nucleus is always less
than the energy (mass) of the nucleons that make up the nucleus. Different nuclear models
are in use today to describe the properties of the atomic nucleus. They differ in
complexity and in the variety of phenomena that enter into the given investigation. The
so-called "liquid drop" model is fully acceptable in realizing the aims of present day
investigations. This model treats the nucleus as a very high density (up to 1014 g/cm3)
liquid drop made up of "nuclear material.” The "nuclear material" resembles a liquid to a
greater degree than a solid. One can, therefore, attribute properties of liquid drops to the
nucleus-drop, namely, surface tension, breakup of droplets into smaller ones, or
conversely, the combination of small droplets into larger ones, etc. In some cases,
however, the liquid drop model does not explain specific properties of the atomic nucleus.
More complex models are used in these situations. These models include nuclear shells
according to which nucleons and elementary particles move according to the laws of
quantum mechanics. -

The physical quantities that characterize the properties of the atomic nucleus can
be divided into statistical properties relevant to the unexcited state of the nucleus and to
its subsequent nuclear transformations. Among the statistical characteristics of the nucleus
that we need in discussing the material in the following sections are:

a. The composition of the nucleus, i.e., the number of protons, Z, neutrons, N,
and the mass number, A=Z +N;
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b. The size of the nucleus, the radius, R, and the nonsphericity factor, i.e., AR/R.
The radius of the nucleus can be determined from the simple relationship Ry = RoAl/3,
where R, = 1.2 x 10-13 ¢m, the radius of a single nucleon;

c¢. Quantities that characterize mechanical properties, binding energy and spin
characteristics. The spin characteristic is the inherent mechanical momentum of the
nucleus which is equal to the sum of the momenta of the nucleons that make up the
nucleus. The total momentum of each nucleon is, in turn, the sum of the spin and orbital
momenta (i.e., it is associated with the motion of nucleons in specific trajectories within
the nucleus).

While this is far from a complete description of atomic nuclei, we will return to

using it later on.
1.5.4. Fundamental Properties of Nuclear Forces.

Nuclear forces are forces that act between individual nucleons. The nature of
nuclear forces are unknown, however, many properties of these forces have been studied
in depth. We will discuss the more essential ones.

a) Nuclear forces are forces of attraction. They retain the nucleons firmly inside
the nucleus.

b) Nuclear forces are nonelectrical in nature. They act on all nucleons regardless
of their electrical charge. They also are not related to any gravitational effects since these

are negligibly small.

c) The region where nuclear forces appear is extremely small. Their radius of
action is 1 x 1013 to 2 x 10-13 ¢m, i.e. commensurate with the radius of the nucleus.
The action of nuclear forces does not manifest itself at greater distances between nucleons.
Thus, during the approach of two protons up to distances of 10-12 c¢m only repulsive
electromagnetic forces are operating and nuclear attraction manifests itself only at
distances less than 10-13 cm.

d) Nuclear forces are forces of great intensity. In the regions where they manifest
themselves the quantities that characterize their intensity exceed by ~103 the
electromagnetic interaction. One of the physical interpretations of the nature of nuclear
forces is based on the so-called conversion characteristic of elementary particle
interactions inside the nucleus. An analogy to such interactions is the interchange of
neutrons and protons due to stripping or attachment by them of an electron or positron,

respectively.

The most far reaching investigations of this issue, in particular by Academician E.
Tamm, showed that the mass of the electron is so small that it can be explained by the two
preceding properties of nuclear forces, short-range and intensive. A subsequent advance
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was tade in 1935 by the Japanese physicist, G. Yukavi. His reasoning was as follows.
What must the mass of the converted particles be? According to the Heisenberg
uncertainty principle, for a short time the energy of a particle can change to a very high
value, AE = ~ h/At. We shall select a time, At, such that the converted particle, moving at
the speed of light, will successfully traverse the distance which is characteristic of nuclear
force interactions, i.e., 1 x 10713 to 2 x 10-13 ¢cm. This time is approximately 0.5 x 10-23
sec, and, as we observed above, it is called the nuclear time. By substituting this time into
the equation for AE, we obtain

6.56 x 10”16

052102 ~ 130 MeV

AE

Since the energy, 130 MeV, correlates with the mass, m = AE/c2 = 300mg, mg is
the rest mass of the electron. The result obtained can be evaluated as a manifestation for a
short time interval (~10-23 sec) of the effect of a particle with a mass ~300me. This "new"
particle succeeds during the indicated time to traverse the distance between two
interacting nucleons, i.e., on the order of 1x 10-13 t0 2 x 10-13 cm. Particles which exist
for nuclear time periods in regions where nuclear forces are acting are called virtual parti-
cles. It is impossible for them to be present outside areas of nuclear interactions, ie.,
separate from the nucleons. We should note that the particles referred to above were in
reality discovered later on and were given the name n-mesons with a rest mass, mg = 273
Me.

) Nuclear forces possess saturation properties similar to saturated valence bonds
in the atom. These properties of nuclear forces appear when a single nucleon does not
interact with all the nucleons in the nucleus but only with its closest neighbors.

f) Nuclear forces have a noncentral orientation. Nuclear interactions depend on
the mutual position of the nucleons relative to their spin direction. Thus, in the deuterium
nucleus the axes of the nucleons and the sum of their spin have the same direction and
such a nucleus is the most stable. In other situations, the particle direction can differ and
nuclear interactions become weaker.

g) Nuclear forces depend on spin orientation. It turns out, for example, that only
with mutually parallel spins of a neutron and a proton can the stable nucleus of the
deuterium atom, 1H2, be formed.

Such are, in broad terms, the fundamental properties of nuclear forces. We need
to know about these in discussing the physical essence and energy characteristics of the

major nuclear reactions involved in nuclear power technology.

1.5.5. Binding Energy of the Nucleus. Stable and Radioactive Nuclei.
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The binding energy of the nucleus is the energy which must be expended in
breaking the nucleus up into its constituent neutrons and protons and removing them an
infinite distance away. Accordingly, exactly this same energy is released during the
synthesis of a nucleus from individual nucleons. Knowledge of the binding energy of the
nucleus allows one to calculate an energy balance for not only seldom seen processes of
complete disintegration of the nucleus but also for decay, fission, and other nuclear
reactions. From Einstein's principle it follows that the binding energy of the nucleus ZXA,
can be expressed by the difference in the mass (mass "defect") of the given nucleus and the
mass of its constituent nucleons:

Ey =¢’[Zm, +(A-Z)m, ~m(z,A)] (1.2)

It follows from the equation that the mass of nucleus 7 XA, is less than the sum of
the masses of its constituent nucleons by Eb(Z,A)/cz.

The binding energy of the nucleus is so large its magnitude can easily be measured
directly. For example, an o particle with a binding energy, Ep(2,4) = 28 MeV, is lighter
than the mass of the two protons and two neutrons composing it by

Ep(2,4)/c2=4x1020 g,

which is approximately equal to 0.7% of the mass of the o particle.

The nature and magnitude of the binding energy are determined largely by the
properties of the nuclear forces that we have examined above. By using these properties,
we will evaluate the factors that determine the binding energy of the nucleus. Keeping in
mind that the nuclear forces of attraction act on nucleons independently of their electric
charge, it is logical to propose that the sum total of their manifestation (i.e., energy of
attraction) is directly proportional to the number of nucleons. In other words, E'y =
a;A. However, by taking into account the properties of nuclear force saturation, one must
take into consideration that the nucleons located at the surface of the nucleus are more
weakly bonded to each other than the nucleons that are inside the nucleus. For this
reason, the energy of attraction E'y, ought to be reduced to a magnitude that is
proportional to the surface of the nucleus (as a liquid spheroidal droplet), E"p,. Hence,
Epa= a2A2/ 3 and, consequently, the total energy of nuclear attraction is the difference,
Ena=8A - a2A2/ 3,

Another factor that characterizes the nuclear binding energy is electrostatic
repulsion by identically charged particles, protons. The Coulomb energy of repulsion of a
uniformly charged sphere is directly proportional to the square of the charge number, z2,
and inversely proportional to its radius. By assigning to the repulsion energy the symbol,
Erep, we write Erep = a;Z2A-13. Naturally, this energy will lower the binding energy of
the nucleus. A fourth factor that determines the nuclear binding energy is the presence in
the nucleus of an unequal number of neutrons and protons. We consider it a fact that in
the absence of Coulomb forces, the maximum specific binding  energy, E/A, should be
found at a level equal to Z = N for all nuclei, i.e., that the nuclear forces act most
intensively with an equal number of protons and neutrons in the nucleus. This fact is
stipulated by the Pauli exclusion principle, and also by the fact that the energy of
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interaction of neutrons and protons is on the average greater than the interaction energy of
identical particles. The reduction in the binding energy of the nucleus that results from
this has been found empirically and is given by the factor, a,[(N - Z)2A-2]. At Fermi's
suggestion, this factor was designated as the isotope term, E;g = -a4[(N - Z)?A2].

Finally, it is necessary to determine the influence of the "pairing" phenomenon on
the binding energy of the nucleus, i.e., in a certain sense the pairing of identical nucleons in
the nucleus. As is known, even-even nuclei (an even number of protons and an even
number of neutrons, etc.) are the most stable because the spin constituents of their
nucleons are fully compensated. Conversely, in an odd-odd nucleus this effect is less
apparent. Conventionally, this situation is evaluated by the term, E,;, = asA¥4. 1t is
surmised that for the even-even nucleus, E;;, > 0, for the odd-odd nucleus, E,; <0, and
for the even-odd and odd-even nuclei, E;, = 0.

By combining the terms we discussed above, we obtain a final expression for the
binding energy of the nucleus:

Ep=ajA -a9A2/3 - a,Z2A13 - a,(N - ZP2A1 - asA34 (13)

This expression is to a known degree empirical since the coefficients a; . . . a5 are
obtained mainly by experiment. Good agreement with test data is provided by the
following values for these constants:

a; = 14 MeV, a, = 13 MeV, a; = 0.568 to 0.615 MeV, a, = 20 MeV, a5 = 33
MeV.

In order to solve applied problems, it is of great value to have the latter equation
written in terms of specific binding energy, i.e., energy pertaining to a single nucleon. For
this purpose, the equation is rewritten in the form,

Ey/A=a; - ,A13 - 2, 72A43 - a,(A - 2Z)2 A2 - a,ATH - (1.4)

and its graphical relationship, Ey/A = f(A), is shown in Fig. 1.10. We will now provide a
qualitative analysis of this relationship.

The intensive increase in specific binding energy of the nucleus, Ey/A, is explained
by a reduction in the negative effect related to the manifestation of saturation properties of
the nuclear forces, which are attributed to a single interacting nucleon (despite the increase
in this effect relative to the binding energy of the nucleus as a whole).

A gradual decrease in the specific binding energy is observed in large mass number
regions. This is explained by the predominant influence of Coulomb forces of repulsion
between the protons.

The maximum dependence of specific binding energy as a function of mass number
is attributed to nuclei with mass numbers in the range A = 50 to 70.

The most stable nuclei in nature are grouped here. Against the background of a
generally monotonic relationship, Ei/A = f(A), one will find isolated spikes, in particular in
regions with low values of A. This is either the most stable even-even nuclei, for example,
,He#, (C12, 4016, or the least stable, such as ;Li%, sB10. A number of important practical
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conclusions can be drawn from analysis of this relationship. We will discuss some of them
in more detail.

1. The specific binding energy for a majority of nuclei is 6 to 8 MeV. 1t is
specifically this energy that must be expended to strip a nucleon from the nucleus. These
numbers are useful in comparing analogous values that characterize the binding energy of
electrons in the nucleus. We know that the binding energy of electrons in an atom is
several eV, i.e., about 6 orders of magnitude lower than the binding energy of nucleons in
the nucleus. Consequently, we can expect that a like amount of energy is liberated in
nuclear processes where a mass "defect" of the nucleus occurs. In effect, during "burning”
(i.e., complete transformation into energy) of 1 kg of uranium (mass "defect” of about 0.1
%) the same amount of energy will be liberated as it is in the burning of 1000 tons of coal.
In other words, the energy capacity of uranium is ~10¢ that of the energy capacity of
organic fuels.

2. Equation (1.4) makes it possible to establish the conditions for the existence of
the most stable nuclei, i.e., nuclei in which the binding energy is the greatest. For this
purpose, it suffices for nuclei-isobars (A = const) to solve the equation

Ey _

2=0 (1.5)

Hence, we obtain a3(ZA-1/3) + 4a,[(A - 2Z)A-1] = 0. If we substitute numerical values for
as and a, in the equation, we find the condition for the existence of the most stable nuclei
(the condition for a stable nucleon region):

Ay = A[(2 +0.015A23)]1 . (1.6)

3. Equation (1.6) and its graph make it possible to evaluate energy releases in
different nuclear reactions, and also to point out ways in which nuclear energy can be
used. We will discuss this important problem in more detail.

1.5.6. Ways in Which Energy from Nuclear Reactions Can be Used.

The physical essence of the possibility of utilizing the enormous energies in
nuclear processes is based on two important facts: the presence of the mass defect in the
nucleus and in its constituent nucleons, and also by the substantial difference in this defect
between individual nuclei of the elements in Mendeleyev's periodic table. Thus, the mass
defect in the hydrogen nucleus is obviously equal to zero since the hydrogen nucleus
consists of a sole proton. The mass defect (consequently, in units of energy and binding
energy) of deuterium (1p + 1n) is 0.1% of its rest mass. This is about 0.74% for the
helium nucleus and 0.85% for oxygen. For nuclei with mass numbers of A = 50 - 70, the
binding energy reaches 0.92% of the rest mass of the respective nuclei and for heavy
nuclei (A > 230) it reduces again to about 0.78%.
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We will now examine the ways in which we can use the energy in nuclear reactions
which derives from the mechanisms mentioned. For this purpose, let's carry out the
following mental experiment. Imagine a uranium-238 nucleus with its constituents of 92
protons and 146 neutrons. Now, mentally break this nucleus up into its 238 constituent
nucleons and separate them from each other by a distance at which the nuclear forces of
attraction have no effect. In order to do this, we have to expend an amount of energy
numerically equal to the binding energy of the uranium-238 nucleus. This amount of
energy equates to 0.8% of the rest mass energy of this nucleus. Asa result, the mass of all
the 238 nucleons exceeds this magnitude and is 1.008 times the rest mass of uranium-238.
Tf we now mentally again collect all the nucleons into a single nucleus, then its mass will
decrease by a factor of 1.008 and the energy released in this process will be exactly equal
to what we expended. Naturally, there will be no gain or loss in the energy output.
However, we will now try to synthesize the original uranium-238 nucleus into two new
smaller and equal mass nuclei with the mass numbers, A; = Ay = 119. The total mass of
these two new nuclei will decrease to about 0.9% of the mass of the 238 nucleons, i.e.,
0.1% greater than in the previous case. Thus, it seems that the total mass of the nuclei
with mass numbers A; and A, is equal to 0.999 of the mass of uranium-238, i.e., less than
the mass of the original nucleus by a factor of 1.001. In other words, the energy expended
in disintegrating the uranium-238 nucleus into separate nucleons is less than the energy
liberated in forming the two new nuclei. The difference in units of energy is 0.1% of the
rest mass of ¢,U238. This is the energy that is liberated in the reaction considered. It is
quite clear that there was no need at all to first separate the uranium nucleus into its
constituent nucleons, and then assemble them into two new ones. The same result can be
achieved by splitting the uranium nucleus by any means (for example, by bombarding it
with neutrons) into two fragments of approximately equal mass. This is the physical
essence of liberating nuclear energy through fissioning of heavy nuclei.

Let's estimate the energy liberated in the fissioning of uranium-238. We will
assume that two fragments of equal mass, A; - Ay = 119 and Z| = Z, = 46, are formed in
this process. Their specific energies are, according to Fig. 1.10, equal to 8.3 MeV, and
the specific energy of the original uranium-238 nucleus is 7.4 MeV. By omitting the
intermediate conversion, we can write

Ejense = AlBy(Z1,A) - Ey(Z1,A)] = (8.3 - 7.4)238 =214 MeV . (1.7)
By comparing this magnitude with the energies of chemical reactions, it is apparent that it
exceeds all of them (in eV units) by a factor of a million.

We now note that fission or conversion of heavy nuclei can be accomplished both
artificially (nuclear reactor fission) and naturally (for example, radioactive decay). In
reactor fission of heavy nuclei (U-235, Pu-239) the nuclear processes may be controlled
over a wide range of energy output (nuclear power plants for a variety of purposes), or
they may proceed virtually instantaneously (atomic bombs). Radioactive conversion of
radioactive nuclei occurs in radioisotope generators of heat and electricity.

A second way of using nuclear energy is the fusion of light nuclei. From Fig. 1.10
it is apparent that one should select as light nuclei those with mass numbers that fall in the
region to the left of the maximum specific binding energy. In this case, during fusion they
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will form nuclei with greater specific binding energies. This, in turn, means that the mass
of the new nuclei will be less than the mass of the original nuclei by about 0.5%. This
mass defect changes into energy (thermonuclear). Note that this process yields
significantly higher energies than fission of heavy nuclei. Elementary particle annihilation
reactions will yield still greater energies. However, fusion reactions as well as annihilation
reactions are still only of scientific interest. It is premature to discuss any industrial
applications of these reactions.

1.6. Radioisotope Generators (RTGs)

The functional purpose of the power plants examined here derives from the name.
The primary form of energy is heat obtained as a result of some kind of radioactive
transformation. The stages in which heat is obtained can be limited by the functional
design of such devices. Nevertheless, their areas of application are quite broad.

Of more general and wide use is the development of radioisotope generators that
produce not only heat but also electrical power through the use of some kind of converter
of heat. The converters of heat can be direct converters (thermionic, thermoelectric) and
also mechanical converters (gas or vapor turbines, Stirling engines). The most widely
used radioisotope generators are those with thermoelectric converters. These are referred
to as radioisotope thermoelectric generators or RTGs.

In starting to discuss radioisotope generators it is useful to point out their
advantages and disadvantages. Among the advantages are simplicity of construction and
fabrication, operation that is independent of the surrounding environment, low weight and
size, reliable and long operating life without degradation in output characteristics, etc. On
the negative side, there is the high cost of radioactive isotopes, inability to influence the
course of radioactive decay, the presence of high energy gamma-radiation for many
radioactive isotopes, etc.

1.6.1. Equipment, Principles of Operation and Classification of Radioisotope
Generators.

Radioisotope generator equipment is relatively simple and includes the basic
components shown in Fig. 1.11.

The ampoule containing the radioactive isotope is hermetically sealed in order to
provide radiation safety. The ampoule is, as a rule, inserted into one or two hermetically
sealed containers which protect the isotope from mechanical damage and corrosion. The
internal and external containers are fabricated from stainless steel, tantalum and other
refractory materials. A characteristic feature of ampoules with radioactive isotopes is a
free space for the accumulation of gaseous products of radioactive decay.

Various techniques are used to regulate the continuous liberation of energy:
changing the heat transfer surfaces as a function of time, dummy resistances, etc.
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The principles of operation of radioisotope generators are not very complex. As we
noted, the products of nuclear reactions (in this case, radioactive decay) possess high
kinetic energies. This energy, as a result of slowing the reaction products down
completely, is transformed into heat and then used in some other way.

Radioisotope generators can be classified by the names of the isotopes used and by
the kind of radioactive decay. There are numerous naturally occurring and artificial
radioactive isotopes. Several kinds of radioactive decay processes have been studied and
are well known. Among these are:

a-decay in which the original nucleus emits a-particles (helium nuclei);

B-decay which, in turn, splits into two independent decay processes: electron
decay with the emission of B- particles or electrons; positron decay with the emission of
B* particles or positrons; and, finally, electron capture of an orbital electron from the K
and L shell of the atom.

Spontaneous fission of certain of the heavy nuclei of elements is also possible. The
majority of radioactive decay modes are accompanied by y-radiation. These need to be
heavily shielded to reduce the radiation field, as y rays are very penetrating.

The o and B- radioactive isotopes are most widely used in autonomous power.

A second classification of radioisotope generators may be according to the kind of
heat converter that is used. As we noted, the thermoelectric converter has been used the
most. However, the push towards higher efficiencies caused by the high cost of
radioisotopes has placed the use of more efficient converters on the agenda. Among these
are thermionic converters as well as rotating machinery, in particular, the Stirling engine.

1.6.2. Fundamental Principles of Radioactive Decay.

The essence of the radioactivity phenomenon is the ability to spontaneously change
the composition and state of the original nucleus by the emission of one or several
elementary particles and y-radiation.

It is apparent that the necessary (but not always sufficient) condition for
radioactive decay processes is a resolution of differences in energy levels. This resolution
of energy in the processes considered must be accompanied by a positive energy of decay,
E4. In other words, the mass of the original (mother) nucleus must exceed the mass of the
new (daughter) nucleus and of the elementary particles formed during the given nuclear
reaction. Radioactive decay is characterized by elapsed time, kinds of emitted particles and
their energies.

Owing to the potential barrier, the existence of favorable energy conditions does
not lead to instantaneous o-decay or spontaneous fission. This is observed more or less by
the prolonged existence of nuclei capable of decay. - decay is also not instantaneous, but
for another reason. This process belongs to the so-called weak interaction processes.
Such prolonged (often in nuclear time scales) existence of nuclei for which the energy
conditions are favorable for decay is called radioactivity.

As we observed, the condition for the existence of nucleon stable regions is
described by the equation shown graphically in Fig. 1.10.
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We can make a number of important observations from an analysis of this graph.
We will mention the most significant of them.

Light stable nuclei lie close to the line Z = N. A weakening in the binding energy
of the nuclei shows up at Z > 40. This is due to the increasing effect of Coulomb forces of
repulsion. In order to compensate for this factor and to provide conditions for nuclei
stability, the nuclei must have a surplus of neutrons (relative to protons). Therefore,
beginning with A = 20 to 30, the ratio N/Z, pertaining to the nucleon stability region, be-
comes greater than unity. For the last stable nucleus, bismuth-209, it reaches 1.52. This is
the upper limit of the mass number A that corresponds to the nucleon stability region. In
nuclei with Z > 83, the n-p, p-n, and p-p interactions cannot fully compensate for the
Coulomb forces of repulsion of protons. Such nuclei are radioactive and undergo some
form of radioactive decay (mainly alpha decay).

Alpha decay results in decreasing the number of neutrons by two and the number
of protons by two. Beta decay (emission of a beta particle from a neutron) results in
decreasing the number of neutrons by one and increasing the number of protons by one.
These are the most common types of decays. Other, more rare, transmutations can
include positron emission, electron capture, proton decay, etc. can also occur. Fig. 1.12
can be used to assist in visualizing these relationships.

Nuclei that fall below the nucleon stability curve contain a surplus of protons. As
a result of a spontaneous change in composition, such nuclei will eject o particles (curve
"b"), and in rare cases, individual protons or positrons (radioactive proton decay) and will

shift to the left in the periodic table.

Experimental efforts in processing a large quantity of statistical data have
established that the number of radioactive decays per unit of time (decay rate, activity) is
proportional to the number of radioactive nuclei remaining at a given point in time. This is
the law of radioactive decay which is written as

dN
—=- AN, : (1.8)
dt :

where N, is equal to the number of nuclei at any instant in time, and A is the decay

constant.
The unit rate of decay or activity is called the curie (in the SI system, the

becquerel). One curie is 3.7 x 1010 decays/sec.
By integrating the equation, we obtain

N, = N,(0)exp(-A1) , (1.9)

where N, (0) is equal to the number of nuclei at an instant in time (that is to say, the
moment the isotope is obtained), conventionally set equal to zero; i.e., T = 0.

The time it takes for the number of nuclei to reduce by one half is called the half-
life, T;p. It is easy to see that T = In(2)/A. The range of Ty, is extremely broad: from
trillionths of a second to trillions of years.
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There are isotopes with nuclei that can decay in two or several independent ways.
They are characterized by decay constants A;, A,,...A;. The overall decay constant is in
this case equal to the sum

n
Mot =2 A , (1.10)
1

and the overall half-life is determined from the equation

1 20
— = —_ ] 1.11
(Tl/z ]tot ; [TI/Z )i (10

Nuclei which are formed as a result of the decay of the original isotope can, in turn, be
radioactive. In this case we are talking about the so-called radioactive nucleus. Three
radioactive series are found in nature in protracted radioactive equilibrium. They begin
with the long-lived isotopes, goTh?31, ¢,U235, and ,U?38, and are called the radioactive
series of thorium and uranium, respectively.

1.6.3. Energy Characteristics of a-Decay.

The existence of o-decay was discovered during the study of natural radioactive
substances, but the results that were obtained went far beyond the bounds of the initial
task (thus, investigations of a-particle interactions with the atoms of different elements
allowed Rutherford to formulate new hypotheses regarding the structure of the nucleus).

As we observed, during a-decay the original (mother nucleus) emits an o-particle,
the nucleus of the helium atom, and transitions into a new (daughter) nucleus according to
the following path:

XA 5, o ¥A™4 4 He!

A typical example of o-decay is the decay of uranium-235 which proceeds along
the following path

92U235 -)90Th231 + 2H84

In like fashion, decays of the daughter nuclei may be found in excited states from which

they transition to the original state by emitting v quanta. A typical diagram for describing
the entire process is usually like that shown in Fig. 1.13 where ¢, U233 is used as an
example.

The initial state of the daughter nucleus (Ey4,(t = 0) = 0) is adopted as the starting
point for reading the excitation energy levels. Its excitation energy is zero. The excitation
energy of the o,U235 mother nucleus is 4.559 MeV. The needed nomenclature and

numbers that characterize the qualitative (in the given case, o) and quantitative (relative to
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the number of nuclei decaying in the given manner) characteristics are written along the
arrows that point to individual transitions. Horizontal lines show the magnitude of the
excitation energy of the daughter nuclei.

Let's consider the energy that is liberated during a-decay, Eqg. A positive value of
Eqq exists only when the inequality m(Z,A) > m(Z-2, A-4) + m(2,4) occurs. Then the
energy of a-decay can be calculated from the equation:

Egq = Am(Z,A) - m(Z - 2, A - 4) - m(2,4)] , (1.12)

or by taking into account the relationship between mass and energy, Ey(Z,A) =
c2Am(Z,A), we obtain

Ead = Eb(Z - 2, A - 4) + Eb(2,4) - Eb(Z,A) . (1 13)

With Ey4 < 0 decay is prohibited from an energy standpoint and the corresponding
nucleus is stable. In order to secure a favorable energy state for a-decay (Eqyq > 0), the
binding energy of the lighter daughter nucleus must be lower and not greater than the 28.3
MeV (the binding energy of the a-particles) binding energy of the mother nucleus.

Calculations using this equation show that unstable nuclei leading to a-decay can
only exist at A > 140; i.e., in regions where the specific binding energy is decreasing as a
function of the mass number A. Alpha decay is observed in experiments, however, in
isotopes with A > 209. The problem is that with low values of energy, Eyg, the activity
produced is so low that it is very difficult to determine and put to practical use.

Let's examine the physical essence of nuclear processes associated with a-decay.
For this purpose, we will first turn our attention to one feature of o-radiation. In practice,
the set value of Egyyq is, within relatively narrow limits, an average of about 5 MeV per
decay. This value is significantly lower than would be obtained for a positively charged
a-particle accelerated by an electrostatic field upon escape from the nucleus. Thus,
according to calculations, an a-particle escaping from a uranium-235 nucleus can attain an
energy of about 30 MeV, i.e., a factor of 6 greater value. This apparent contradiction is
explained by quantum mechanics. Before the onset of o-decay there exists in many heavy
nuclei an unstable association of two protons and two neutrons, i.e., a-particles. We will
designate their energy inside the nucleus as Ey. Let's now examine the potential diagram
for the protons in terms of the composite binding energies as a function of distance from
the center of the nucleus, r (Fig. 1.14). As a proton approaches the nucleus from without,
the potential energy of repulsion increases in proportion to the inverse of 7. In the absence
of nuclear forces of attraction, the energy of repulsion would increase without limit.
However, as soon as the proton enters the interaction zone of the nuclear attraction force,
the effect of repulsion changes to attraction (we recall the fourth property of nuclear
forces), the potential energy of the proton changes sign and becomes negative. The
positive part of the curve, E,., =1f(r), isa barrier, and the negative part, due to the force of
attraction, is a potential well of depth, E,. Based on this principle, the two parts of the
potential diagram are called, respectively, the potential barrier and the potential well. The
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height of the potential barrier, Ey, is equal to the maximum potential energy of repulsion
of the proton, Ey, at the boundary with the nucleus. If the potential barrier did not exist,
then the o-particle would depart the nucleus with an energy, E'q, - Eg = Eqg. Exactly this
energy has been observed experimentally, and this means that the o.-particle has paid no
attention to the potential barrier. How can that be? According to quantum mechanics, o-
particles have inherent wave properties. Therefore, in striking the wall of the potential
barrier, the a-particle is reflected from it as a wave. Not all a-particles are reflected from
this wall, a portion of them penetrate through the wall and depart the limits of the nucleus.
This "tunneling through" is related to the penetration of a-particles through the barrier
with energies lower than the height of the potential barrier. Thus, if this or another event
pertains to energy resolution in the microworld (Ey4 > 0), it will inevitably occur. This is
not so in the macroworld. Water in a glass will remain on the table and will never spill on
the floor for any natural reason even though its potential energy on the table is higher than
it would be on the floor. Spilling the water on the floor would settle this difference in
energy level.

The probability that the o-particles will overcome the Coulomb potential barrier is
higher the greater and more fully defined (discrete) the energy is that they possess inside
the nucleus. Hence, we have the discrete energy level of the a-particles that escape from
the nucleus. Based on this principle, o-active isotopes can eject two or more groups of the
a-particles about which we have spoken above. The difference in the energies of a-
particles of different groups is small, however, and amounts only to tenths and even
hundredths of an MeV.

Let's proceed further with the problem of utilizing o-decay energy. In radioactive
decays of any kind, in addition to the conservation of enmergy and charge, the total
momentum is also conserved. By way of example, we will take a-decay during which y-
radiation is absent (Po-210, Pu-238). In this case, the daughter nucleus and the a-particle
scatter with momenta that are of the same magnitude and exactly opposite in direction.
Thus, based on the law of the conservation of momentum we can write, mgvg = M,V
Therefore, the ratio of kinetic energy of the daughter nucleus and the o.-particle is equal to

Eq _m4vaVa _Vd _ Ma (1.14)

Eq mgVeVe Vo Mg
Hence, it follows that the energy of a-decay is
Egq=Eq+EAy= E (1 +my/mAy) = E, (1.15)

since the mass of the a-particle is negligibly small compared to the mass of the daughter
nucleus. From the equation it follows that ci-decay energy consists mainly in kinetic
energy of the o-particles. As a rule, in one decay event about 5 MeV of energy is
liberated. From the point of view of use in atomic power, the decay of polonium-210 and
plutonium-238 makes the most sense. These are virtually free of a-radiation and proceed
according to the following process:

2 P00 5 o Pb2% + JHe® ;E ;= 535MeV, Ty, = 138days
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o Pu?® - 5, U+ JHe';E = 55MeV, Ty, = 88years

The range of an o-particle in a substance with a density p can be approximated
from the formula

E3/2
raz4x10'3—;—d—— . (1.16)

Calculations show that the range of o-particles is small. For example, in metals
with densities, p = 8 ... 10 g/cm?, the ranges are hundredths and even thousandths of a
mm.

Charged o-particles interact actively with electron shells of the atoms of the
substances in which they are slowed down (the zone of heat liberation in a RTG). By
capturing two electrons, the o-particle transforms into a neutral atom of helium,

(2He4 +2e — He) ,
and its kinetic energy is converted to heat.
1.6.5. Energy Characteristics of B-Decay

Another type of radioactive decay is f-—decay, usually abbreviated as f—decay
(when there is no superscript, it can usually be assumed that a - particle is being referred
to, as this is by far more common than the positron $*). In this case, radioactive
transformations of nucleons occur in such a manner that the mass number in the B-decays
is maintained constant. For this reason, B-decay must be considered as a process that
occurs inside nucleons and not externally as is the case with a-decay. The principal
feature of B-decay is that it is due to weak interactions and not due to nuclear or
electromagnetic forces. Hence, these decay processes are complex and inadequately
understood. They may possibly occur over the whole range of the mass number A.

The B-decay process is written in the following form,

ZXA= Z+1YA+ B—-}- v+ Y.

where V is an antineutrino. The sum on the right represents Egg.

Beta decay is virtually always accompanied by y-radiation because the daughter
nucleus is, as a rule, found to be in an excited state. An example is given in Fig. 1.15, B-
decay of y7C0%.

Daughter nuclei of nickel-60 are found in two excited states. Their transition to an
unexcited state of the nucleus, ,gNi%, is accompanied by the emission of three y-quanta in
succession with an overall energy of about 1.4 MeV. Thus, each fraction of y-radiation
and antineutrino account for about 1.47 MeV, ie., approximately 50%. This is an
important feature of -decay.
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The question naturally arises: from where in the nucleus are the electrons taken?
This question can be answered if it is assumed that in nuclei with excess neutrons which
have a tendency to B-decay, conversion of a neutron into a proton takes place with the
liberation of one electron in accordance with n — p + e. Such an assumption explains in
a qualitative sense the kind of decay examined. There are, however, a number of
quantitative characteristics calculated from this theoretical model which do not correspond
with experimental data. Protons and electrons formed according to this process do not
scatter precisely in opposite directions, as is required by the law of the conservation of
momentum, but at some angle. Also, the energy spectrum of B-particles determined
experimentally is not discrete as the laws of quantum mechanics require, but appears
continuous. These contradictions were cleared up by Pauli, who, in his own words
"attempted to rescue the laws of conservation." For this purpose, he assumed the
existence of a previously unknown elementary particle formed in the neutron decay
process. This particle, called the Fermi neutrino, can by his calculations have a zero
electrical charge, possess a half-integral spin, travel close to the speed of light, and have a
rest mass "seemingly” close to zero. Recently, Soviet scientists determined that the rest
mass of the neutrino is not equal to zero but is about 40 keV in energy units of mass. The
calculated characteristics of the neutrino explain its exceptionally high penetrating
capability which for a long time made it impossible to discover even in very delicate
experiments. The neutrino was identified experimentally only during the mid 1950's in
experiments with superhigh energy particles.

In addition, supplementary processes of neutron disintegration by new elementary
particles (in the B-decay process, the antineutrino in accordance with the condition for the
existence of particles and antiparticles), i.e. n - p+e+ Vv, have led to complete
agreement between the theoretical and experimental data about which we spoke above.

The fact is that the theoretical discovery and subsequent experimental verification
of the antineutrino is a brilliant confirmation of the well known assumption of the
indestructibility of matter. It is also a clear illustration of the indirect paths which physics
sometimes takes into in order to solve many and often seemingly insoluble problems.

Next, we will examine the condition under which B-decay is energetically feasible.
Similar to a-decay, this condition is determined by the inequality

m(Z,A)>m(Z+ 1, A) + m,.
In this case, the energy of B-decay can be determined from the equation,

Epa=C*[m(Z,A)- m(Z+LA)- m.] . (1.17)

with the assumption that m, = 0.
Or the energy can be found from the binding energies,

Ep =Ep(Z+1,A)+ Ey(B)- Ep(Z,A) . (1.18)
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Since the binding energy of the B particles is Ey(B) = ¢?(m, - m, - m,), and the
mass of the neutron, proton, and electron equal, respectively, 1.008665, 1.007278 and
0.000549 MeV, then Ey(B) = 0.875 MeV. Thus, B—decay is energetically advantageous
when the binding energy of the daughter nucleus exceeds, is equal to or less than (but by
no more than 0.875 MeV) the energy of the mother nucleus.

One of the features of B-decay is a continuous energy spectrum of the B particle
ranging from a minimum to some maximum value of Eg_max. As has been noted, based
on the notion in quantum mechanics that elementary particles have discrete energy levels,
this situation is inexplicable. The simultaneous ejection, however, of antineutrinos with the
B particles disposes of this contradiction because the antineutrino takes with it a portion of
the energy liberated in the B—decays. Since the energy of the antineutrino can, according
to statistical laws, be some random value, it should also be expected that the B particles
will carry away some portion of the energy. For this reason, the energy spectrum of B
particles becomes continuous (Fig. 1.16).

Since, as we noted, vy radiation and B—decays can have a number of discrete energy
levels, several P particle groups with different energies, Egpyqy, Will appear. The sum Eg +
E, remain constant. On the average, P particles carry away energy of about 1/3 Egp,y.
This can be put to use because the antineutrino will virtually not interact with the medium.
One can also, but for a different reason, neglect the kinetic energy of the daughter nucleus.
In fact, according to the conservation of momentum, the energy contribution by the
daughter nucleus is proportional to the ratio mg/mgy, This can be neglected because it is so
small compared to unity.

In addition, in B decays the v radiation energy fraction can be significant and must
be accounted for in calculations. Thus, the useful energy derived from a single B decay
can be determined from the sum,

n

1 n
EBtOt: g;EBimaxai-*_ bZI:EYai s (119)

where a; is the relative number of nuclei radiating B particles with a maximum energy,
Egimax and y quanta with energy, E; b is the fraction of y radiation absorbed in the zone
where thermal energy is liberated; typically in the range of 0.5 t0 0.9.

For example, for 55Cs!37 with b = 0.5 we obtain Eg., =13x(0.51x092+0.08

x 1.17) + 0.5 x 0.66 x 0.92 0.5 MeV. The antineutrino and the unabsorbed y quanta
carry away the energy, Egq - Egg=1.17-0.5=0.67 MeV.

The range of the B particle in a substance can be determined from the following
empirical equations:

Rp ~ l(0.54Eﬁ— 013)for 08<Eg < 3MeV (1.20)
P
0.
0.41(Ep) 1
Rg= —————for015<Eg <08MeV . (1.21)

p
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The range of the B particle in the heat liberating region of materials used in
practical work is, as with a—decay, small. It is, however, greater than the range of the o
particle. With Eg =2 MeV, the range of B particles in steel is about 1.2 mm. Gamma
radiation energy in B decays (unlike o radiation) makes a significant contribution to the
total useful thermal power. Therefore, materials that are used in designs for the
generation of thermal power must be chosen based on their capacity to absorb y radiation.

The attenuation in energy of y radiation as it passes through a substance is
described by the exponential law,

I(x) = I, exp(-px) , (1.22)

where 1 is a linear attenuation constant which represents the sum of the partial attenuation
constants, pop, He, Hpp- These characterize, respectively, the three fundamental interactions
of y-quanta with substances: photoelectric effect, Compton scattering and positron-
electron pair formation.

In B decays the range of the B particle in substances is usually significantly less
than the thickness of the layer in which the basic portion of the y radiation energy is
absorbed. Based on the allowable y radiation level, this layer determines the dimensions of
the heat liberation region and, in essence, the size of the RTG as a whole.

1.6.6. Thermal Power of an RTG.

The energy that is released in radioactive decays can be used in different ways.
The thermal energy that is obtained by slowing down o and B particles and by the
interaction of y radiation with substances is of the greatest interest in satisfying needs for
autonomous power. By calling the thermal energy that is liberated in one single decay E,
it is not difficult to determine the thermal power of a given RTG,

Q; =E4 %—I\l = E4ANjexp(-At) . (1.23)
T

If we have 1 gram of a pure isotope, then the specific thermal power generated by
it during radioactive decay will be

A MeV
Q = —u— Eqh exp(—2At) , 2 sec (1.24)
Q = 2B exp(-rt)- L6 x 10783 Joue (1.25)
3! g sec
.63 x 1010
Q = ?___:1°_de oxp(-At) ,— (1.26)

where 1 is the molecular (atomic) mass of the pure isotope.
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Radioactive fuels are frequently not pure isotopes, but are chemical compounds or
mixtures with stable elements. The specific thermal power is in this case reduced in
proportion to the mass fraction of the pure isotope.

1.6.7. Production of Radioactive Isotopes and Product Requirements.

An overwhelming quantity of isotopes that are suitable for use in autonomous
power is produced artificially. The extraction of radioactive isotopes from natural ores
that contain radioactive series does not make sense because such ores can be found only in
very small quantities. Artificial radioactive isotope production methods can be divided into
the three groups given below:

1. Isotopes which derive from by-products of the nuclear industry. Such isotopes
are produced by different radiation chemistry techniques. Among such isotopes are Sr-90,
Pm-149, Ce-144, and Cs-137.

2. Isotopes that are formed as a result of bombarding the nuclei of stable elements
with neutrons. Co-60 and Po-210 are among these. They are produced in the following
reactions:

26C059+0 nl —)26(:060 , Or,

1 0210

83Bi209+0n —)83Bi210 —)84P + B+ v+ Y
3. Isotopes which are produced by neutron bombardment of by-products from the
uranium and plutonium cycles. By way of example, we will show you the production of

the radioactive isotope g4Pu?38:

237 1

238 238
93Np“ "+on" —>g3Np™" —g4Pu

+B+Vv+y

Other isotopes that are produced in this manner are Am-243, Cm-242, Cm-244,
and others.

In choosing radioactive isotopes for use in autonomous power it is necessary to
take into account the following factors: half-life, decay energy, vy radiation, robustness,
compatibility with structural materials, chemical stability, melting point, fabrication
technology, cost, etc. Generally, the half-life must not be less than several months.
Several years is desirable. An excessively short half-life will result in a rapid decrease in
activity as a function of time. This is unacceptable for a number of reasons: control of the
RTG is difficult, the initial quantity of the isotope required increases, the period the
isotope can be kept is limited, etc. Another disadvantage occurs when the half-life of the
isotope is too long: the initial activity is low. The above factors are usually taken into
account in estimating the specific thermal energy release from the above equation. It is
customary that the initial specific power (y = 0) should not be less than 0.1 watt/gram.
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In order to improve the stability of the fuel, such as increasing the melting point
and the like, different compounds are used instead of pure isotopes. The remaining
requirements are sufficiently obvious and there is no sense in dwelling on them. The
practical uses of isotopes in autonomous power have evolved through the application of a
limited number of isotopes. These include Co-60, Sr-90, Cs-137, Po-210, Pu-238, Cm-
244 and others.

Radioactive isotopes with a half-life of a year and longer are called long life
isotopes (Co-60, Sr-90, Cs-137, Pu-238). Accordingly, isotopes with a half-life of less
than one year are called short life isotopes (Po-210).

1.6.8. Control of the Power of an RTG.

Energy liberation by radioactive isotopes is not subject to control but obeys the
laws of radioactive decay. A characteristic reduction in thermal power, determined from
equation (1.26), is shown in Fig. 1.17.

In addition, the electrical power generated by the RTG should, as a rule, be kept
constant or be at some given level after a prescribed operating period, 7o, This
requirement can be satisfied by dumping excess electrical power during the time prior to
actual operation, dumping excess electrical power over the entire time, or combinations of
the two methods. We will now consider the optimization of some parameters in
controlling an RTG by dumping thermal power.

In this case, the thermal regime and the parameters of the converters of heat are
maintained constant over the time interval 0 to 7,,. By solving the equation

Qe _g (1.27)

OAT

it is easy to show that the electrical energy produced during the time 1, is
Qe = Qts‘cop (1-28)

where € is the thermal conversion efficiency which is a maximum for T,A = 1.
Consequently, an operating time of 1,, = 1/A = 1.44T,, is most advantageous for
the given isotope. With this as the operating time, it is prudent to select from among the
isotopes that have approximately identical values of the parameter Q,, or one for which
Aopt = 1/14p o1 (Typ)opt = 0.6937,
The maximum electrical energy and the constant electrical power generated are,
respectively

E : E
Qe=9.63-1010u—28; Qelec=9.63-101°:lgf—a : (1.29)
op

It should be noted that the maximum Q, slopes gently as a function of 1,,A. Thus,
a deviation of 10% in 1, or A from the optimum will lead to only ~ 1% reduction in Ege..

50




-doy, porsad Suneredo paurweidad sy Suninp
PIOYSa1y} wnwiun owos asoqe jdoy oq isnut romod oy, -own
yia 1omod [euntoy) adojosorper jo eouspuadep [enusuodxy  LI°Y ‘314

2 doy=y 0=
A_ _

v 0

51




We will estimate the order of magnitude of Q. max for € = 0.05. For B emitters having on
the average p = 100 and E; 1 MeV, we obtain a mass normalized value of

0.05 1 4000 kWhr

—= (1.30)
100-2.72 3600 kg

~9.63-10'°

Q e,max

This exceeds by more than a factor of 3 the energy capacity of the best chemical
energy source, the fuel cell.

There are several design options for removing the time-varying excess thermal
power from the heat generation region. A possible design for such equipment is shown in
Fig. 1.18. Here the sensitivity of the damper actuator regulates the temperature changes
in the heat generation zone. The damper opening needs to be adjusted in order to keep
the temperature constant during a given power plant operating period.

A large number of radioisotope generators have been developed to date which use
thermoelectric converters of heat. These include, for example, the power plants in the
odd-numbered SNAP series which range in power from tens to hundreds of watts. All of
them have been used successfully on space vehicles. The last of them was a power plant
using the Pu-238 isotope. It was mounted on the interplanetary probe "Magellan,” which
was launched by the USA in 1990.
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2. PHYSICAL PRINCIPLES OF WORKING PROCESSES IN SPACE NUCLEAR
POWER PLANTS

2.1. Designs and Classifications

The author assumes that the reader is generally familiar with the equipment and
make-up of nuclear reactors and the function of their basic components. Nevertheless, the
author considers it worthwhile to briefly dwell on a number of characteristics and classes
of reactors for space power plants, to identify those that have practical applications and,
especially, to identify those that are promising in the development of future space
hardware.

A nuclear reactor is a device in which neutrons sustain a controlled fission chain
reaction that releases different kinds of energies. The bulk of these energies is converted
into thermal energy which is used to satisfy a variety of needs. The design of a nuclear
reactor is not complicated (Fig. 2.1). It includes the reactor vessel, the core, neutron
reflectors, a heat transfer system, a control system and shielding and, in the general case,
external shielding.

The core consists of the nuclear fuel and the moderator, although sometimes there
is no moderator. The function of the core is to create conditions that will sustain a
controlled nuclear fission chain reaction.

The purpose of the reflectors (end and side) is to reduce the number of neutrons
that leak from the core. Shielding is necessary in order to attenuate the energy of the
neutrons that escape from the reactor vessel as well as the energy of the attendant y
radiation to levels that are within safe limits for maintenance personnel, instruments and
materials.

Different kinds of nuclear reactors can be used in space nuclear power applications
depending on a number of specific requirements that arise from the conditions under
which they are to be used.

The fundamental requirement on reactors for space nuclear power use is to achieve
the minimum possible mass and size. The reactor dimensions determine the size and mass
of the shielding needed to protect on-board equipment (for an unmanned spacecraft) from
neutron flux and y radiation. As a consequence, the reactor size determines to a
significant degree the dimensions and mass of the spacecraft as a whole.

Naturally, this limitation imposes a requirement to generate as much power as
possible within the core volume. In the majority of cases, minimum reactor dimensions are
not determined by conditions critical to sustaining fission, but by the thermal power
required. This circumstance demands the selection of the most effective liquid metal
coolant, design and core materials.

It follows from the above that reactors for space nuclear power plants must
operate at high temperatures. This means that refractory materials must be used in the
core, such as stainless steels, carbides, and metallic ceramics. In order to reduce the
unproductive (relative to the fission reaction) expenditure of neutrons, highly enriched
uranium must be used as the fissioning material, and the moderator must be a material
which doesn't capture neutrons readily.
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The basic characteristics used in classifying nuclear power reactors are the
following:

1. Neutron energies that sustain the fission reaction: megaelectron volts (fast
neutrons), tenths of electron volts (thermal neutrons) and from tenths to thousands of

electron volts (epithermal neutrons).

2. The distribution of nuclear fuel and moderator. In heterogeneous reactors the
nuclear fuel is distributed locally in the moderator, and in homogeneous reactors the fuel
and moderator constitute a uniform mixture.

3. The state of the fuel (solid, liquid, gas) in the core.

4. Methods for heat removal (transfer of heat to where it is needed): different
kinds of coolants, heat pipes, direct contact heat transfer or thermal radiation.

Considering the requirements mentioned above for space nuclear power reactors,
homogeneous and heterogeneous reactors with fast and epithermal neutrons and with a
solid core are most advantageous for use in space. The thermal energy liberated in these
reactors is removed by using a coolant (principally, a liquid metal), heat pipes, or by
thermal conductance.

The working process and its basic characteristics (heat generation and its change
with time, the composition of products of reaction and nuclear radiation, etc.) in any
power reactor are determined directly by neutron interactions with nuclei in the reactor.
We will, therefore, discuss these interactions in sufficient detail beginning with the
fundamental laws upon which reactor processes are based.

2.2. Neutron Interactions with Nuclei.

In a broad sense, a nuclear reaction is any process that begins with the collision of
two, seldom several, microparticles (simple or complex) and which, as a rule, results in
strong interactions (nuclear or electromagnetic). While there are a large number of
different nuclear reactions, we are interested mostly in neutron interactions with nuclei.
Since neutrons do not carry an electrical charge, they will not be stopped by the Coulomb
potential barrier as they approach the nucleus. As a consequence, even neutrons that
possess comparatively low energies, i.e., thermal or slow neutrons, can interact with the
nucleus. Moreover, the probability of interaction with the nucleus by slow neutrons is
significantly higher than by fast neutrons. This is easily explained by classical physics:
slow moving neutrons remain in the vicinity of the nucleus for a longer average time than
fast moving neutrons. Thus, one can assume that the probability of neutron interaction
with the nucleus will be higher in the first case than in the second. In quantum mechanics,
the collision of a neutron with a nucleus is considered as the interaction of a neutron wave
with a barrier - the nucleus. The effective wave length of a neutron is known to be
inversely proportional to its velocity. Consequently, the wave length of a slow neutron is
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greater than that of a fast neutron, and the probability of interaction is correspondingly
higher.

Neutron interactions with nuclei are complex processes that involve restructuring
of the atomic nucleus. There are numerous different interpretations of the mechanism of
nuclear reactions. We will examine only the simplest of these.

Any neutron interaction with a nucleus can be represented as a collision of a
nucleus at rest (target nucleus) with a fast moving elementary particle - the neutron. At
the initial instant of collision a compound nucleus is formed, which has a comparatively
long (in nuclear dimensions) life time: 10-14 - 10-15 sec. The explanation is that a neutron
impacting with a nucleus, instead of directly traversing the distance equal to the diameter
of the nucleus, is "trapped" among other particles and exchanges energy with them.
Hence, the comparatively long life time of the compound nucleus. The condition for the
existence of the compound nucleus like any real system is satisfied in this way.

All particles are "equal" in the compound nucleus as they are in the ordinary
nucleus. The compound nucleus is always excited because the neutron that impacted with
it contributes excess energy. This energy consists of the neutron binding energy (about 8
MeV) and the kinetic energy of the neutron. The excitation energy is distributed among
all the nucleons of the compound nucleus. This distribution is subject to statistical laws
and, in general, the distribution obeys Maxwell's law of energy distribution in an ideal gas.
The temperature of the compound nucleus is quite high. Thus, for example, a neutron
penetrating into the nuclei of elements that lie in the middle of the Mendeleyev table (A=
80-100) excites them by 8-10 MeV. The average excitation energy of a single nucleon is
about 0.1 MeV, which corresponds to a temperature of about 109 K. A phenomenon can
occur in such a "heated" nucleus, which is analogous to the evaporation of a molecule
from a liquid droplet. The surplus energy or a significant portion of it can in time be
concentrated in some single particle, and this particle "evaporates,” i.e., escapes from the
nucleus. It is specifically for this reason that one can speak of nuclear processes occurring
in two stages:

1) formation of a compound nucleus; 2) transformation of the compound nucleus.
Such a model of nuclear reactions, first introduced by Niels Bohr in 1936, can be
represented by the following:

*
ZXA + 01’11 -—)[ZXAH]

*
[ZXA+1] — Yield of the reaction.

An important consequence of the prolonged existence of the compound nucleus is
that the probability of subsequent processes is independent of how the compound nucleus
was formed. Thus, depending on the excitation energy of the compound nucleus, the
duration of its existence, the composition of the nucleons that constitute it and so on,
different kinds of nuclear reactions that follow will occur with different probabilities.
Hence, there are several kinds of neutron interactions with nuclei. Those of the greatest
importance from the standpoint of nuclear power are elastic and inelastic neutron
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scattering, radiative capture or absorption reactions of neutrons, and, finally, fission reac-
tions. Neutrons play a role in all of these reactions. We will, therefore, briefly discuss
methods for producing and keeping track of neutrons.

Production of neutrons and methods for counting neutrons. There are many
different methods for producing neutrons. The following are the basic ones used in
nuclear power:

1. Alpha particle interaction with beryllium (such as the so called polonium-
beryllium sources). These nuclear reactions proceed as follows:

4B69 + 2H€4 —)3(2He4)+ Onl ;

4B69 + 2HC4 - 6C12 + Onl

2. Gamma radiation interaction with beryllium (the so called photonuclear
sources). The reaction proceeds in accordance with

4Be9 +7 - 4Be8 + On1

Photonuclear sources are capable of producing monoenergetic neutrons, but the neutron
yield is lower than in the preceding process.

3. Fission of heavy nuclei with the formation of neutrons in quantities adequate to
sustain a chain reaction at a given level.

The first two processes are used in bringing a reactor to a controlled minimum
power level.

There are also several methods for counting neutrons and determining their
energies. The choice of method takes into account the weak interaction of neutrons with
the electron shell of the atoms of substances. For this reason, the degree of direct
ionization of atoms by neutrons is negligibly small. The operation of the detectors is,
therefore, based on secondary effects, such as the absorption of neutrons by the nucleus
with the ejection of a charged particle and the absorption of neutrons with the formation
of a radioactive isotope and the emission of y quanta.

The first effect is seen in the so called ionization chamber. The volume of the
chamber is filled with a gaseous boron compound, for example, BF3. The reaction
proceeds as follows:

1

SBIO + ol —> 3Li7 + 2HC4

The neutrons are counted and their energies are calculated from the ionization current
generated by the o particles.
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The second effect is accomplished by direct measurement of the y radiation energy,
for example, in the reaction

9 U238 + 01’11 - 92U238 +v.

and the neutron energy is then calculated.

Both effects are used simultaneously in order to arrive at a more accurate
determination of neutron density and energy. Several standard neutron detectors
(counters) are used in observing each of these effects and their readings are then averaged.

Fundamental characteristics of neutron interactions with nuclei. During the
penetration of neutrons through matter contained in the reactor core all of the neutron
interactions with nuclei mentioned above may occur. The probability of each of these
taking place is, however, different and is determined by the average number of processes
that occur during the interaction of one neutron with a single nucleus. This parameter,
which is measured in units of area, is called the microscopic effective cross section and is
designated by 6. In order to clarify this in a physical sense, let's assume an area of 1 cm?
(Fig. 2.2) containing a number of nuclei, Ny, located in a single layer. Let a neutron flux of
density I (sec'lem™) be incident on this surface. Then the number of neutrons that interact
with nuclei on the prescribed area per unit time (collision rate) is C = 6Nyl i.e, 6 =
C/(Ny]) is the probability of a single interaction, cm?

The product cNj, can be interpreted as the relative area occupied by all nuclei on
the designated 1 cm? area. If oNp = 1, then C = [, i.e, all neutrons incident on the
prescribed area will participate in nuclear interactions.

Since the probability of specific kinds of neutron interactions with nuclei is
different and depends on the neutron energies, then the microscopic cross sections of like
nuclei will differ. The probability that any of the above neutron interactions with nuclei
will occur is determined by the sum of the probabilities (microscopic cross sections) of the
individual nuclear interactions: ¢ = 6, + 6, + o, where G, G, ¢ are the microscopic cross
sections of scattering, radiative capture and fission, respectively.

The sum o, + o is sometimes designated by the symbol G, and it characterizes
reactions associated with neutron absorption. It is useful to compare the microscopic cross
section with actual nuclear dimensions, cR*,. Since the radius of the nucleus is
proportional to the mass number A and R, = 1.2 x 10-13A (in centimeters), then the
actual cross section falls in the range from 0.05 x 1024 cm2 (0.05 barn) to 1.2 x 10-24
cm? (1.2 barn). Note that these values differ in a number of cases from the microscopic
cross sections of these nuclei by several orders of magnitude.

As has been noted, the probability of different neutron interactions with nuclei
depends to a significant degree on neutron energy. In addition, handbook references
usually give the value of o for standard conditions (E,, = 0.025 eV, T, = 293 K). For the
purpose of calculating the microscopic cross sections at other neutron energies
(temperatures), ¢ can usually assumed to be inversely proportional to the neutron velocity
(energy), or since energy is proportional to the square of velocity,

59




"UOT}03s ss0I0 o1doosoroew (q pue UOI}IAs §SOIO
ordoosoroiur (e pue Xnjj uonneu SUIZI[ensiA 10] S[SPON  T'T “S1d

(q (e
fe—— XV
E:\ A S
° ® I
—_— ] 5 L\.. m |
way | ¢ “.

% * e Al

60



1
G o«
V E n
It is then necessary to account for the neutron energy distribution which obeys
Maxwell's energy spectrum. Since the average neutron energy used in the calculations

differ from the most probable by a factor of /2, this circumstance must be taken into

account in all formulas.
According to this, one can write the following expression for the average
microscopic cross section ¢

293w

T @2.1)

E=Gof

where G, is the microscopic cross section at Ty = 293 K, f is a factor which takes into
account the deviation of the relationship o(T,) from the relationship assumed,
cocl/ \/ﬁ . In addition to microscopic cross sections in evaluating neutron
interactions with nuclei, macroscopic cross sections are also examined. These characterize
interactions that take place within the volume of the material rather than on its surface.
The macroscopic cross section is defined as

2 = Ny© ,

where N, is the nucleus density, i.e., the number of nuclei in 1 cm3 of material. The units
of macroscopic cross section are inverse centimeters (cm!).

By expressing the nuclear density through the mass density p of the given isotope,
the Avogadro number N, and the atomic mass m, we can write

pNaG
m

T =

In those cases when the isotope of interest to us is contained in the reactor core as an alloy
or a chemical compound, its nuclear density is determined by the equation:

n
p-
Np tot = ZNn,i = “I;i“NAVi > (2.2)

i=1 1

where p; is the mass density of the ith constituent in the alloy or the chemical compound,
vj is the volume fraction of the i-th element in the alloy; nj is the number of atoms of the i-
th element in a molecule of the chemical compound; m; is the atomic mass of the i-th
c