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The Understanding the Atom Series

Nuclear energy is playing a vital role in the life of every
man, woman, and child in the United States today. In the
years ahead it will affect increasingly all the peoples of the
earth. It is essential that all Americans gain an understanding
of this vital force if they are to discharge thoughtfully their
responsibilities as citizens and if they are to realize fully the
myriad benefits that nuclear energy offers them,

The United States Atomic Energy Commission provides
this booklet to help you achieve such understanding.

o

dward J. Brunenkant, Director
Division of Technical Information

The Cover

The message in the notebook on the cover sums up the
concept of breeder reactors very well. In the future these
reactors will produce large amounts of electric energy and
still end up with more nuclear fuel than they started with.
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Foreword

Today our major source of mechanical
energy comes from the heat of combustion,
the burning of fossil fuels - coal, gas, and oil.
We are beginning a shift to nuclear power
which, over the coming decades, will make
use of the world’s vast supply of uranium and
thorium and greatly expand our energy poten-
tial. The development and use of the breeder
reactor will give us an even greater amount of
power —perhaps enough for thousands of
years—aixl] may radically expand our applica-
tions of energy.

When we make full use of energy that
breeder reactors will bring us, we may in time
be able to use incredibly large amounts of this
cnergy to create new matter, to rebuild,
reshape and reuse all matter. This means that
our relationship to all our basic needs—food,
water, shelter, clothing, a liveable environ-
ment—ocould change drastically.

Fventually we might use matter and
energy, time and space, like building blocks.
A whole new logic would guide our produc-
tion and distribution of the necessities of life.

“Waste” would be almost nonexistent.
Henee there would be relatively little pollu-
tion. Almost everything would be recycled
and reused, or returned to nature 1n a
near-natural form and distributed so as to
maintamn a balanced environment.

5 R

Glenn T. Seaborg, Chairman
U. 5. Atomic Energy Commission
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hy Walter Mitchell, 111, and Stanley E. Turner

Hopes, Dreams, and Realities

The alchemist’s hope ol turiing base metals nto geld —
Cotumbus’ search lor the new world -- the wmventor’s dream
ol perpetual motion —-the Wright brothers’ desire to fly... .
For as long as we have any record of his existence, man has
attempted to furn s hopes and dreams into realities. Some
efforts failed, while some were successful far beyond thew
originator’s hopes; others, even though they were apparent
failures, led 10 a better understanding of naturc’s laws,

Nature has yielded some of 1ts secrets to our confinuous
probing - often with a reluctance that has led to gher levels
of scientific ingquiry and understanding on our part. Such an
area of inquiry is the breeder rcactor, which 1s currently
under extensive development throughout much of the world.

Underlying the interest in the breeder rcactor is our
society’s insatiuble need for clectric power for homes and for
the rapidly expanding industry that supports our growing
population, Within the next 10 years, the United States will
need new electric power stations with a generating capacitly
equal to that of all the stations that now exist in this
country. This doubling of power requirements cach decade
will continue for many years and will be accompanicd by an
increase in the amount of fuel nceded to run the gencraung
plants. Imagine the effect of thut enormous demand for fuel
on our shrinking supply, and you will see thec possibie
consequences, n only 20 or 30 years, if we do not have the
foresight now to prepare for the future.

The demand on our resources of coal, oil, and gos is hemg
relieved by the nuclear power plants we are now using and



building.* These plants require their own kind of fuel,
however, and its supply is not unlimited. 1f we continue to
build and operate only the types of nuclear power pluntys that
we have today, in just 30 years we will consume the total
amount of economically usable nuclear fuel now known to
exist, So, while today’s nuclear reactors arc essential for
electric-power generation in the U. S, and other countries,
they are not the long-term answer. The answer lies in breeder
reaclors,

A Dbreeder is a reactor that produces more fuel than it
consmmes. (In the next chapier we will discuss the materials
and processes mvolved in breeding.) If the breeder can be
used in a nuclear power plant, it can provide the heat needed
for the generation of electricity and simultaneously produce
an excess of fissionable material that can be used to fuel
other plants. The answer to this apparent contradiction is
thal breeder reactors do not give “something for nothing™,
but produce usable fissionable material from comparatively
useless fertile material at a greater rate than the original fuel
in the reactor is consumed in the fissioning process.

Fertile materials are abundant and relatively inexpensive,
50 by converting (hese materials into fissionable materials the
problem of depleting our natural resources is shifted fo the
distant and very remote future, At the same time, the breeder
reactor holds out enticing promises of reducing the cost of
electric power generation and reducing its effect on the
environment, These promises musi be fulfilled belore breeder
reactors can be built on a large-scale commercial basis, and
many people feel that these promises will soon be realized.

In this booklet we will describe breeder reactor research,
the different types of breeders, and the future of the
program.

*Sce the companuen booklets in this seties, Nuclear Power Flants and Nuclear
Reactors. Also sec Nuclear Reactors Built, Being Built or Plupned in the United
States, wiuch is in the reading lst on page 44,



The Basic Processes

Breeder reactors are similar in many respects to the
nuckear power reactors now in use or being built in many
places throughout the world. Breeders. however, are unique
in their abiity to produce more {issionable material than
they consume. To understand how this may be possible
and why other types of nuclear reactors do notl “hreed”— -we
must first lock atl some busic principles.

Fundamental to all nuclear reactors ts the fssion process.
fn this process, the impact of a neutron® on the nucleus of an
atom of fissionahle material can cause the nucleus 10 break
apart, or fission.

Only a few isotopest available in quantity are capable of
sustaining the fission process. These isotopes are uranium-233
(*230), uranium-235 (245U, plutonium-239 (279Pu). and
plutonium=241 (**!Pu), and the term fissionable material
refers to these four isotopes. All four undergo radioactive
decay.f 235U is the only onc that exists in any quantity in
nature; the other three, while perhaps present billions of
years ago, have cssentially decayed completely. Conse-
quently, if we want 233U, ?3°Pu, or 24" Pu now, we must
produce it artificially.

In order to create a fissionable material, we use a fertile
material. which is a material that will join with or absorb a
neutren and result in new fissionable material, The new
fissionabi~ material can produce more neuwlrons by [ssion,
and thus ca  continue the fissioning process. The fertile mate-
rials thorium-232, wranivm-238, and plutonium-240 can
produce fissionable 233U, 239Pyu, and *%'Pu, respectively.

*A neutron is 2 neutral elementary parlicle, which is found in the nucieus of
every atom heavier than hyvdrogen.

TAnN isotope is one of two or more aloms with the sam mber [the
same chemical element} bul with different atomic weights,

iRadioactive decay 1% a spontaneous leansformation that results in a deerease,
with time, of the number of original radiogciive atoms.



Both 232Th and 238U exist in nature, while 24°Pu must be
created artificially by neutron absorption in 23?Pu.

The absorption of a neutron by 232 Th or 238 U does not
result directly in a new fissionable material, but first
produces unstable, intermediate products. As indicated in the
equations given below, the intermediate products quickly
decay to produce the desired fissionable material.

(232Th)+n*_,(233fn]) rapid (233Pa) rapid (133U) slow
- decay decay decay

238 239 rapid 239 rapid 239 slow
+0n—> — —_— —_—
( U) = ( U) decay ( Np) decay ( PLI) decay

240 241 slow
+n-=> i
(**"Pu)+n-=(*""Pa) Ty

#*The letter n represents a neutron. The decay of intermediate products results
in each case above in the emission of a beta particle. A rapid decay means that the
process will be essentially complete in hours or months, while a slow decay
requires hundreds to hundreds of thousands of years.

As the equations show, ?3%Th is converted to thorium-233,
which decays to protactinium-233, which then decays to the
desired fissionable material, 233U. When 23?Pu is formed
from 238U, the intermediate products are uranium-239 and
neptunium-239. Plutonium-241 is formed directly from
240PU.

We have discussed some of the processes involved in
producing new fissionable material, and we will now consider
another fundamental rule of nature—one concerning the
number of neutrons produced in each fission. In Figure 1 a
single neutron striking the nucleus of an atom of fissionable
material produces fission fragments and the release of free
neutrons. The number of neutrons released varies, but is
usually more than two. Since only one neutron is needed to
continue the fission chain reaction, the other freed neutrons
can be used to produce new fissionable material. These excess




neutrons may be (1) absorbed by fertile material to produce
new fissionable material, (2) absorbed nonproductively in
structural material, fission fragments, control material, fuel,
or the reactor coolant, or (3) escape from the reactor and be
absorbed in the surrounding shielding material. In developing
a breeder it therefore is necessary to design a reactor in which
the necessary fissionable, fertile, structural, control, and
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Figure 1 A fission reaction.

coolant materials are present and in which as many of the
excess neutrons as possible are absorbed in fertile material.
There are a number of different ways of doing this.

As stated earlier, the breeder reactor produces more
fissionable material than it consumes. This means that for
every neutron absorbed by an atom of fissionable material.
more than one of the freed neutrons must be absorbed in an
atom of fertile material to create more than one new atom of
fissionable material. If only one atom of new fissionable
material is produced per atom consumed, the amount of fuel
(fissionable material) remains constant and breeding does not
occur. If less than one new atom is produced, the amount of
fuel decreases and the reactor is known as a “converter’” or
“burner”.



Thercfore in breeding the average number® of neutrons
given off in the fission of a single atom must be greater than
two - -one to continue the fission process and at least
fractionally more than another one to convert fertile material
into new fissionable material. This means that breeding may
be possible if more than two neuvtrons are produced, but if
two or less are produced, breeding cannot occur regardless of
reactor design.

Actually, considerably more than twe neuirons per
fission are necessary for breeding, because some will be lost
through lcakage and some lost by nonproductive absorption.
The following table gives representative values for the
number of neutrons produced per neuiron absorbed by the

Average Number of Neu lrons Produced® per
Nentron Absorhed m Fisaonabic Material

Type of Thermal Fast
fissionahle neuiron neiiron
material absorbed absorbed
Uranum-233 23 23
Lranium-235 2t 20
Mutontem-239 19 24
Plulonium-241 2.1 27

*These are approxunate values, and the

actual value tor any given reactor design may

difier shghtly depending on the detals of the

design
different fissionable materials. The nambers indicate that
breeding can probuably be achieved with the least difficulty
and with the greatest efficiency in a fast-neutront reactor
that uses plutonium-239 and plutonium-241 as the fission-
able material. The table also indicates thal breeding is
unlikely, if not impossible, i thermal-neutront reactors
unless they use uranium-233 as the fissionable matcerial.

*In the absompfon of & neutton by an alom ol {ksionable matertal, various
numbers of neulrons are produced, here we are cencerned with the number
produced on an overall average Lor gach neutron absorbed

“These lems will be detined tater



At the present time, there are two basic breeder reactor
materials “systems’:

Fissionable Fertile Fissionable
material material material
used used formed
(1) Plutonium-239 Uranium-238 Plutonium-239
(2) Uranium-233 Thorium-232 Uranium-233

The two breeder materials combinations we will discuss in
this booklet are the plutonium —uranium system and the
uranium-—thorium system, as shown above.

Thermal-neutron or thermal reactors and fast-neutron or
fast reactors are important classes of reactors. The neutrons
produced in the fission process are generally traveling at very
high speeds—about 30 or 40 million miles per hour and
thus are called fast neutrons. If certain materials called
“moderators” (water or graphite, for example) are present,
the fast neutrons collide with atoms of the moderator and
lose speed with each collision.

After bouncing around from atom to atom, the neutrons
will reach thermal equilibrium —a term which means that the
neutrons have slowed to about the same speed as the
moderator atoms. When this slowing down has occurred and
thermal equilibrium has been reached, the neutrons are called
thermal neutrons and are traveling at an average speed of
only about 5000 to 10,000 miles per hour. Thus, the
difference between thermal and fast neutrons is mainly a
difference in their speed, which is related to the energy of the
neutrons.

All reactors contain both thermal and fast neutrons, but
the designers can select materials and arrangements that
emphasize the thermal or the fast part of the mixture. A
thermal reactor is one in which a moderator is present to
slow down the neutrons, and the fissions are caused mainly
by thermal neutrons. A fast reactor is one in which the
amount of moderator material is made as small as possible, so
that the fissions are caused principally by fast neutrons. All



the very large nuclear power plants in the United States now
use thermal reactors, and ncarly all these reaclors use
ordinary water both as the moderator and as the reactor
coolant (the fluld thut removes the heat generated by the
reactor).

The fast reactor is usually regarded as the mosl promising
concept for breeding. Tn addition to the fact that fission by
fast neutrons produces a relatively large number of free
neutrons, the fast neulrons are not absorbed as readily as
thermal neutrons by the structural material and reactor
coolant. Furthcrmore, the fast neutrons can occasionally
cause atoms ol fertile material to undergo fission and thus
creale a4 few “bonus”™ neutrons. These bonus neutrons
contribute appreciably to the amount of breeding that is
passible with fast reactors.

Breeding ratio and doubling time are measures ol the
effliciency ol a breeder. The breeding ratio is the number of
atoms of fissionable material produced per atom of {ission-
able materigl consumed. DNoubling time s the time re-
guired for a breeder reactor to produce as much fis-
sionable matcrial as the amount usually contained in its
core  plus  the amount tied wp in its fuel cycle
{fabrication, reprocessing, efc.). Doubling time is a
measure of the amount of breeding that 1s achicved in a
given design: The more fissionable material produced during
a given period by breeding, the shorter the doubling time. At
present, researchers hope to achicve a doubling time of less
than 10 yeurs.

The production of excess (issionuble material in the
reaclor is not the whole story, however. Periodically, fuel
elements have to be removed from the rcactor because
{1y the luel element containers do not last indelinitely and
(2) the fucl must be chemically processed. This processing is
necessary to recover the fissionable material and to clean the
fuel. This cleaning removes the accumulated lission frag-
ments, which increase the unproductlive caplure of neutrons,
Once recovered, the fissionable material can be mude into



new fuel elements that are loaded back into the reactor {or
anolher one) to contmue the power-generating - breeding
process Excess fissionable matenal produced by breeding can
be used m other reactors or stored until a4 sulficient amount
15 collected to provide fuel for a new reactor

We have discussed the processes that may be used io
sustain the nuclear cham reaction and, at the <ame timce,
result m a net garn of fissionable material Now let’s turn our
attention to the ways these processes mighi be used m
practical applications to achieve efficient use of our fuel
resources

i



Kinds of Breeders

Since one can't tell the vlayers without a program, we
will review three types of breeders that show promisc. As you
will see, there arc variations in materials or physical arrange-
ments within somg of the “familics” of breeders. The
categories we will use are fairly standard and are based on the
common practice of characterizing the reactor by the kind of
cooling fluid it uscs,

The rcactors we will discuss are the lguid-metal-cooled
breeder, Lhe gas-cocled breeder, and the molten-salt breeder.
There are other possibilities, and these are mentioned briefly
at the end of rhis chapier.

Liguid Metal

This concept is properly called the liquid-metal, fast-
breeder reactor (LMFBR). It is the inghest priorily civilian
nuclear power activity of all the breeder tvpe reactors.
Indeed, President Nixon in his Energy Message to the U. 8,
Congress on Tune 4, 1971, stated ibat his program included *“a
commitment to complete the successiul demonsiration of the
Lhquid-metal, last-breeder reactor by 19807,

The basic arrangement of an LMI'BR nuclear steam
supply is shown in Figure 3. (Each diagram that appears in
this section shows sleam and water pipes at the right side of
the illustrafion. In a nuclear power plant, these pipes would
be connected to the power-gencraling portion of the plant,
wlnch is not shown here.} Since the production of steam is
an objective of al! the breeders covered in this booklet, we
will discuss the overall nuclear steam-supply system rather
than just the reactors. The nuclear steam-supply system is the
equivalent of the boiler in a fossil-tucl power plant. Tn all
steamn power plants, nuclear or fossil, clectricity is generated
i about the same way. Steam turns a turbine that drives a
generator to produce electricity. With ifs energy almost gone,
the steam leaves the turbine and s turned back into water in

n
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Figure 2 The Fast Flux Test Facility (FFTF), now under construction
at the AEC’s Hanford Works in the State of Washington, will be a key
part of LMFBR development. In the photograph engineers discuss

operation of the simulated core mockup of the FFTF. {See page 30.)
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Figure 3 LMFBR nuclear steam supply.

a condenser. The water from the condenser goes back to the
steam-supply system. where it is formed into steam again.
Although it isn’t shown, we will call the power-generating
portion of the plant the power-generation loop (Figure 3).

As the figure shows, there are three basic loops in a
power plant that uses an LMFBR. In addition to the
power-generation loop, there are the reactor loop and the
intermediate loop. In both the reactor loop and the inter-
mediate loop, the fluid is liguid sodium. The liquid-metal,
fast breeder operates with fast neutrons. One reason sodium
is a good fast-reactor coolant is that it does not moderate, or
slow down, neutrons as much as, say, water does. Sodium is
also a very good heat-transfer agent and its boiling point is
high. Consequently, it can operate at high temperatures
without requiring a high pressure to prevent boiling. Now
let’s return to Figure 3 to see what the temperatures in a
typical LMFBR system might be,

13



In the reactor loop, Lhe sodium is pumped to the reactor
vessel at a temperature of about 800°F. In the vesscl, the
sodivm flows through the reactor core, whaore 18 temperalure
is raiscd to about 1050°F. It lcaves the reactor at this
temperature and then passes through the heat coxchanger,
where it heats the sodmam in the intermediate loop. This
transfer of fieat from the reactor loop to lhe intermediate
loop reduces the temperature of the sodivm m the reactor
loop so thai it is veady to be pumped back through the
reaclor to begin the cyele again and remove more heat.

The sodum in the internmediate loop is hoated to about
975°F in the heat exchanger; 1t then passcs through the
stcam gencrator and 1s returned o the heat exchanger. Tn the
steam  generator, the mmiermediate-loop sodivm heats the
water of the power-generation loop and produces stean at a
femperature ol 900°L°,

The intermediate loop is a safety feature of the EMEBR.
The loop scparates the radioactive reactor loop from the
power-generalion leop; this climinates the possibility of
a simgie leak allowing radicactive material Lo enter the
power-generation loop or resulting in g chemical reaction
between the radioactive sodium of the reactor loop and the
water or steam of the power-generation loop.

The core of a typical LMEFBR consists of a central region
ofl fissionable mualerial (fuel) mixed with fertile material; the
central region is surrounded by a blanket of fertile materal.
The Tuel sustains the chawn reaction and produces a surplus ol
ncuirons that can be absorbed in the blankei. The absorp-
tions in the blanket convert the fertilc material into new
fissionable material. The core consists of thousands of small
vertical rods arranged so that the sodium coolant can flow
along them and remove the heat that they generate, Since the
reactor operates at very high temperatures, the rods must be
made of special materials.

The fissionable and lertile materials are ceramics, which
are uble to withstand high temperatures. To protect the
ceramics from possibic damaging action by the {lowing

14



sodium, the fissionable and {ertile materials are encased in
thin iubes of stainless steel. The ceramic-filled tubes form
rods that arc about the same diameter as a pencil and arc
several feel long. Rods such as these are nol very rigid, so
groups of rods (160 or more) are bundled together, using
spacers, and inserled into strong cases to form assemblies.

The assemblics are open at each end, and the spacers hold
the individual reds apart so that sedium can flow betwecn
them and remove their heal. Many of these ussemblies. which
arc quite strong, arc then placed side by side to form the
reactor core.

The best-developed forms of the fissionable and fertile
materials used in LMFBRs arc called oxides, which have been
used in other kinds of reactors for years. Carbides und
nitrides are also under consideration. The plutonium—
uranium system is generally used, and the materials involved
arc plutonium dioxide {Pu(,) and uwranium dioxide (UO, ).
When the reactor is rcady to start, the fuel portion of the
core consists ol a mixture of the oxides of 22°Py and 238U,
while the blanket conlains the oxide form of 2381, A reactor
using this combination is said to be fueled with “mixed
oxides”, which is a reference to the PuQ, UQ, portion of the
core. The normal initial content of the mixed oxide is about
20% plutonium and 80% uranium-238; as this indicates, a
small fraction of plutonium (the basic fissionable material) is
sufficient to “drive” the reactor.

Space is provided in the core for another kind of
assembly. It is called a control rod, and a number of these
regulaic the power level of the reactor. The control rods are
made of maferials that absorb neutrons, and they can be
moved vertically in the channels provided {or them. By
changing the degree of insertion of the control rods in the
core, either a smaller or a greater number of ncutrons will be
available to cause fissions or convert lertile material into
fissionable material. Thus, the control rods do precisely what
their name implies; they control, or regulate, the reaction
rate between the neutrons and core materials.



We have discussed briefly one LMFBR plant, using in our
example the materials that are specified most frequently. The
physical arrangement we have described uses pipes to connect
all major components of the nuclear steam-supply system. As
you might have guessed from looking at Figure 3, such a
plant uses a loop-type system. Another type of system is
called —quite descriptively, but not very elegantly —the
pot-type system. This arrangement is illustrated in Figure 4,
which shows that the reactor loop is a self-contained unit in a
relatively large vessel. There are advantages and disadvantages
in both the loop and the pot concepts. For example, the
pot-type system is more compact and its core can be cooled
more easily if a pump fails, but it may be more difficult to
repair.

Gas Cooled

The gas-cooled, fast-breeder reactor (GCFR) has been
under study in the United States since the early 1960s and
there are several incentives for developing it.
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Figure 4 Por-rype LMFBR nuclear steam supply.
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Figure 5 shows that the GCFR bears some resemblance to
the pot-type LMFBR. The system is a closely coupled one in
which the reactor cooling fluid is circulated within a single
large vessel. Actually, the resemblance between the two kinds
of breeders ends about there. The GCFR uses helium as the
cooling fluid, although it (or any gas, for that matter) is not
as good a heat-transfer agent as liquid sodium.

To qualify as a satisfactory cooling fluid, helium must be
used at high pressures and must be passed through the reactor
very rapidly. Under these high-pressure and high-velocity
conditions the gas is reasonably effective in removing the
heat produced by the nuclear processes in the core. The
requirements of high coolant pressure and velocity affect
adversely the cost of the GCFR because the vessel that
contains the reactor must be very strong, and the gas blower
must be powerful, but there are some compensating factors.
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Since helium does not itsell become radicactive or react
chemicaily with water, as does sodium, the intermediate loop
between the reacior loop and power-generation loop in the
LMEFBR is not needed in the GCIFR. Thus, the mertness of
the helium permits the wse of the (two-loop arrangement
shown in Figure 5. Ilcal is transferred from the reactor loop
directly to the power-generation loop., so there 15 a2 reduction,
in the number of principal components of Lthe plant.

The general arrangement of e core in 4 gas-cooled,
fast-breeder reactor is the same as that in a liquid-metal-
cooled breeder. The [uel rods are probably a litle Jarger in
diameter For the GCFR, and therc are more of them. The fuel
matenals under consideration arc the same as those discussed
for the LMFBR {(oxides are used now, and carbidcs and
nitrides may be used m the future), but the fraction of PuQ,
in the mixed-oxide fuel is less in the GCFR.

As you can see, there gre similaritics between the LMFBR
and the GCFR. Now for somcthing really dilferent.

Molten Salt

The molten-salt breeder reactor {MSBR) s a concept of
American origin and evolution. When the United States
started work on a nuclear-powered aircraft in 1947, the
molten-sall reactor was among the systems considered for the
power plant, Ablthough the aircraft never became a reality,
the molten-salt reactor did. The successtul operation of an
experimental molten-salt reactor, coupled with major ad-
vances in development that make possible a simpler plant, has
led to the consideration of the MSBR, which 1s shown in
Figure 6.

The schematic drawing for the MSBR looks a lot like the
one for the loop-type LMEFBR; each shows a reactor loop, an
intermediate loop, and, of course, a power-generation [oop.

Salts are the key to the MSBR. Many sults are chemical
compounds composed of a metal and an element such as
chlorine, ftuerine, or bromine. The best example of a salt is

18
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common table salt, NaCl, in which sodium (Na) is the metal
and chlorine (Cl) is the other element. Most people don’t
think of salts in the molten form, but the designers of the
molten-salt reactor did and they developed an interesting
plant.

The basic concept of the molten-salt breeder is one in
which the fissionable material and the fertile material are
circulated as a liquid through a region in which the fission
process can occur. The fuel is a liquid called the fuel salt and
consists of a combination of four fluorine-salt compounds.
The metals used with fluorine to form the salts are uranium,
thorium, lithium, and beryllium. The uranium and thorium
are the fissionable and fertile materials used in the breeding
process.® Since the uranium-—thorium system operates on
thermal neutrons, the MSBR is called a thermal breeder.
Lithium and beryllium, which constitute most of the fuel
salt, are used to dilute the fissionable and fertile materials to
the proper concentrations.

*See Thorium and the Third Fuel, a companion booklet in this series.
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Figure 7 A technician stands atop the thermal shield of the Molten
Salt Reactor during the reactor’s installation.

The core region of the reactor has fixed, vertical “logs”
of solid moderator material to slow down the neutrons. The
solid moderator logs, which are graphite, are spaced apart so
that the fuel salt can flow between them. When the fuel salt
is in the core, the combined moderating effect of the salt
itself and the graphite is such that the reactor can sustain the
chain reaction. There is no possibility of a chain reaction
outside the core (in the loop piping, for example), because
the reaction requires a complex geometrical arrangement of
materials.

The fuel salt circulates in the reactor loop during
operation. As the salt flows through the core region, it
momentarily becomes a part of the core and generates heat
through the fission process that occurs in some of its
constituents. When a particular volume of salt leaves the core
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region, the reaction in that volume stops:; the salt then
becomes the circulating fluid that transports the heat from
the reactor to the heat exchanger.

In the heat exchanger, the energy (heat) produced in the
reactor is transferred to the coolant salt of the intermediate
loop for subsequent transfer to the water of the power-
generation loop. The fluid in the intermediate loop is called
the coolant salt because it, too, is a molten salt and because it
removes heat from the fuel salt of the reactor loop. The
mixture contains no fissionable or fertile materials, since
there is no requirement for them in the intermediate loop.

Figure 8 Primary heat exchanger of the Molren Salt Reactor has a
heat-transfer area of nearly 259 square feet. Heat is removed from the
coolant-salt mixture in the air-blast radiator and is dissipated through a
metal stack to the atmosphere. The coolant flows through tubes ¥, inch
in diameter and 30 feet long. The tubes are arranged in 10 banks with
12 tubes in each bank. The photograph was taken with the light
emitted from the molten salt mixture.
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The coolant salt is a mixture of two salts that possess suitable
qualities for the service intended and are relatively inexpen-
sive.

The molten-salt breeder reactor holds promise as a system
capable of producing low-cost power and, at the same time,
using the abundant resources available for the uranium-—
thorium fuel cycle. Much development work is necessary,
but, if the molten-salt concept proves commercially feasible.
the United States will have developed a system that can play
an important role in meeting future requirements for electric
power.

Other Possibilities

Two other reactor concepts are being considered as
possible breeders. The first of these is the light-water breeder,
which has been under study in the U.S. for a number of
years. The other is the steam-cooled breeder, which has been
the subject of work in the U. S. and in other countries.

The light-water breeder is based in large part on the
well-developed technology of commercial nuclear power
plants that use pressurized-water reactors. The specification
of the core for a light-water breeder (a thermal breeder,
operating on the uranium—thorium cycle) represents a
principal challenge to the reactor designers because the
system must operate at highest neutron efficiency to breed.
If the physics performance of the core can be shown to be
satisfactory (from the breeding and economic points of
view), most of the rest of the plant design can be based on an
established foundation of experience.

Several groups in the United States have studied the
steam-cooled breeder concept, but it appears that the most
thorough investigation has been carried out by the West
Germans. The studies indicate that the steam-cooled breeder
is faced with a dilemma: At high steam pressures, the cost of
the electric power produced is acceptably low but the reactor
barely breeds; if the steam pressure is lowered, the breeding

22



performance ol the reactor improves but the cost of the
eleciric power it produces increases. Research on the steam-
cooled breeder has all but stopped.

fn the next chapter we will review some of the events and
accomplishments that have brought the breeder reactor to its
present state of development.
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Farly Achievements and Mileslones

In November 1946 —only 4 vears aiter the world’s first
reactor operated in Chicago®-—ihe first fast-neutron reactor
began operation at the Loz Alamos Scicutific Laboratory in
New Mexico. The code name for plutonium (Forty-nine)
and the location of the reaclor (in g canvon) reminded the
researchers of the lyrics of & song, and so they namecd the
reactor “Clementine” after that song. She was a small
experimental reactor, fueled with plutonium and cooled by
liguid metal {mercury), whose core could produce up to 25
kilowatts of heat. This first fust reactor was operated until
1953 und contributed much to our sitore of tundamental
scientific knowladge.

Several expermmental fast-critical assemblies have been
built in this country. Two of the betier knowr are the “Lady
Godiva™ and “Jezebel™ test assemblics al the Los Alzimoes
Scientific Laboratory, These names were used because the
reaciors were bare, fully-exposed assemblies, as iHusirated in
the photo of Jezebel (Figure %), These assembliss heiped
preparc the way for later breeder rezetor developnent.

Probably the most significant milesione in the history of
the breeder was the consiruction and operation of the
Experimenta!l Breeder Reactor No. 1 onear Arco, Idaho. This
rcactor, usually referred to as LEBR-l, began operation in
1951 and socon thereafter accomplished the first of two major
feats for which it iz justly famous. On December 20, 1951,
four 200-watt Jight bulbs blazed into brilliznee, powersd by
energy derived from {ission in the fast-reactor core of ERE-[,
Thesc four glowing light buibs symwholized the heginning of
the nuoclear power induséry and marked ihe world’s first
giectric power generation by a nuclear reactor plant. The
next day, December 21, 1951, all the electricity for ihe
EBR-I huilding was supplicd by the reactor and its associsted

*See The Firsi Reactor, anether booklet in this serics.
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Figure 9 The “Jezebel” assembly. The three large components are
placed together to form a sphere when the assembly is operating.
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Figure 10 The inscription on a wall of EBR-I commemorates the first
production of electric power from nuclear energy.

equipment. These events were recorded on a wall of the
reactor by those present (Figure 10). Although the total
amount of power generated was really quite small. its
production was a historic accomplishment that foretold the
development of today’s large nuclear power plants.

The second major accomplishment for which EBR-I is
famous was the practical demonstration that breeding is, in
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fact, u real physical phenomenon. in July 1933 it was
announced that measurements had confirmed that EBR-I
had proven the basic principle of breeding. Although years of
hard work and further research lay ahead in applying the
breeding principle to larger reactors, the EBR-1 demonstra-
Lion gave a lremendous psychologicat boost to the scientisis
and engineers working toward breeder reactors and moved
the breeder concept from the realm of hope to an arca of
more solid scientific foundation,

During its dozen years of operation, EBR-I was a rich
source of information on fast-breeder rcacters. The signili-
cunce of its roic was publicly acknowledged in 19606, when
the EBR-! site was designated a Regisiered National Historie
Bandmark by the U.S. Department of the Inlerior. The
scription on the plague honoring the reacior reads, in part,
... this site possesses exceptional value in commemorating or
ittusirating the history of the United States.”
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Reactors mn the United States

A number of reactors have been built i the United States
for the purpose of demonstrating or developing the breeder
concept  As descnbed in the precedmg section of thus
booklet, the world’s hirst real breeder reactor was EBR-LL
which had a core heat power rating of 1400 kidowatts and
sroduced arcund 200 kw of eleciric power * The fuel
sortion of the reacior core was quite small, and this 18 a
characteristic of lLiqmd-metal, fast-breeder reactors
(LMEBR'Y In EBR-I the fusl was in the usual form of small
rods, and these rods occupled a space about the size of a
regulation footbail

The information and encouragement that zcientists,
engineers, and planners received from the success of EBR-I
fed fo the design and construction of two larger fast-breeder
reaciors, the Experumental Breeder Reactor No 2 (EBR-1) 1n
Idaho and the Ennco Ferma Alomic Power Plant on the shore
of Lake Eric in Michugan Both these reactors are essentaully
nici-plant LMEFBR’s, which were ongmally designed to
demonsirate  electric-power  production with  fast-reactos
cores and to extend the siore of knowledge that will
vitimately make possible the construction of commerciai
auclear power plants using breeder reactors

EBR- 15 desmgiied fo produce 62,500 kdowalts of heat
Its use has been crented to wradiation tesimg of fusls and
other malenals for the fast breeder A view of the EBR-I
compiex 15 shown m Figure 11 The plant has operated
satisfacionly for a number of years Operations started 1 the
late fall of 1961, and EBR-1 began producng eleciric power
m August 1964 Fuels and materials tests began in Apnl
1965

*In hguid metal brecder reactor plants desigined {o produce elecinicrty  the
anticipated electsie power ratmg 1s about 35 to 40% of the core heat power rating
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Figure 11 Exterior view of EBR-II buildings. The reactor is housed in

the dome-shaped structure.




The Enrico Fermi Atomic Power Plant No. 1, named in
honor of the famous nuclear scientist,* is shown in
Figure 12. This plant is licensed to operate at a core heat
rating of 200,000 kw. Atthough a series of operaling prob-
lems delayed sustained power-demonstration runs, the Fermi
plant has provided valuable insight into some of the problems
that may face large, commercial breeder plants.

In the picturesque hills of Arkansas, a smull fast reactor
known as the Scuthwest Experimental Fast Oxide Reuctor
(SEFOR) is now operating. The specific purpose ol this
reactor is fo provide more information regarding the dynamic
performance of reactor cores that use the mixed plutonium-—
uranium oxide fuel referred to earlier in the chapter “Kinds
of Breeders”. SEFOR is a sodium-cocled reactor whose core
is designed to produce 20,000 kw of heut, with provisions for
possible futurc modifications to increase this to 350,000
kilowatts. The plant does not generate electricity. Truly a
cooperative project, SEFOR is sponsored by American
industry, the USAEC, West Germany, and an organization
called Euratom.¥

The U. 5. Atomic Energy Commission has embarked on a
comprehensive program aimed at developing the technology
needed for the design, construction, and operation of
fast-breeder, nuclear power plants. One of the most impor-
tant items in this program is a large test reactor known as the
Fast Flux Test Facility (FFTF). It is located near Hanford,
Washingtenn, and is scheduled for initial operation in
the mid-1970s. A powerful facility from which meaningful
test data can bc obtained in a short time, the FFTF will have
a core heat rating of 400,000 kw. The reactor is cooled by
liquid sodium, and nine special areas are provided in the core

*Enrico Fermi was the lcader of rhe team of sclentisls that built the first
nuclear reaclor. See The First Reactor, another booklet in this series.

JEuratom is the Furopean Afomic Frergy Community. This organization
promotes nuclear growth in Europe. Its members are Belgium, France, Federal
Republic of Germany, Haly, Luxembourg, and The Netherlands.
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Figure 12 An aerial view of the Enrico Fermi Atomic Power Plant.
9 i

for experiments. Although the FFTF reactor will be a
fast-neutron reactor, it will not be a breeder. It will be used
primarily to test fuels and other materials for future
fast-breeder reactors. (See Figure 2 on page 2.

Earlier in this booklet, we discussed the molten-salt
breeder reactor and the light-water breeder. Although there
are no actual plants that use these reactors at present, there
are two developments worth mentioning.

The molten-salt reactor experiment at Oak Ridge Na-
tional Laboratory in Tennessee began operation in 1965 and
has furnished important data on the materials and systems
required for a possible MSBR, Second, the design of a
light-water breeder core is progressing. and such a core may
be installed in an already existing nuclear power plant around
the middle of the decade. It is appropriate that the plant
selected for the breeder core is the Shippingport Atomic
Power Station, which started operation in Pennsylvania in
1957 and was the first nuclear power plant to be operated
commercially by an electric utility in the U. S.
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Programs in the United States

in 1945 Enrice Fermi said, “The country which first
develops a breeder reactor will have a great competifive
advantage in atomic enecrgy.” During the quarter century
since Fermi’s statement, there have been significant develop-
ments in the tcchnology of breeder reaciors. The United
Sfates has now reached the point at which a systematic,
carefully organized, and coordinated elfort for future breeder
development is necessary. A major part of this eflort has
been defined and will be carried out under the direction of
the Atfomic Energy Commission through its Liguid Metal
Fast Breeder Reactor Program. Although there are several
mdependeni projects in the United States, sponsored gener-
ally by reactor manufacturers and electric power companies,
the ABEC’s LMTUBR Program i3 being aided in its implementa-
tion by the nuclear industry and the National Laboratories. *

The LMFBR Program Plan, published by the Alomic
Energy Commission, covers a pericd of about 20 years and
culminates in the 1980s with the introduction of comimercial
nuclear power planis using fast-breeder reactors. The stated
objective of the plan is ... to achieve, through research and
development, the technofogy necessary to design, construct,
and salely, reliably, and economically operate a fast-breeder
power plant in the ufility environment; and to assure
maximum development and use of a compelitive, self-
sustaining industrial capability in the program.”

The LMFBR Program Plan divides the required develop-
ment work into nine lechnical arcas: (I} plant design,
(2} components, {3} instrumentation and control, (4} sodium
technology, (5) core design, {6) fuels and materials, (7) fuel
recycle, (8) physics, and ¢(9) safety. Implementation of the
plan calls for the construction of a variety of test facilities as
welt as the use of faciities already in existence.

*The National Laboratones ure contractor-operated mstalations that perform
rescarch and development for the AEC,
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Foreign Developments

Many forcign countries have bresder-reactor programs.
The programs vary widely in size, ranging from small,
laboratory-type experiments of a specific nature to the
construction of complete power plants. On the basis of their
pasl expericnce and present activities, the United Kingdom,
France, West Germany, and the USSR are considered the
leading nations outside the United Stales in brecder-reactor
development.

One of the similaritics in the forcign pregrams is their
strong emphasis on the design and construction of protolype
power plants. The foreign programs will rely on the experi-
ence obtained with the medium-size prototype planis to
provide the design bases for large commercial units. All the
prototype plants arc based on liquid-metal, fast-breeder
redacliors,

United Kingdom

As a part of their large nuclear-power program, the
British have been engaged in the study and development of
Fast-breeder reactors since 1951, In Britain, as well as the
other countrics we will discuss in this chapter, principal
interest Hes in the sodium-cooled breeder concept,

In 1954 two experimental zero-power reactors wers
placed in operation at the Atomic Energy Research Establish-
ment at Harwell, Their purpose was to provide basic physics
information on fast-reactor cores and 1o verify that breeding
could be a practical process,

On the basis of the information gained through analytical
and experimental work, the United Kingdom Atomic Energy
Authority (UKAELA)Y in 1955 began construction of a
00.000-kilowait (heat) cxperimental power plant at Doun-
reay on the coast of Scofland. The Dounreay Fast Reactor
{DFR)}, which is shown in Figure 13, firsl opcraled in late
1959 and, after a tong shakedown period, rcached its design
power in 1963,
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Figure 13 The Dounreay Fast Reactor in Scotland.



Figure 14 Grear Britain's Prototvpe Fast Reactor.

The British decided fairly early to build an intermediate-
size. prototype breeder reactor—that is, one considerably
larger than the DFR, but not as large as commercial stations
will be. In 1966 work began on the construction of the
250,000-kw (electric power) Prototype Fast Reactor (PFR),
also at Dounreay. A view of the PFR, which will generate
electricity for the North of Scotland Hydro Electric Board
beginning in the early 1970s, is shown in Figure 14.

France

In France, nuclear research is carried out largely by the
Commissariat a I'Energie Atomique (C.E.A.). which corre-
sponds to the U. S. Atomic Energy Commission. The C.E.A.,
which was created in 1945, has developed many nuclear
reactors for research, production of materials for nuclear
weapons, submarine propulsion, and electric-power genera-
tion. The nuclear power plants in France have generally been
designed by the C.E.A., but they are operated by a
nationalized electrical-power organization.
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The C.E.A. began fundamental research on liquid metals
for nuclear power plant applications in 1953 at its Fontenay-
aux-Roses Rescarch Center. French work on {ust breeders has
continued and was given a substantial boost in 1962, when a
contract was signc'd between the C.E.A. and Euratom for the
design, construction, and operation of a last reacior and
associated facilities.

The Tlocus of the C.E.A.—Euratom program is the
sodium-cooled Rapsodic reactor (Figures 15 and 16). Rap-
sodie does not generate eleciric power, but its core was
designed to produce 20,000 kilowatts of heat that is dissi-
pated to the atmosphere through heat exchangers that oper-
ate on the same principie as automohbile radiators,

Construclion of Rapsoedic began in 1962, and the reactor
began operation in 1967, It has performed well and has
given the French contidence in their capability to proceed
with the nexl major step in a national brecder program: The
construction of a 250,000-kilowatt ({electric} profotype
power plant. The plant is called Phenix and is scheduled to
begin power operation in 1973 at Marcoule in southern
France.

West Grermany

The development of nuclear power plants in the Federal
Republic of Germany got ofl to a late start, Following World
War [T, essentially no work was carried out in the nuclear ficld
untit 1955, Germany is unlike many countries in that it has
no large national agency comparable to the U. 8. Atomic
Energy Commission. The Federal Government does give
finangial assistance o the individual German Stales for
nuclear programs, but the States have considerable inde-
pendence under the German system of government.

The Germans are making up for their late sfart in nuclear
eriergy by establishing research centers, using their out-
standing industrial capability, constructing many reactors,
and undertaking joint programs with other countries and
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Figure 16 The core of Rapsodie reveals the numerous core assemblies

of this small reactor.

37




with Euratom. The Karlsruhe Nuclear Research Center
(Figure 17) is the most important applied research installa-
tion engaged in German breeder-reactor activities.

Work on fast breeders has been carried out at Karlsruhe
since 1960, with Euratom support of the breeder work
starting in 1963. Several reactors are located at the Center,
and among those having a direct bearing on the German

Figure 17 The Karisruhe Nuclear Research Center in West Germany.

fast-breeder program are SNEAK (Figure 18) and KNK
(Figure 19). SNEAK is a zero-power facility that is used for
physics research, while KNK is a power-producing nuclear
plant. Although the sodium-cooled KNK is designed to
operate initially as a thermal-neutron reactor, it will be
converted to a fast reactor in the early 1970s. The Germans
will continue to gain information and experience through
participation in the SEFOR project in the United States.
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Figure 19 West Germany s KNK experimental nuclear power plant.

39



Figure 20 Russian model of a
very large breeder reactor.

A prototype sodium-cooled breeder, designated SNR, is
scheduled to start power operation in the mid-1970s. SNR
will have a power output of 300,000 kw (electric) and is a
cooperative project between industry and government in
Germany, Belgium, The Netherlands, and Luxembourg. The
German role in the SNR project is the dominant one, but the
Belgian and Dutch contributions are substantial.

USSR

The USSR has the most ambitious breeder-reactor con-
struction program in the world. The size of the plants under
construction (the largest has an electric power output of
600,000 kw) is impressive, but there have been significant
delays in the schedules of some of the plants.

A low-power, experimental, fast-reactor core began oper-
ation at Obninsk, near Moscow, in 1955. This facility and
others led the way for the construction of the BR-5 reactor,
which began operation in 1959. The BR-5 core is rated at
5000 kw (heat), and this energy is dissipated to the
atmosphere through heat exchangers.
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On the basis of the experience gained from the BR-5, the
Russians took a giant siep and announced in 1964 that they
would build a breeder plant [or power production and water
desalination near the shore of the Caspian Sea. The BN-330,
as the plant s called, will produce 150,000 kw of electric
power and enough process steam to desall about 30,000,000
gallons of water per day. If the plant were used solely to
produce clectric power, it would have an output of 350,000
kw. The BN-350 was originally scheduled to begin operation
in the late 1960s. but it is estimuated now that the plant will
start up in the carly 1970s.

The USSR is also constructing an advanced breeder, the
BN-600, a 600,000-kw (elcctric) breeder power plant that is
due to be completed in the mid-1970s. The Russian brecders
of the future will probably be based on information obiained
frem the BN-600 and from a tesi reactor called ihe BOR-60.
A model of a possible future Russian breeder reactor
{ Figure 20) shows the fuel and blankel portions of the core
and the reactor vessel,
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Figure 21 The Fort St. Vrain Nuclear Generating Station under
construction at Platteville, Colorado, will be a high-temperature,
gas-cooled thermal reactor (HTGR). It operates on a thorium-uranium
fuel cycle and uses helium as a coolant. Experience with this reactor
will contribute a great deal to breeder reactor development because
helium has special advantages as a coolant for fast breeder reactors.

A Look to the Future

What does the future hold for the breeder reactor? What
will its impact be on our society? The answers to these
questions can only be based on speculation, but an objective
appraisal of power requirements, fuel resources, and nuclear
reactor development reveals that the future is indeed bright
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for the breeder. Let's ook at the present and then 30 years in
the fuiure - a span roughly egual ic the period from a
human’s birth to the time he has matured, married, and
established a family.

At present, cssentially none of the eleclric power that we
use is supplied by breeder-reactor plants. However, 30 years
from now about one American out of three, on the average,
will probably have his electric power requirement met by a
generating plant using a breeder reactor. Remember that
there will be many more Americans then than there are now,
and that the per capita use of cleetric power will be much
higher. With this in mind, we’ll close by saying Lhat, 30 vears
from now, 1. S. breeder-reactor plants will probably have a
capacity greater than the combined capacity of all the
nower-producing plants of all types in our country today.
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Motion Pictures

Available for loan without charge from the AEC Headquarters Film Library,
Division of Public Information, U, 8. Atomic Energy Commission, Washing-
ton, D. C. 20545 and from other AEC film libraries.

In Search of a Critical Moment, 28 minutes, color, 1970, Produced by AEC’s
Argonne National Laboratory. This film tells the story of the Zero Power
Plutonium Reactor, which is a special test reactor designed to supply
information essential to the development of economic fast-breeder, central-
station, nuclear-power plants. The film shows the construction of the ZPPR
by the Argonne National Laboratory, its many safety features, plutonium
handling and storage, the computer that analyzes the data obtained by the
reactor, and the fuel loading and attainment of reactor criticality.

Principles of Thermal, Fast and Breeder Reactors, 9 minutes, color, 1963.
Produced by AEC’s Argonne National Laboratory. This animated film
explains nuclear fission, the chain reaction, and the control of this reaction in
three basic types of reactors. It describes the principles of fast and thermal
reactors and introduces the concepts of the moderator and reflector. The
breeder principle is described, and plutonium and thorium cycles are
presented.

A Breeder in the Desert, 29 minutes, black and white, 1965. Produced by AEC's
Argonne National Laboratory. Argonne’s Experimental Breeder Reactor No. 2
at the National Reactor Testing Station in Idaho is shown in detail, and many
of the features and operating characteristics of a large-scale fast-breeder
reactor are described. The EBR-II Fuel Cycle Facility, first nuclear fuel
reprocessing plant completely integrated with a reactor, is shown in operation.
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