
Energy from
breeder reactors
Reactors that consume relatively
abundant uranium ores while generating
more of an expensive "catalyst" than
they use will be our answer to growing
energy demands over the next fifty years.
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FFTF. Section of core in a
mock-up of the Fast Flux Test
Facility, a liquid-metal fast
breeder reactor being built
at the Hanford Engineering
Development Laboratory in
Richland, Washington.

Within the next 30 years we will call
upon our resources and technology to
supply more energy than has been con-
sumed throughout all history. Popula-
tion pressures, the necessity for in-
creased living standards in the underde-
veloped nations, the demands of ma-
terial affluence in the technological
societies, the need to improve manage-
ment of our dwindling natural resources
and to protect our environment will
force energy demand to unprecedented
levels.

Here we shall discuss estimates of the
electrical-energy demand in the US over
the next 50 years. According to edu-
cated assessments, such as those pre-
sented recently by Chauncey Starr,1

our fossil-fuel reserves (if we limit use to
those reserves recoverable at about twice
the current costs) are only about twice
as high as the cumulative demand pro-
jected for the year 2000. From a longer-
range point of view, we are faced with
the certainty that most of our fossil fuels
will be exhausted in a few generations at
best. Because of these prospects, we are
turning to alternative energy sources.

Of the known energy sources, only nu-
clear energy from fission is technologi-
cally developed sufficiently to justify its
exploitation. Within the last decade,
nuclear energy has developed from a
promising energy source into a principal
producer of electricity. As we shall see,
however, fission as now carried out in
commercial nuclear reactors, which are
all of a type known as converters, would
soon use up the available nuclear fuel
resources. Only if breeder reactors are
perfected can we expect to utilize the
essentially inexhaustible supply of
energy that exists in reasonably assured,
economical quantities.

In looking at the case for fission
breeders we shall consider the tech-
nology and economics of existing and
planned fission reactors, converters as
well as breeders, and we shall discuss
briefly some of the limitations of fission
breeders.

Reactions in breeders

A fission breeder reactor is a kind of
catalytic nuclear burner in which rela-
tively inexpensive, naturally occurring
U238 or Th232 is burned in such a way
that the expensive Pu239 or U233 catalyst
is more than self regenerated.2 (This
excess regeneration of Pu239 or U233, in
fact, will permit future operation of
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additional plutonium-fueled or urani-
um-fueled reactors.) In a conventional
converter reactor, by contrast, the rare
isotope U235 must be separated out from
the U238 for fuel. The two-step process
in a fast-neutron reactor (fission energy
10-1000 keV) that burns U238 is

Pu239 + n1 —- Q + 7/n1 + fission products

(i, - Dn1 + (v - DU238 — (17 - DPu239

where Q is the energy released and r; is
the number of neutrons produced per
fissile atom destroyed. The overall
process, then, is

(n - DU238 — Q + (17 - 2)Pu239 +
fission products

For a breeder reactor, JJ is greater than
two, and we see that the catalyst is more
than self-regenerated. The amount of
self-regeneration clearly depends on the
amount by which rj exceeds two.

In thermal neutron reactors (fission
energies less than O.leV). which burn
Th232, the processes are similar, al-
though U233 replaces Pu239 as the
catalyst. Such reactors may be either
breeders or converters. The controlled
thermonuclear breeder is actually an-
other kind of catalytic nuclear burner;
in this concept tritium catalyzes the
burning of deuterium and Li6.

In any potential breeder system, the
important parameter is jje, where t, the
"fast effect," is the ratio of total neu-
trons produced from all reactions to
those produced from the fission of fissile
nuclides (those nuclides, such as U233,
U235 and Pu239? t n a t undergo fission at
all energies I. In all fission reactors,
some so-called "fertile" nuclides (U238

and Th232, for example) are converted
to fissile nuclides; the conversion ratio
CR is the ratio of fertile captures to
fissile absorptions and indicates the
effectiveness of this process. The maxi-
mum possible conversion ratio is r/e - 1,
but, because of the losses L from, for ex-
ample, leakage and parasitic absorption,

CR = r/f - 1 - L
For a fission breeder, CR must be
greater than one and rje must be suffi-
ciently greater than two to assure that
this is so. CR is then the "breeding
ratio."

We gain some insight into the breed-
ing potential of the two basic types of
fission breeders—fast and thermal—by
comparing the neutron budgets at
equilibrium shown in Table I.3 (Our
analysis here is limited to the reactors
m the US AEC program. Further on,
we shall briefly review other breeder
reactors, some of which are in or near
operation.) Here we have representa-

tive examples of a liquid-metal fast-
breeder reactor (LMFBR) and a molten-
salt breeder reactor (MSBR), each pro-
ducing 1000 MW of electrical power.
The advantage of fast breeders in terms
of r)t is apparent. The principal reason
for this advantage is that in the fast-
reactor spectrum about twenty percent
of the fissions are associated with fertile
nuclides; for thermal reactors based on
the Th232-U233 cycle these fissions are
less than 0.5% of the total. In terms of
our definition, L in this particular fast
breeder is 0.53, which is the sum of the
last four entries under "Absorptions"
(0.31) plus an amount (0.22) to account
for those absorptions in fertile nuclides
that result in fission rather than in pro-
duction of more fissile nuclides. (These
fission "losses" are, of course, beneficial
to the overall breeding performance, be-
cause they result in fission of the more
abundant fertile material instead of the
less abundant fissile material.)

Conservation and economics
Before we can decide whether or not

we need breeders, we should examine
the projected total electrical-energy
needs in the US and the projected nu-
clear portion of the total. We see in
figure 1 that, according to these esti-
mates,4-5 a very large fraction of the
projected total installed capacity must
be nuclear to provide the needed energy.
Now, whether or not power plants based
on nuclear fission can reasonably be ex-
pected to fill the role projected for them
depends not only on whether they can do
it at all. given our known and estimated
uranium and thorium reserves: Nu-
clear power plants must also be able to
provide the energy economically. Fig-
ure 2. a plot of cumulative uranium re-
quirements as a function of time for the
years 1970-2030, puts these considera-
tions into perspective.6"8 We have
assumed, in this analysis of several
fission-reactor types, that the installed
nuclear capacity in the US would reach
140 GWle) in 1980, 930 GWlel in 2000
and expand at the rate 100 GW(e) per
year afterwards. Breeders are first in-
troduced in 1980, and only breeders are
installed after 2000.

The effect of timely introduction of
fission breeders is seen rather dramati-
cally in the figure. Note that, in a
power economy based strictly on light
water reactors (LWR's), for which CR is
about 0.6, exorbitantly high-cost ore
would be needed shortly after the turn
of the century, and the situation would
continue to worsen with no relief in
sight. High-temperature gas-cooled re-
actors (HTGR's), for which CR is about
0.8, would give a slightly improved but

essentially similar result. (The more
ore we need, the harder and therefore
more expensive it is to come by. The
estimated U3O8 fuel costs shown here7 8

assume that about 0.36 million tons of
U3O8 at no more than $10 per pound
are reasonably assured, and our esti-
mate of the reserves at $10-$15 per
pound probably is conservative.)

The breeder reactors, on the other
hand, level off our uranium needs at
some point in time and at some finite
U3O8 fuel cost; the particular time and
cost at which this levelling occurs de-
pends on the indicated breeder perfor-
mance parameters—specific inventory
and doubling time. The specific in-
ventory is the amount of fissile material
tied up in and out of the reactor per unit
of electrical power generation; the
doubling time is the number of years
needed to double the entire fissile in-
ventory of all the reactors. If, instead
of the linear growth we have assumed,
the installed US nuclear power capacity
grows exponentially after the year 2000,
the cumulative U3O8 needs would level
off only if the doubling time of the reac-
tor were less than the long-term dou-
bling time of the power economy.

What we have seen graphically in
figure 2 is that breeder reactors, because
of their inherently efficient use of the
ore, are only slightly affected by the cost
of uranium. After taking into account
the losses resulting from a large number
of fuel recycles, as much as 70% of the
energy in natural uranium is recoverable
by high-performance fission breeders
(compared with less than 2% for
LWR's). On this basis, the energy re-
leased from one pound of uranium could
be comparable to that released from 1000
tons of coal. With good fission breed-
ing, the fuel supply becomes virtually
unlimited.

Losing the same study of our fuel re-
serves as we used in figure 2, we can esti-
mate the effect of large-scale introduc-
tion of LMFBR'S in 1968 on U3O8 require-
ments and on the demand for separating
U235 from natural uranium (see Table
2).9 According to this study, the US
will be using uranium at $50 per pound
by the year 2020 without LMFBR'S, where-
as with LMFBR'S the cost will not exceed
$30 per pound. For the present com-
mercial LWrR's, increasing the cost of
U3O8 from $10 to $50 per pound would
add about 1.25 mills per kWhr(e) to the
fuel cost, nearly doubling present fuel
costs. Fuel costs for the LMFBR would,
as we have noted, be essentially insensi-
tive to ore costs.

What can we say about the thorium
reserves needed for a power economy
based on thermal converters, or on a ther-
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Estimated energy requirements in the US. According to recent
studies, a large fraction of the total energy generated each year
(black curve) must be nuclear (colored curve) to provide the
needed power. The study projects that the total installed ca-
pacity must be 535 GW(e) in 1980, 1700 GW(e) twenty years
later and 4000 GW(e) by the year 2020.
Figure 1

mal-converter breeder combination0

Current estimates place the US thorium
reserves that are recoverable at $8 per
pound of ThO2 at about 100 000 tons,
and we probably have an additional
400 000 tons in known favorable environ-
ments.10 These estimated reserves,
along with known thorium reserves out-
side the US. are large when compared
with our anticipated needs, and we have
excellent prospects for the development
of any needed additional resources.

How the reactors perform
Before we go on to look at breeder re-

actors, let us consider some of the non-
breeders. In Table 3 we see some im-
portant performance parameters for
representative 1000-MWle) thermal
converters (CR less than 1). Note that
CR is about 0.6 for LWR's, which are
based on the U238-Pu239 fuel cycle,
whereas for the high-temperature gas-
cooled reactor, based on the Th232-U233

fuel cycle, CR is about 0.8. The ther-
mal-to-electrical conversion efficiencies
listed have an importance beyond
economics: LWR's without proper cool-
ing towers or ponds have been criticized
because of the relatively large amounts
of waste heat produced. By compari-
son, the HTGR's and LMFBR'S are much
better because of the higher steam con-
ditions that are possible in these sys-
tems, and their efficiencies are as good
as or better than those of modern coal-
fired steam plants, which have effi-
ciencies of about 39%. Table 4 (courtesy
of Leonard Bennett, ORNL) lists the
status of thermal converters in the US,

as of 1 January. The heading "LWR"
includes both boiling-water reactors and
pressurized-water reactors. We can see
that, associating $300 with each elec-
trical kilowatt-hour, nuclear power is
already a big business in the US.

How do the existing thermal conver-
ters work'1 In the boiling-water reac-
tor, the reactor itself is the steam gen-
erator, so that only one loop is involved.
The water and resultant steam are
forced through an assembly of metal-
clad, slightly enriched UO2 fuel ele-
ments by very large (19-foot) jet pumps
and heated to about 275 deg C at a pres-
sure of 1000 pounds per square inch to
provide the energy to drive the turbine
generator. BWR's must be quite large;
a 500-MW(e) unit, for example, needs a
vessel about 19 feet in diameter and
about 60 feet high.11

The coolant-system pressure in a pres-
surized-water reactor is kept at about
2000 psi, so that the water can be heated
to nearly 300 deg C without boiling.
This water is then piped to the steam
generator, where it transfers its heat to
the water in a second loop, which is kept
at a much lower pressure, and produces
steam to drive the turbine. The volume
of the pressure vessel for a 500-MW(e)
pressurized-water reactor is about one
third that of an equivalent-power boil-
ing-water reactor.

The HTGR is based on the thorium
cycle, with helium as the coolant gas.
Primarily because no metal is used in
the structure or fuel cladding in the all-
graphite HTGR core, more efficient
fuel use and higher temperatures can be

achieved than in LWR's. The HTGR
concept12 has been under development
for about 15 years in the US; a 40-
MW(e) prototype plant has been operat-
ing since 1967, and a 330-MW(e)
demonstration plant is scheduled for
completion this year. As we see in
Table 4, four large systems are scheduled
for 1978.

Breeder reactors

In what ways do the breeders improve
on the converters? In Table 5 we see
performance parameters for typical
1000-MW(e) fission breeder reactors.
Note particularly the specific inven-
tories and doubling times, and the con-
servation coefficients (defined here as
the reciprocal of the product of the other
two parameters). For a power economy
growing at a linear rate, the conserva-
tion coefficient is inversely proportional
to the total U3O8 needed to obtain a sur-
plus of fissile fuel, or, in other words,
to reach the leveling-off point for the
breeder curves in figure 2. We shall
consider three breeder-reactor types:
the molten-salt (thermal) breeder reac-
tor, the gas-cooled fast breeder reactor
and the liquid-metal fast breeder reac-
tor. A breeder concept known as the
"light-water breeder reactor" (LWBR),
based on the thorium cycle, is also under
development in the US. See reference
13 for a brief description.

In the molten-salt breeder reactor,
liquid Li7F-BeF2 containing dissolved
Th232 and U233 circulates through a
graphite matrix. The fuel salt, in this
design,14 serves also as a blanket in the
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Gas-cooled fast breeder reactor (GCFBR).
This cross-sectional view is of the 300-
MW(e) demonstration model, whose vessel
and components design is to be based on
the high-temperature gas-cooled reactor.
The prestressed-concrete reactor vessel is
about 84 feet in diameter and about 71 feet
nigh; the core itself is about 3 feet high.
Figure 3

Water and steam lines

Effect of breeder reactors on ore needs.
With LWR's only, uranium-ore needs will be
so high that the cost of U3O8 will have risen
to $30-50 per pound (darkest-colored band)
by about the year 2007 from the present
$5-10 per pound (lightest-colored band;
intermediate bands are $10-15 and $15-30
per pound.) If breeder reactors are
introduced in the mid-1980's, and only
breeders are built after 2000, then ore
needs and costs can be held down at a level
that depends on the performance
parameters of the particular reactor (see
table at right of graph). For the FBR with a
doubling time of five years, for example,
costs would level off at the lower end of the
$10-15 per pound range, whereas for the
MSBR described in Table 1 (doubling time
21 years), costs would level off at the
higher end of the $15-30 range.
Figure 2

under-moderated region surrounding
the core. Xenon, which is a particularly
objectionable fission product, is sparged
from the salt, and the rare earths, plus
some other fission products, are re-
moved by an on-line processing plant
that also holds up Pa233 until it decays
to U233. This system can generate
supercritical steam at 550 deg C.

An obvious advantage of the MSBR
is that, with its fluid fuel and built-in
chemical processing plant, no fuel ele-
ments need be refabricated, so that no
spent fuel elements need be shipped to
reprocessing plants. Balancing this
advantage, however, is the disadvantage
that radioactivity in the MSBR is
spread over the entire circulating sys-
tem, and remote maintenance, although
feasible, is quite difficult. A 7.3-MW
(thermal) molten-salt reactor experi-
ment operated in the US for nearly five
years; at present there are no active
plans to build a large MSBR.

Development of the gas-cooled fast
breeder reactor has been underway since
1961, principally under private sponsor-
ship. Now the efforts are directed to-
ward a 300-MW(e) demonstration plant;
figure 3 is a cutaway view of the design
of this plant,15 which incorporates exist-
ing technology developed for HTGR
components. It is also based on the
projected development of LMFBR fuel-
pins of mixed uranium- and plutonium-
oxide pellets clad with stainless steel
and assembled in hexagonal stainless-
steel cans. The reactor core region seen
in figure 3 is about ten feet high; the
core itself is about three feet high.
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The GCFBR has certain attractive fea-
tures14 in operation, performance and
safety stemming principally from the
design simplifications made possible by
the use of helium as the coolant. He-
lium has nearly negligible interactions
with neutrons, so that doubling times
are potentially shorter (see Table 5),
and design problems associated with the
effect of sodium-density changes on re-
activity are avoided. Cooling with
helium also reduces corrosion problems,
permits visibility during refueling and
maintenance and reduces thermal
shock. But, in the GCFBR, sudden loss
of coolant pressure must be guarded
against, because it would create heat-
removal problems; a prestressed-con-

Intermediate heat exchanger

crete pressure vessel reduces the possi-
bility of such sudden pressure losses.
Other problems are associated with
high-pressure design, with heat transfer
in the core, and with the possibility that
moisture will enter the core from the
steam system.

Liquid-metal fast breeder

The LMFBR has the highest priority of
any fission breeder program both in the
US and in other countries. (For a rea-
sonably up-to-date review of LMFBR
programs throughout the world, see the
Proceedings of the September 1971
Geneva Conference on the Peaceful
Uses of Atomic Energy.) In his June
1971 "energy message," President

In a liquid-metal fast breeder reactor
(LMFBR) the components can be arranged in
either of two ways. The "pot" system (a)
has the reactor core and all the primary
heat-transfer equipment in one large,
sodium-filled tank. In the "pipe" system
(b), the reactor core is contained in a small
vessel, and the primary sodium is pumped
through the vessel and then piped to the
intermediate heat exchangers, which are
outside the reactor. (These diagrams do
not include the secondary, steam-
generating systems.).
Figure 4

Nixon made a clear and explicit com-
mitment to the LMFBR as a prime na-
tional goal. As Table 6 shows, there is
considerable experience and interest in
LMFBR'S: Twenty-two LMFBR projects
now exist world wide—eight are opera-
ble, four are being built and ten are
planned.

Liquid sodium is the favored coolant
for fast breeders. Sodium does have
some disadvantages; for example, it is
chemically reactive and becomes radio-
active when exposed to nuclear irradia-
tion. But it is an excellent heat-trans-
fer agent; its 895 deg C boiling point per-
mits high-temperature and low-pressure
operation and allows the system to be
cooled by natural circulation in the
event of an emergency shutdown. This
circulation advantage affords reactor
designers a marked degree of freedom in
the planning of emergency core-cooling
systems.

Because sodium becomes radioactive
in the primary system, an intermediate
loop with a sodium-to-sodium heat ex-
changer (the "IHX") is needed between
the primary-coolant and steam circuits.
And the reactivity of sodium with water
makes it necessary to develop steam
generators for commercial plants that
will either eliminate direct leaks of
water into sodium or minimize the
effects. Substantial developmental and
engineering efforts are in progess on
these steam generators.

The components in the primary sys-
tem of an LMFBR can be arranged in
either of two ways. Figure 4a is a
schematic diagram of the "pot" sys-
tem, and figure 4b shows the "pipe
system. In the pot system, a large tank
filled with sodium contains all the pri-
mary heat-transfer equipment, includ-
ing the intermediate heat exchangers.
This arrangement ensures that the re-
actor core would not become uncovered
in the primary system if leaks or rup-
tures occurred. Because of the inherent
"core submergence" feature, most of the
earlier, and to some extent present, de-
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Projected generating capacity in US for the next 50 years. Based
on the assumptions used here, the LMFBR replaces the HTGR as it
enters the power system, and dominates after the turn of the
century.
Figure 5

signs for large LMFBR'S. particularly out-
side the US. have used the pot concept.
(The USSR has gone both ways; the
BN-350 is pipe and the BN-600 is pot.)
The pot system also has a large thermal
inertia, minimizing the effects of ther-
mal transients in the primary system.

In the pipe system (see figure 4b) the
reactor core is contained in a small ves-
sel, the primary sodium is pumped
through the vessel and then, by way of
piping, to the intermediate heat ex-
changers that are located in vaults out-
side the reactor. In earlier large
LMFBR conceptual designs based on the
pipe system, the components were so
situated and interconnected to the ves-
sel that core submergence could not be
absolutely guaranteed. In more recent
designs, however, the criterion of core
submergence has been met with ele-
vated loops and with guard tanks:16

The inherent independence of the sepa-
rate intermediate sodium loops and the
redundant feed-water supplies to the
individual steam generators in each loop
removes the basic concern about any
accident involving .loss of coolant in the

primary system. The pipe system offers
relatively easy maintenance and repair
of components as well as greater flexi-
bility in design, and it minimizes the
problems associated with on-site manu-
facture.

The US program is now focused on
building the Fast Flux Test Facility
(FFTF, see cover) in Richland, Wash-
ington, and on completion of negotia-
tions for the first-round 300-500 MW(e)
demonstration plant (see Table 6).
Just this January, the AEC announced
that Commonwealth-Edison will be proj-
ect manager and manager of engineer-
ing for this first US demonstration
plant, and the Tennessee Valley
Authority will be constructor-operator.
The plant will be located within the
TV A system. The estimated cost of the
joint AEC-utility-industry project is
nearly $500 million.

Fission breeders and power costs

Now that we know something about
the important performance parameters
for reactors and about the operation of
breeder reactors, we can take a closer

Table 1. Neutron Budgets for Breeder Reactors

Fast breeder (LMFBR) Thermal breeder (MSBR)

Reactor constituent

Fissile nuclides
Fertile nuclides
Other heavy nuclides
Fission products
Structure, coolant,

control
Surroundings (leakage)

Total (i]t neutrons)
Breeding ratio

Absorptions

Captures
0.20
1.42
0.01
0.07

0.19
0.03

1.92
2.95

Fissions
0.80
0.22
0.01

1.03

Productions

2.33
0.60
0.02

2.95

Absorptions Productions

Captures
0.11
1.075
0.02
0.02

0.09
0.02

1.34
2.23

Fissions
0.89
0.003

0.89

2.21
0.01

0.01*

2.23
1.42 1.07

From the beryllium (n,2n) reaction

look at the kinds of economic analysis
performed continuously by the AEC and
its contractors. (For details on the
methods, assumptions and ground rules
used in a recent analysis, see reference
17.) These studies have generated in-
formation about the required reactor
capacity for the years 1970-2020; figure
5 shows the relative total base-load
capacity generated by each source of
power included in the study. The as-
sumptions used in the study were
• a 7% discount rate
• capital costs as estimated in refer-
ence 18 (see also reference 19)
• fuel and fuel-cycle costs as shown
in figure 6
• thirty-year plant lifetime
• uranium costs as shown in figure 2
• total electrical-energy demand as
shown in figure 1
• an optimal 64% time on (the com-
puter-selected "system capacity fac-
tor")

We see in figure 5 that, based on these
assumptions, the LMKBR replaces the
HTGR as it enters the system. Before
it ultimately declines, the LWR capac-
ity increases for about five years after
the breeder is introduced. This increase
comes from the ready market provided
by the breeder for the plutonium pro-
duced in the LWR and by the decreased
uranium costs invoked by the breeder
(see figure 2). Note the striking man-
ner in which the LMFBR'S dominate after
the turn of the century.

Figure 7 compares total power costs
for the period 1970-2020 with (a) and
without (b) LMFBR'S; the same assump-
tions are used here as in figure 5. The
cost range shown for fossil-fuel plants
corresponds to a $5-10.50 per ton fuel
cost. For the uranium-fueled pres-
surized-water reactor, the initial cost
decrease comes from reductions in
capital costs and in fabrication and re-
processing costs (because of the larger
nuclear-fuel industry). Increases in the
cost of uranium ore cause the subse-
quent monotonic increase shown for this
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Table 2. Effect of Introducing LMFBR's in 1986 Through the Year 2020

U3O8 requirements (tons)
Maximum separative work

demand (tons per year)

Without LMFBR's
With LMFBR's

5.0
2.4

X 106

x 106

Table 3. Typical Performance Parameters for

Reactor
type

LWR
BWR
PWR
Advanced PWR

HTGR

Specific
fissile

inventory
[kg/

MW(e)]*

3.7
2.9
1.9

2.2

* Assumes one-year recycle time

Specific
power

[MW (t)/
kg]

0.8
1.0
1.6

1.0

1000-MW(e)

Fertile
inventory

(kg X
10" 3 ) *

180
115
90

50

300 X 103

90 X 103

Converter Reactors

Conversion
ratio

0.6
0.6
0.6

0.8

Efficiency
(%)

33
33
33

43

reactor; the uranium-fueled PWR
would, obviously, be selected only in
the early years when no other nuclear
plants are available.

The HTGR is more economical than
the uranium-fueled PWR, and large
numbers of these reactors would be built
until the LMFBR is introduced. Fewer
HTGR's would be built after 1986, be-
cause, even when first introduced, the
LMFBR turns out to be more economical
than the HTGR. According to this
study, the LMFBR'S would capture the
largest share of the market right after
they enter. The slight increase in
LMFBR power costs in the late 1990's re-
flects the anticipated short supply of
plutonium during those years.

Recall, from Table 5, that the dou-
bling time for the advanced oxide LMFBR
is eight years, shorter than the esti-
mated power-industry doubling time
after the year 2000. After the turn of
the century, then, the breeders should
produce more plutonium than is needed
to sustain their own growth. This
plutonium would be used as makeup
fuel in the plutonium-fueled PWR, and
thereafter the LMFBR and PWR would
have about equal total power costs.
Note that the low costs for the pluto-
nium-fueled PWR occur only because of
the existence and proliferation of the
high-gain breeder; if the LMFBR were
not a source of low-cost plutonium, the
PWR would have much higher fuel

costs and much higher power costs.
For the case without the LMFBR (see

figure 7b) the price of U3O8, of course,
increases more rapidly. The higher
costs for the PWR and HTGR, relative
to their costs with the LMFBR, reflect the
higher price of U3O8. Because the
HTGR has a higher conversion ratio
than the PWR, its total power cost is less
sensitive to rising ore costs, and it would
capture most of the market after it is in-
troduced.

Limitations of fission reactors

We have always recognized that use
of nuclear energy carries with it certain
risks. The major risks are associated
with the safe, contained operation of the
reactor and with the handling of radio-
active material both in the reactor plant
and during the fuel cycle, including the
permanent disposal of highly radioac-
tive wastes. As a society, we must con-
tinue to weigh the risks against the
benefits. In the long run, our principal
energy source will almost certainly be
based on nuclear fission, but we must,
at each stage of advancement, ensure
that proper precautions are taken and
that no unnecessary risk is incurred.

Unfortunately, there is no easy road
to understanding reactor-safety prob-
lems, no absolute proof that can be sim-
ply and convincingly displayed. During
the development process, careful atten-
tion has been paid to the details of
safety by multiple protective systems
and by finding ways to contain and al-
most eliminate the harmful results of
an accident. So far these efforts have
been very successful. (For more in-
formation on reactor safety, write to the
Nuclear Safety Information Center at
Oak Ridge National Laboratory or to
theAEC.)

Changes in safety criteria during the
past year or so will go a long way toward
reducing the already low-level releases
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Analysis of power costs for fossil plants
(1), uranium-fueled LWR's (2), HTGR's (3),
LMFBR'S (4) and plutonium-fueled LWR's
(5). Components include capital costs
(gray), operating and maintenance costs
(black) and fuel costs (color). For fossil
plants, the study projected both minimum
(colored line) and maximum (top of
colored area) fuel costs.
Figure 6
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of radioactive material from operating
reactors under both stable and accident
conditions. As a result of years of
study (and much expressed public con-
cern), the maximum permissible radia-
tion exposure has been lowered to 5
millirems per year for selected segments
of the general population. (See the
article by Joseph Lieberman, PHYSICS
TODAY, November 1971. page 32.) This
new limit is only a small fraction of the
natural radiation (in fact, it is above the
actual radiation dose released by most
operating power reactors in the past)
and staying within it appears to be
feasible.

As the number of nuclear stations in-
creases, so do shipments of radioactive
material from mine to diffusion plant,
from reprocessing plant to fuel prepara-
tion and fabrication stations, of spent

Effect of LMFBR'S on total power costs.
If LMFBR'S are introduced in 1986 (a), they
would capture the market after the turn of
the century, with total costs well below the
fossil-plant cost range (light-colored area).
The slight increase in LMFBR costs during
the 1990's reflects the anticipated higher
price of plutonium during that time. After
2000. the LMFBR'S would produce more
Plutonium than they need, and the excess
could be used for the plutonium-fueled
PWR; thereafter the LMFBR and the
plutonium-fueled PWR would have nearly
equal costs. Without the LMFBR (b) total
power costs would not go below the fossil-
plant cost range.
Figure 7

Table 4. Status of US Thermal-Converter Power Plants as of 1 January 1972

LWR's HTGRs Total

Number

18

104

Total power
(MW(e))

7711

98 634

Total power
Number (MW(e))

Operating
1 40

Under construction and on order

Number Power (MW(e))

1 330

19

105

7751

98 964

2

124

11

135

2500

108 845

11 000

119 845

Letters of intent
4 3860

6

Plans
0

6

4230

announced
0

4230

6

130

11

141

6360

113 075

11 000

124 075

fuel to reprocessing plant. Radioactive
wastes from all units will increase very
markedly. Very large quantities of
fission products, including long-lived
alpha emitters such as plutonium and
the transuranics, will be moving at all
times.

Our experience in moving radioactive
materials, particularly large quantities
of active material carefully packaged
and contained in double seals or triple
containers and shields, has been very
good so far. But because of the nature
of transportation accidents, their proba-
bility increases with the number of ship-
ments. We can design and build con-
tainers and shields that will contain
their radioactive material content under
very severe accident conditions, but it
would be safer to eliminate or drastically
reduce the shipments.

Possibly the most important long-
term problem in the use of nuclear
energy is the safe disposal of fission
products and radionuclides. The re-
processing plants produce more than
99% of the fission-product wastes; the
fuel fabricators, if we can rely on our
current experience, may be the largest
sources of alpha-emitting materials
when plutonium-bearing fuel is recycled
to LWR's and to the future fast breed-
ers.

The reprocessing plants must effec-
tively contain the gaseous fission prod-
ucts I2, Xe and Kr. Tritium produced
in tripartite fission will exchange with
the hydrogen in the aqueous solvents
used in processing. Neutron-activated
and trace-fuel contaminated metal
scrap from fuel-element chopping will
have to be reduced in volume and
stored. And, finally, the fission-prod-
uct liquid wastes, after protected stor-
age in tanks for decay, must be con-
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High Voltage
Engineering...
now the exclusive
distributor in the
U.S.A. and Canada
for Danfysik
products

Heavy Ion Sources, Beam Profile Monitors,
Coulomb-Ampere Meters (Current Integrators)
and other sophisticated electronic measuring
equipment for nuclear research.

High Voltage Engineering also has the exclusive
world wide manufacturing and sales rights for
DANFYSIK'S line of ion implantation equipment
such as the 350 kV Research/Semi-Production
Unit and the new 150 kV Production Unit.
DANFYSIK equipment will be stocked in our
plant for quick "off-the-shelf" delivery. Service
... of course... from our Burlington, Mass, plant.

For more information call or write: Science Division
High Voltage Engineering Corp., Burlington, Mass.
617-272-1313.

(In Canada write to HVE direct, or, APTEC
Engineering Ltd., Applied Technology Division,
312 Dolomite Drive, Downsview, Ontario, Canada.
416-636-8722.)

HIGH VOLTAGE ENGINEERING
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Table 5. Typical Performance Parameters for 1000

Reactor type

LMFBR
Reference oxide
Advanced oxide
Advanced carbide

GCFBR
Reference oxide
Advanced carbide

MSBR

•Includes inventories both in and

Specific fissile
inventory

[kg/MW(e)]*

3.9
2.8
2.6

5.0
3.1
1.5

out of reactors

Specific power
[MW(t)/kg]*

0.6
0.8
1.0

0.5
0.9
1.5

Fertile
inventory

(kg X 1 0 J

70
55
58

120
90
70

MW(e) Breeder Reactors

) Breeding ratio

1.27
1.34
1.50

1.48
1.60
1.06

Compound
doubling time

(years)

15
8
5

10
4.7

21

Conservation
coefficient

[MW(e)/kg/
yr] X 102

1.7
4.5
7.7

2.0
6.9
3.2 '

verted into essentially nonleachable
ceramics and cooled to remove the heat
from fission-product decay.

Where and how should these wastes
be sequestered, and what is the strategy
for keeping them from contact with any
part of the natural environment? The
short-lived gases Xe and I2 will be re-
tained in the chemical plant until they
decay. Tritiated water, in quantities
limited because of a special oxidation
step in the pretreatment of chopped
fuel, will be collected and stored for
short-term decay. Solids containing
tission products and alpha emitters may
be stored in the extensive bedded-salt
formations that exist in the central US;
bedded salt is believed to be the safest
formation-for the disposal of radioactive
wastes. Other natural formations
could be used, such as gypsum beds,
deep dry granites and possibly other
rock formations. Cooled subsurface
concrete vaults and liquid-waste tanks
are believed to be less favorable. It
may, eventually, be possible to separate
effectively plutonium and alpha-emit-
ting materials from the shorter-lived
heat-producing fission products. The
alpha-emitting elements could then be
recycled to the reactor as part of the fuel
and would burn out in time.

Not all the safety problems are as-
sociated directly with radioactivity.
Local increases in power-station heat
releases can aggravate the problems
associated with "urban heat domes."
This type of heat pollution occurs when
rising warm and dry air diverts regional
winds upward over the city, isolating the
polluted urban air. Thus, an un-
planned perimeter of large heat sources
around a city of the future, placed to
give the cheapest transmission costs to
urban load centers, can create condi-
tions that would increase all types of
air pollution.

These problems could be greatly re-
duced by large nuclear "parks," care-
fully located and preplanned. These
large parks might have a combined total

of 40 000 to 50 000 MW(e) with appro-
priate facilities for chemical reprocess-
ing, fuel fabrication and, perhaps, waste
disposal. They would be located to take
advantage of cooling water, perhaps
offshore in coastal regions. They would
have to be heavily tied in with other
large energy parks, to provide for ac-
cidental or planned shutdown. They
also should be isolated from urban
centers to allow for proper heat dispersal
and as additional protection in the very

improbable event that a reactor or other
nuclear station released radioactive
materials.

The option to use energy from nu-
clear fission, we repeat, involves risks
that must be carefully evaluated and
controlled. Those of us in the nuclear
community think that the potentially
adverse effects of nuclear energy can be
and are being controlled. We believe
that a safe and compassionate energy-
production technology can be developed

Name

BR-5
Dounreay
EBR-II
Fermi
Rapsodie
SEFOR
BR-60 (BOR)
BN-350*

PFR
Phenix
FFTF
BN-600

KNK2
JEFR
PEC
SNR
JPFR
Demo No. 1
CFR
Demo No. 2
1000 MW(e)
1000 MW(e)

*Construction of

Table 6.

Country

USSR
UK
US
US
France
US
USSR
USSR

UK
France
US
USSR

West Germany
Japan
Italy
West Germany
Japan
US
UK
US
France
West Germany

LMFBR Projects Worldwide

Power
MW(t)

Operable
5

60
62.5

200
40
20
60

1000

MW(e)

15
20
67

12
150

Under construction

600
600
400

1500

Planned

58
100
140
730
750

750-1250
3125

750-1250
2500
2500

this dual electric-power and desalting

250
250

600

20

300
300

300-500
1250

300-500
1000
1000

plant was

System
type

pipe
pipe
pot
pipe
pipe
pipe
pipe
pipe

pot
pot
pipe
pot

pipe
pipe
pot
pipe
pipe
pipe
pot

?
?

7

completed in

Initial
operation

1959
1959
1963
1963
1967
1969
1970
1972

1972
1973
1974
1976

1973
1974
1975
1976
1976

1978-1980
1979

7
1980
1982

1971.
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Our helium is good for nothing.
If you bought our

helium to do nothing and it
did something, you'd prob-
ably do something to us.

So we do something to
make sure our helium does
nothing. We keep impurities
out. In fact, we know how to
keep all but .0001% of them
out. (For critical applications,
our Rare and Specialty gases

department sells helium that
is 99.9999% pure. The
purest you can buy.)

If you'd like to know
more about a gas that does
less, call Hank Grieco (201)
464-8100. Or write to him at
Airco Industrial Gases, 575
Mountain Avenue,
Murray Hill, New
Jersey 07974. Amp

Industrial Gases
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with nuclear energy. But this view
must be evaluated by society as a whole.

This article was adapted from a talk given at
the annual American Physical Society meet-
ing in January 1971. The authors are in-
debted to several of their colleagues at the
Oak Ridge National Laboratory, particularly
to Leonard Bennett and Alfred (Bud) Perry.
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It's a radiation detector that can increase the sensitivity of
your measurements. The Figure of Merit for many types
of radiation measurement can be enhanced by using a
Harshaw Phoswich to maintain the highest detection
efficiency while rejecting background.

Two of our Phoswich detectors are pictured above.
Each Phoswich detector consists of a thin primary detector
composed of a thallium-activated sodium-iodide crystal
that is optically coupled to a much thicker thallium-
activated cesium-iodide crystal. This "sandwich", in
turn, is coupled to a multiplier phototube. This and other
combinations of scintillators are useful in x-ray /gamma
and beta/gamma discrimination.

These Phoswich detectors feature the "MATCHED
WINDOW"1 design that was pioneered by Harshaw in
1959. It is now standard for all detectors 4" in diameter
and larger.

Ask for more information about the Phoswich detector.
We have other nuclear radiation detectors and complete
systems you may want to know about. Just write to us or
telephone, (216) 248-7400.
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