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FIGURE 1 Natural-uranium demand for several breeder strategies. The following abbreviations are
used: HC, high converter; AB, accelerator breeder; impr., improved; U-nat, natural uranium.
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and using up the plutonium stock accumulated by then, the cumulative natural-uranjum
need until the year 2075 could be brought down to 7 million tons. By then the annual
natural uranium requirement will be decreasing, having already fallen to 50,000 tons per
year, whereas in the LWR-OT case it would be increasing and have reached a level of
230-330 thousand tons per year by 2075, even assuming that the LWR is of the improved
type (with a fissile-plutonium surplus of 110 kg per GWe-year). Further improvements of
FBR technology producing a breeding rate of 1:3 and a 1-yr out-of-pile time (i.e., a sys-
tem inventory of 4.5 tons of fissile plutonium) might even make possible a cumulative
consumption of only 3 million tons of natural uranium up to the year 2050 with no fur-
ther uranium needs thereafter. With a cumulative natural-uranium requirement of 3-7
million tons, according to these calculations, the use of FBRs may meet the availability
restrictions on natural uranium.

The FBR is an expensive and somewhat complicated machine. Much thought has
been given to alternatives which achieve similar goals using cheaper and easier tech-
nologies. One step in this direction is an LWR variant with a tight lattice, plutonium fuel,
and a high conversion rate of about 0.9 (with a system inventory of 6 t of fissile plu-
tonium) or 0.95 (with a system inventory of about 8 t). Using these LWRs alone leads to
a cumulative uranium demand of 10-11 million tons by the year 2075. The second step,
however, is to support the high converter by accelerator breeders. Various support strat-
egies are possible. Some illustrative examples are presented below and are depicted in
Figure 1.

If we were to install one accelerator breeder for every nine to twelve high con-
verters there would be no need for plutonium refueling from outside except for the
inventory buildup. In this case the growth of our power-demand projection requires
110-160 thousand tons of uranium in 2025, reaching a cumulative total of 8.5-10
million tons by 2075,

If on the other hand we were to install one accelerator breeder for every three
high converters, the results would be similar to those for the FBR strategies; i.e. we would
arrive at a cumulative natural-uranium need up to 2075 of 3.5-6.5 million tons, and a
zero or declining natural-uranium need thereafter. Thus we have a substitute for FBRs if
one accelerator breeder is provided for every three high converters. The reason that we
need so many accelerator breeders is that we have to provide for the buildup of a signifi-
cant plutonium inventory. It is questionable whether a system of three high converters
plus one accelerator breeder would be cheaper than three FBRs and whether an accel-
erator breeder is technologically any simpler than an FBR. In the above schemes for
accelerator breeding, the fuel cycle is the same anyway. Thus, when deciding which
strategy is appropriate for the future, the potential advantages of an accelerator breeder
system (or perhaps a fusion breeder system which is not considered here) will have to be
weighed against the fact that at present the FBR is technically the most developed
system of the three and does not cause any reduction in uranium efficiency. In these
considerations we have assumed that the accelerator breeders will be available starting
from the year 2000. If they are introduced later, their importance would further decline.
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FUTURE PROCESSING OF SPENT REACTOR FUELS

F. Culler and R.C. Vogel
Electric Power Research Institute, Palo Alto, California (USA)

ABSTRACT

The probable future for the reprocessing of nuclear fuels over the next 50 years is discussed in
the light of four main factors: the processing of light water reactor (LWR) fuel on schedules to be
determined by individual national policies; the eventual processing of fast reactor fuels; present and
future degrees of concern on arms proliferation issues and the vulnerability of processing plants to
terrorist activities; and general public acceptance of reprocessing. An overriding factor may well be the
institutional and financial arrangements necessary for reprocessing (and therefore the whole fuel cycle)
to progress. The general principles of reprocessing technology have already been established although
improvements may still be necessary in meeting new safeguard requirements and developing methods
of waste disposal that are acceptable to the public. Use of the “sphere pac™ fuel fabrication process
colocated with appropriately designed reprocessing plants may allay the serious concern about
possible diversion of plutonium.

1 INTRODUCTION

In this paper we will consider the speculative subject of the future of reprocessing
during the next 50 years. Some of the factors involved in the future may be (a) processing
of Light-Water Reactor (LWR) fuel, perhaps on a delayed schedule as determined by
individual national policies, (b) eventual processing of fast reactor fuels, (c) continued
pressure on proliferation issues, (d) concern about the possible vulnerability of reprocess-
ing plants to terrorist activities, and (e) public acceptance of reprocessing. The last factor
depends on a well-formulated radioactive-waste disposal program. An overriding factor
may be the institutional and financial arrangements which permit reprocessing and the
rest of the fuel cycle to move ahead. In spite of the foregoing challenges to moving
ahead with reprocessing it is highly important to do so to alleviate the accumulation of
spent fuel. In considering reprocessing the large expense of plants is considered to be a
disadvantage. However, the cost of a single reactor is very much greater than the reactor’s
share of the reprocessing cost so that the problem is really an institutional one of organiz-
ing the reprocessing activity for a group of reactors. The same reasoning is of course valid
for the waste-disposal component of reprocessing. Thus only large “collectives” of
perhaps 50 reactors can achieve the maximum cost savings of reprocessing using a large
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plant rather than a number of smaller reprocessing plants. However, the fractional cost
increase in the fuel cycle if a small reprocessing plant is used is not so great that most
groups could not still afford to reprocess in a small plant if they so desired.

Reprocessing technology is established in a general way except that possibly it may
not adequately meet new requirements for safeguards and waste disposal. There will very
possibly be a need for near-complete containment of wastes through a recycle within the
plant with a single high-level waste stream to be handled. The reprocessing of fast reactor
fuels will also require an approach that is somewhat different from that for LWR repro-
cessing. For example, the higher plutonium concentrations can cause dissolution difficult-
ies and different criticality problems. The mechanical head end, if it is used, will have to
be modified. In our view, however, it does not seem likely that a conipletely new repro-
cessing technology will be commercialized within the next 50 years, although the evol-
ution of significant improvements in waste-treatment techniques and perhaps in the head
end can be expected.

With regard to the public attitude on reprocessing and its associated waste-disposal
problems, we feel that a less negative posture may develop. The certain disappointment
in “soft energy” approaches and enhanced concerns about (a) the environmental effects
of CO,, (b) toxic chemical wastes, and (c) the dependability of oil supplies could all
help to develop a more balanced attitude about radioactive wastes.

In this paper it is appropriate to take a world prospective. However, each country’s
situation will differ depending on the political environment, the availability of other
energy sources, the degree of industrialization, and the international institutional
arrangements available to undertake reprocessing and the balance of the fuel cycle.

2 FACTORS INFLUENCING FUTURE REPROCESSING
2.1 Loads

The future reprocessing loads to be expected will depend on the world growth of
nuclear energy. One of the current sources of information is the International Nuclear
Fuel Cycle Evaluation (INFCE, 1980a). Table 1 presents estimates from this document
which can be used as a basis for discussion.

In addition to the worldwide nuclear energy demand, the reprocessing loads will
depend on the variables involved in reactor operation such as burnup, the attitudes of
various countries concerning the long-term storage of fuel instead of reprocessing, the
time of introduction of fast reactors, and the rate of growth of fast-reactor technology.

The data from the INFCE(1980b) report on reprocessing shown in Table 2 give the
assumed worldwide spent-fuel discharges to the year 2000. These totals exclude 6,500
tons of spent fuel, mostly in storage in North America at the end of 1977. The data of
Table 2 indicate an increasing amount of spent fuel in storage: it is estimated that there
will be 40,000 tons in 1985, 86,000 tons in 1990, and 225,000 tons in 2000. If the
worldwide generating capacity in the year 2000 is 850 GWe (see Table 1) and the
discharge rate is 30 tons of fuel per 1000 MWe, the spent-fuel discharge rate will be
approximately 25,000 tons per year. Thus, without additional reprocessing capability,
not only will there be no opportunity to reduce the amount of spent fuel in storage
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TABLE 1 Projected nuclear generating capacity in the world outside the centrally planned
economies (in gigawatts of net electric power).

Year Low case High case

Total I'BR Total FFBR
1985 245 2.1 274 2.4
1990 373 5.1 462 6.6
1995 550 12.8 770 15.9
2000 850 21.8 1200 38.3
2005 1100 1650
2010 1300 2150
2015 1450 2700
2020 1650 3350
2025 1800 3900

but it will be accumulating at an ever-increasing rate. Over 70% of the cumulative world
spent-fuel discharges will not have been reprocessed by the year 2000. Table 2 clearly
shows that the United States has the greatest accumulation of spent fuel in storage. The
data in INFCE and presented in Table 2 were developed on the assumption that the
United States will not undertake reprocessing before 2000. We hope that this will be
proved to be an erroncous assumption.

A future need for reprocessing arises since there will not be sufficient plutonium to
undertake the planned fast-reactor programs in the world outside the centrally planned
economic areas on the schedule anticipated unless reprocessing is accelerated. There will
be a shortfall of about 130 tons of fissile plutonium. This 130 tons could be readily
recovered from the approximately 1,540 tons of plutonium in the spent fuel that will be
in storage by the year 2000 if additional reprocessing capacity were made available.

Using the nuclear generating capacity shown in Table 1 it is possible to estimate
the loads beyond 2000. This is of course quite speculative. Some of the uncertainties
involved in converting the data of Table 1 into reprocessing loads for 2025 concern the
fraction of the total which will be generated by fast reactors in 2025, the characteristics
of the fast reactors, and the characteristics of the thermal reactors in use at that time.
INFCE (1980c), perhaps with some optimism concerning the rate at which breeders
will be introduced, predicts a breeder capacity of 50 GWe in 2000 and 200 GWe in 2005.
The 50 GWe for the year 2000 does not agree with the data presented in Table 1 which
come from Working Group 1 rather than Working Group 5 of INFCE. The predicted
capacities indicate an addition of 30 GWe year™ from 2000 to 2005. If one assumes the
same continuing rate of introduction of fast reactors, by 2025 there would be perhaps
800 GWe generated by fast reactors. There would then be 1000 GWe from LWRs adding
up to 1800 GWe for the low-range prediction. The data just presented may seem to be
optimistic concerning the rate of introduction of the breeder. However, we believe that it
is now a cheaper power source than coal and oil. Furthermore, the very low uranium
requirements and the Jack of dependence on enrichment are powerful arguments for
pressing forward with an aggressive breeder program.

If we assume that the core burnup of fast reactor fuel is about 50 MWd kg™ then
about 25-30 tons year ' of blanket plus core must be reprocessed in the fast-reactor



TABLE 2 Spent fuel arising from thermal reactors in the world outside the centrally planned economies (in tons of heavy metal at end of year)®.

Region 1985 1990 2000
Cumulative Spent fuel  Cumulative Cumulative Spent fuel  Cumulative Cumulative Spent fuel Cumulative
spent-fuel in storage spent fuel spent fuel in storage spent fuel spent-fuel in storage  spent fuel
discharge at yearend reprocessed discharge at year end reprocessed discharge at year end reprocessed
European Economic 8,200 3,200 5,000 22,100 10,500 11,600 >57,300 > 8,050 49,250
Community
Total Europe 12,000 6,100 5,900 30,200 16,900 13,300 > 70,200 >11,100 59,100
North America 27,100 27,100 0 56,450 56,450 0 166,700 166,700 \]
Pacific 3,900 1,500 2,400 8,300 2,700 5,600 30,000 0 30,000
Total OECD 43,000 34,700 8,300 94,950 76,050 18,900 > 266,900 >177,800 89,100
Non-OECD 4,100 3,850 250 11,600 9,950 1,650 > 54,500 47,100 7,400
Total 47,100 38,550 8,550 106,550 86,000 20,500 > 321,400 >244,900 96,500

% See INFCE (1980b) for assumptions.
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case. If higher burnups are achieved, the reprocessing rate of course decreases. Thus
within wide limits the annual amount of material to be reprocessed does not depend
strongly on the mix of fast versus thermal reactors but rather depends more on the total
growth of nuclear power. Whether fast or thermal reactor fuel is being reprocessed is of
course a matter of concern to the reprocessor because of the differing procedures
required.

The rate of discharge of spent fuel beyond 2000 was estimated by using the low-
range growth curve. The very rough figures are presented in Table 3. These figures can
also be checked against those in the report of the Organization for Economic Cooperation
and Development on Nuclear Fuel Cycle Requirements (OECD, 1978) which are slightly
higher.

TABLE 3 Estimated spent-fuel
discharge from LWRs + fast
reactors in the world outside the
centrally planned economies

(in tons per year).

Year Discharge
2000 26,000
2005 33,000
2010 37,000
2015 42,000
2020 44,000
2025 46,000

The estimated worldwide reprocessing capacity as used by INFCE (1980b) is also
needed to give a reasonably quantitative picture of the status of reprocessing. These
data are presented in Table 4. A comparison of the spent-fuel discharges of Table 3 with
the reprocessing capacity as presented in Table 4 shows that a serious accumulation of
spent fuel will occur and will become worse each year. In addition, the data of Table 2
show that as we enter the twenty-first century there will be 250,000 tons of spent fuel
already in storage.

TABLE 4 Estimated reprocessing capability in
the world outside the centrally planned
economies (in tons per year).

Year Schedule

High Low
1980 750 750
1985 1200 1200
1990 5900 4100
1995 9500 8100

2000 9500 8100
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In summary, there will be an ever-increasing shortfall of reprocessing capacity
unless many plants are built during the next 50 years. We do not believe that storage
of increasingly large amounts of spent fuel is prudent from considerations of (a) the
economical use of fissionable and fertile material and (b) the increasing ease of diversion
of plutonium from the spent fuel as its associated fission products decay.

2.2 Potential New Safeguards Criteria

In considering the future of reprocessing it is necessary to extrapolate the safe-
guards criteria over the next few decades. This has two features. One feature centers on
the diversion of weapons material by subnational groups. The other feature is to ensure
that countries acquiring nuclear power facilities do not use these facilities in national
nuclear weapons programs.

As one considers future trends it is difficult to anticipate whether criteria related
to safeguards will be more or less strict. If during the next few decades the number of
states with nuclear weapons significantly increases, concerns regarding the proliferation
of nuclear weapons may decrease since the proliferation will be a fait accompli. It does
not seem likely that the trend will be in the other direction.

Considering the present trend of events with regard to the possible diversion of
fissionable material by terrorist (subnational) groups, it scems likely that these activities
will increase. Therefore we guess that the protection of fuel-cycle facilities from terrorists
may require measures for safeguards and physical protection that are even more stringent
than those that are now envisaged.

In addition to effective safeguards measures being in place, the public must have
confidence that such measures are indeed effective if nuclear energy is to be accepted.

A number of papers have been written on the subject of procedures which can be
used to evaluate fuel cycles from the viewpoint of safeguards. It is not within the scope
of this paper to go into this subject in any detail. However, the following brief comments
may be of interest. The easier plutonium is to convert to a weapon, the more attractive
it will be to a potential divertor. Four attributes of plutonium-bearing materials might be
considered for a safeguards evaluation: (1) the concentration of plutonium in the material;
(2) the radiation intensity of the material per unit weight of plutonium; (3) the time
required to extract the plutonium in metallic form; (4) the plutonium detection sensi-
tivity at the specific point in the process under consideration.

An additional group of important factors relate to both the facility design and the
process itself. These are (1) access denial provided by the facility design, (2) inventory
capability, (3) safeguard-instrument reliability, (4) personnel access to plutonium-bearing
material, (5) penetrations between personnel work areas and process vessels, (6) unidirec-
tional macroflow of plutonium (lack of recycle), (7) maintenance procedures, (8) surveil-
lance procedures, and (9) operations procedures.

A further important factor is the cost and benefit of each step taken to achieve an
enhanced degree of safeguards. The installation of overly conservative and expensive
safeguards procedures represents a cost to the user of electricity almost in perpetuity;
indeed, once installed, such procedures are awkward to discontinue even though generally
recognized as not cost-effective.
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The Electric Power Research Institute (EPRI) is currently supporting work by
Exxon Nuclear on the development of evaluation methodology to assess the diversion
resistance of fuel cycles. The factors involved in this methodology are those mentioned
in the preceding paragraphs. However, an attempt is being made to evaluate fuel cycles
in a more quantitative fashion than can be described here.

A rough statement of the tentative conclusions is that within the reprocessing
segment of the fuel cycle the more vulnerable areas are (1) the PuO,-conversion area,

(2) the PuO,-rework area, and (3) the laboratory. Common concerns at these locations
were the nced for improved control of personnel movement and reduced hands-on access
to PuO,. A recently issued study by Cameron and Bleck (1980) based on the AGNS
(Allied-General Nuclear Services) facility at Barnwell has also identified the analytical
laboratory and PuQ,-conversion areas as having the greatest diversion vulnerability.

Another important conclusion which appears to be emerging from the EPRI-
Exxon Nuclear study is that the traditional method of fabricating plutonium-bearing
fuels, i.e. pelletizing, is a particularly vulnerable operation because of hands-on access
to PuO, and the difficulty of controlling personnel movement. This is leading to the
recommendation that fuel fabrication should be carried out by a process which is less vul-
nerable to these criticisms. The fuel-fabrication procedure which will be recommended is
“sphere pac”. This process appears to offer appreciably fewer opportunities for diversion.

The opinion just stated is sufficiently important to deserve further elaboration. The
Exxon Nuclear group has tentatively concluded (final reports are not yet published) that
a “‘sphere pac” fuel-fabrication process for Liquid-Metal Fast Breeder Reactor (LMFBR)
fuel would require six enclosures as compared with 23 enclosures for the standard pellet
process. This means that the safeguards problems are simpler for a “sphere pac” process.
Furthermore, powder preparation, pelletizing, and grinding operations are eliminated.
The “sphere pac™ process can eliminate the scrap-recovery operation by sharing it with
reprocessing. This does not seem to be such a reasonable suggestion for the pellet process
since the scrap for the pellet process is more likely to be contaminated with extraneous
materials than that from a “sphere pac” process. Finally an analysis of the “account-
ability points’ and/or potential scrap sources (an inverse figure of merit used in evaluat-
ing the ability to safeguard) suggests about 50 for the pellet process compared with 16 for
the “‘sphere pac™ process. Another overall aspect of the “sphere pac” process is that it
appears to be possible to automate it more readily than the conventional pellet process.
The automation will lead to lower radiation exposure for workers. The final report will
expand on these areas.

The foregoing recommendation for “‘sphere pac” fuel fabrication also has the
interesting effect of mitigating the more serious diversion concerns for fuel reprocessing
since it is possible (a) to coprocess, i.e. to keep plutonium diluted with uranium, and
(b) to avoid conversion to PuQ,. Thus it becomes clear that in matters of safeguards
it is necessary to consider the whole fuel cycle. Therefore in this paper it is appropriate
that we discuss not only fuel reprocessing but also fuel fabrication.

Another study, supported jointly by the Swiss Federal Institute for Reactor
Research and EPRI and being carried out by Professor B.1. Spinrad of Oregon State
University has reached a similar conclusion concerning fuel fabrication of plutonium-
bearing fuels and recommends that “sphere pac’ be considered a more diversion-resistant
process than the conventional pelletizing process.
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There are other possible approaches to the safeguards problem. For example, it is
possible to use radioactivity to protect plutonium from diversion. This can be done by
“spiking” the plutonium with fission products. There are several ways of accomplishing
this objective (IAEA, 1977a, b; Meckani et al., 1977). These are more extreme measures
which may not be necessary.

2.3 Institutional Considerations

As the need for reprocessing of spent fuel becomes more pressing for each nation it
will become necessary to resolve the institutional problems which are currently impeding
the reprocessing of spent fuel. The problems will differ from one country to another and
indeed will change with time, Each country will, however, have a licensing group which
has to be satisfied. There is a general need for licensing requirements based on reasonable
technical requirements. These institutional problems appear to be more intractable than
the technical problems.

2.3.1 Industry Support

In the United States the negative government attitude concerning reprocessing
during the Carter administration is so well known that further elaboration in this paper
is not required. It now appears that the current administration is developing a more
positive attitude toward reprocessing. However, the development of another problem is
now apparent in the United States. The disappointments which US industry has suffered
involving investments in the fuel cycle are well known. Recent losses now total more
than US$400 million. US industry is therefore thoroughly discouraged on further invest-
ment in the nuclear fuel cycle to compensate for dwindling governmental support, despite
the more positive attitude toward doing the fuel-cycle job that seems to be developing.
At this point we can do no more than identify the US problem and hope that a solution
develops.

2.3.2 The Time Cycle

The difficulties cited in the previous section are somewhat peculiar to the United
States. However, there are always inherent difficulties in a technical activity whose
gestation period is perhaps of the order of ten years and which interacts with a political
system operating on a significantly shorter time cycle (i.e. often four years in the United
States between administrative changes). For long-term technical projects it is necessary
to have transadministration stability if investment is to take place. This represents an
institutional problem which is not peculiar to the United States and which needs to be
addressed.

2.3.3 Regional Fuel-Cycle Centers

There are at least two recent studies considering regional fuel-cycle centers as a
solution to some of the institutional problems. Both INFCE (1980b) and the Inter-
national Atomic Energy Agency (IAEA, 1977a, b; Meckani, et al., 1977) have offered
some significant ideas. The advantages stated for a regional fuel-cycle center are as
follows. Reductions in the number of national facilities constructed and reductions in
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shipment of special nuclear materials will give a nonproliferation advantage. In addition,
the intergovernmental agreements envisaged for the regional fuel-cycle center will
enhance control of the transfer and use of nuclear materials. Radioactive-waste manage-
ment will probably be facilitated by the provision of a centralized large-scale facility
incorporating temporary liquid storage and solidification-plant operation followed by
further storage and eventual disposal. There will also be economic advantages due to
scale. Several countries with small nuclear programs could cooperate in the establishment
of a regional fuel-cycle center in order to achieve the economies of the large plants.

Two complicating factors are involved in the consideration of the regional fuel-
cycle center. It appears to us that the legal problems will be very complicated. It will be
difficult to negotiate contracts between the many entities involved in the construction
and operation. Another complicating factor is the assurance of some competition
between centers so that a utility (or nation) is not the captive customer of a single fuel-
cycle center.

2.3.4 Colocation (Reprocessing and Fabrication)

Another type of institutional problem is that of colocation of processing and
fabrication facilities. We feel that colocation is advantageous from technical consider-
ations. It is of course possible to envisage colocation of fuel fabrication and reprocessing
plants on a national or international scale. Whatever the eventual arrangement, advantages
would accrue owing to minimization of the risk of diversion through elimination of
external shipments of fissile material. There would in addition be cost savings due to the
use of common facilities. The colocation concept is inherent in the fuel-cycle flow sheet
which is presented in Section 3 since scrap from fabrication is recycled back through
reprocessing.

3 FUTURE REPROCESSING TECHNOLOGY
3.1 Guidelines

In this section we will outline our ideas of what the future reprocessing technology
may be beyond 2000. In Section 2.1 we described the potential reprocessing loads. It
appears from this information that a significant number of new reprocessing plants will
be required. This will allow and stimulate innovation in the field. We have also pointed
out that safeguards requirements, particularly with reference to defense against terrorists,
may become stricter and that colocation of fuel reprocessing and fabrication facilities is
attractive because it offers both enhanced safeguards capabilities and potential economic
incentives.

Additional waste-management requirements will arise for reprocessing. It will be
necessary to control tritium and krypton, to recycle low-level wastes internally, and to
blend the low-level wastes with the high-level wastes. We believe that there will be a need
for near-complete containment of the lower-level wastes within the plant with a single
high-level waste stream to be handled.

The spent-fuel cooling time is another variable for consideration. For the next few
decades it will certainly not be necessary to reprocess fuel that has only cooled for a short
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time. However, by 2025 if there is an aggressive fast-reactor program a plutonium
shortage may develop. If this situation comes about there may be interest in decreasing
the plutonium out-of-reactor inventory in the fuel cycle. The more pressing problems
introduced by going from 180 days or more of cooling to 30-60 days of cooling would be
self-heating of the fuel during the mechanical-head-end steps and iodine containment. At
this point it does not seem necessary to address these problems.

From preliminary reports it appears that the EPRI-Exxon Nuclear study will
suggest that a colocated fuel processing-fabrication plant based on solvent extraction
with coprocessing followed by “sphere pac” fuel fabrication is more diversion resistant
than the conventional solvent extraction plus pellet fuel fabrication. Furthermore it is our
intuitive judgment that such a fuel cycle is possibly less costly than the conventional one.
We will therefore take the liberty of assuming that this process is the reference process
and will describe it in general terms. Since in this case fuel fabrication and fuel processing
are closely related we will describe the complete fuel cycle.

3.2 The Process

There are three fuels which should be considered as future candidates for repro-
cessing: UO,, LWR-MOX (i.e. mixed PuO,-UO, fuel) and LMFBR fuel (presumably
UQO,-PuQ,; but perhaps UC-PuC at some future time). We feel that it is likely that
the core and blanket materials for fast reactors will be mixed and processed together. It
seems likely that UO, and LWR-MOX fuels can be smoothly reprocessed in similar if
not identical equipment. However, in the case of LMFBR fuels it may be desirable to
have dedicated plants. This is because LMFBR fuels are different from LWR fuels since
(1) the fuel may be wet with sodium or sodium logged, (2) the cladding is stainless steel
instead of Zircaloy, (3) the fuel pins are of smaller diameter, (4) the dissolution character-
istics may be different owing to the higher plutonium and fission-product concentrations,
and (5) the plutonium concentrations in the various streams will be higher, leading to
more stringent criticality restrictions.

The two fuels which we will consider as products of the “sphere pac” fabrication
plant are the LWR-MOX and LMFBR fuels. It is very likely that these two fuels would
be fabricated in separate lines or perhaps separate plants because of the more stringent
criticality problems for the fast reactor fuel.

Figure | presents a generalized fuel-cycle flow sheet. Since the flow sheet is pres-
ented for three different spent fuels and two different product fuels various steps will
differ depending on the situation. However, a generalized description of the process
follows. For each stage, the numbers in parentheses refer to the boxes in Figure 1.

Fuel Reception and Storage (1)

Spent fuel is received in heavily shielded casks shipped either by rail or truck. The
spent fuel is removed from the casks and stored in the fuel-storage pool. The water in the
pool is kept clean by circulation through ion-exchange columns and filters. After cooling
to the appropriate radiation level, the fuel is sent to the head-end preparation area for
processing.
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FIGURE 1 Generalized fuel-cycle flow sheet.

Head End, Feed Preparation (2)

Processing starts by cutting end fittings from the fuel assemblics. The remaining
portions of the fuel assemblies are mechanically sheared into small pieccs to expose the
uranium and plutonium oxide. The fuel is then dissolved in nitric acid. Oxygen is added
to the dissolver. This permits more efficient recovery of the evolved nitrogen oxides and
allows control of fission-producl oft-gases (fumeless dissolution). The undissolved
cladding is washed with water, removed from the dissolver, and sent to solid-waste
treatment. The solution from the dissolver will contain cladding fines and some undis-
solved fission products (principally, molybdenum, ruthenium, rhodium, palladium, and
technetium) and plutonium. This solution is clarified by centrifuge to separate the solids
for additional treatment.
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Gaseous-Waste Handling (3)

Off-gases are treated to remove radioactive iodine (if present), ruthenium, krypton,
and particulates to give an effluent that is nearly free of radioactive materials. lodine can
be removed by adsorption on a silica-based material impregnated with silver. Kr-85 can be
recovered from the off-gas by cryogenic distillation and packaged in pressurized gas
cylinders. Ruthenium can be removed by adsorption on a bed of ferric oxide. All off-
gases that have been freed of radioactive materials are passed through Fiberglas filters
before discharge. The flow sheet shows a radioactive off-gas stream only from the head
end whereas in fact there are also radioactive off-gas streams from other operations in
the plant. Furthermore, the details of off-gas handling are considerably more complicated
than this discussion may imply.

Solidification of Liquid Wastes (4)

This subject has been so controversial that a few general comments are appropriate.
We believe that there are several quite adequately safe procedures for storing high-leve]
radioactive wastes. It is not a profitable exercise to try to determine which is the safest
of the safe procedures. A step which would help to resolve the waste question would be
to establish reasonable criteria that were well supported by technical data. EPRI is
establishing a systems-based methodology for determining these criteria through the
Retention Quotient (RQ) procedure (Rodger and Tripathi, 1981). Physically, the
reciprocal of the RQ of a repository system is the fraction of the source inventory which
must be ingested by a receptor to give a selected radiation dose. A breakdown of the RQ
for the components of the system is helpful in determining the required retention capa-
bilities of various barriers such as waste form, repository structure, the geosphere, and the
biosphere.

We have shown in our reference flow sheet that we would prepare a glass from the
waste and store the glass in a deep dry (salt or granite) underground repository. The
vitrification process which could very possibly be used would be similar to the French
continuous AVM (Atelier de Vitrification de Marcoule) process or the Battelle spray
calciner and joule melter.

Solvent Extraction (Coprocessing) (5)

The solvent-extraction system under consideration at this step requires further
investigation. The “coprocessing™ system involves two product streams: a decontami-
nated uranium-plutonium nitrate solution of the proper plutonium-to-uranium ratio to
correspond to the specifications of the fuel being manufactured, and a decontaminated
uranyl nitrate solution. The system presented has not yet been demonstrated and indeed
further investigation would be required to establish it. However, there seems little doubt
that such a procedure could be established.

Uranium Conversion (6)

The uranyl nitrate solution from the solvent-extraction system is concentrated to
approximately 100% uranyl nitrate heptahydrate and is fed to a fluidized-bed calciner
to form UO;. The UFg is formed by fluorination with F, gas and is given a final purifi-
cation by using sorbent beds containing sodium fluoride, magnesium fluoride, and
cobaltous fluoride. Distillation can also be used for final UF purification. The UF,
can be fed to isotope enrichment if it is appropriate and if UF, is the desired compound.
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It should be kept in mind that with uranium recycling undesirable isotopes such as
U-232 may build up in the gaseous diffusion cascades, making the cascades radioactive,
and that this is a problem which requires evaluation.

Adjustment to Proper NO3 /(U + Pu) and OH™[{U + Pu) Ratios (7)

There is inadequate information in the open literature to prepare a definitive flow
sheet for steps 7-9 when a mixture of uranium and plutonium is involved. A pilot plant
is now in operation at Exxon Nuclear in Richland, Washington, in a jointly funded
program between the Department of Energy and Exxon. This pilot plant uses the
“internal gelation” procedure (employing hexamethylene tetramine (HMTA) and urea)
with pure uranium and is directed to the fabrication of UQ, spheres only. Such a pro-
cedure would undoubtedly have to be modified to prepare uranium-plutonium fuels.
However, we suspect that the operations represented by box 7, i.e. adjustment of the
ratios of the constituents of the solutions to specific values, will indeed be necessary to
give appropriate gelation conditions.

Sphere Forming and Washing (8)

Boxes 8 and 9 in fact represent three separate lines for fabricating three separate
sphere sizes. For LWR-MOX fuels the diameters of these sintered spheres would presumably
be 1200, 300, and 33 um. These three sphere sizes, with gentle vibration, pack to a smear
density of 86-87%, the same smear density achieved by the use of pellets. In this case the
plutoniumn concentration in the product spheres would be about 4% by weight.

If LMFBR fuel were being fabricated it might be desirable to use different sphere
sizes because the fuel rod has a smaller diameter than the LWR rod. The plutonium
concentration would be perhaps 15% by weight.

The sphere-forming step will possibly consist of mixing the adjusted and cooled
uraniunm-plutonium nitrate solution with HMTA and urea. The HMTA decomposes to
form NH; which precipitates ammonium diuranate gel in spherical drops. These drops
are formed by passing the solution through a vibrating nozzle into a hot immiscible
organic liquid. The heating of the solution brings about the HMTA decomposition. The
spheres thus formed are washed, dried, calcined, and sintered to form spheres of near-
theoretical density.

It should be noted that reject spheres can be recycled to the dissolver at the begin-
ning of the reprocessing operations. The spheres are expected to be pure material as
compared to the scrap from a pellet line which contains, for example, grinding sludge
from wet-pellet grinding. The potential elimination of a dedicated scrap-recovery oper-
ation for fuel fabrication is a special advantage of colocation and of the “sphere pac”
process.

The procedure that has been briefly sketched is general because the final process
for plutonium-bearing fuels after development is complete may be rather different.
However, there is a great deal of related work in the open literature on which investi-
gators can draw.

Sphere Drying, Calcination, and Sintering (9)
The drying and calcination steps (if pure uranium is any indication) are completed
when the temperature of the spheres has been increased from ambient temperatures to
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400-600° C. The sintering is carried out at 1400~1600° C in a hydrogen atmosphere to
produce UO,. The conditions of the drying, calcination, and sintering steps have to be

carefully established through systematic development work and will vary with the con-
ditions in the sphere-forming step and of course with the plutonium concentration.

Rod Loading and Closure (10)

It has been found to be possible to vibrate a typical LWR rod gently while simul-
taneously feeding 1200-um, 300-um, and 33-um diameter UO, spheres in the proportions
of 56%., 27%, and 17%, respectively, to give a fuel rod of 86-87% smear density. These
rods are performing satisfactorily in various in-reactor tests. The current designs of the
LMFBR fuel call for smaller-diameter rods. Work specially directed at the loading of these
rods may have to be undertaken.

Fuel Assembly (11)
The completed fuel rods are assembled in the traditional manner.

4 CONCLUDING COMMENTS

To institute the fuel cycle just described, traditional development work will be
necessary. The following arc examples of work to be done. (1) Waste management for the
reprocessing including confinement of tritium and krypton will have to be improved.
Improved containment of iodine may be necessary if it is felt desirable, in 50 years time,
to process short-cooled fast reactor fuel, for example. (2) The coprocessing steps need to
be established and demonstrated. (3) The sphere-forming flow sheets nced to be devel-
oped and demonstrated. (4) Rod loading for fast reactor fuel needs developing.

We feel that increased attention must be given to new and improved reprocessing
schemes over the next decades since it seems certain that fuel reprocessing and closure
of the fuel cycle are necessities.
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ABSTRACT

Underground nuclear waste disposal in stable geological formations requires predictions over
periods of the order of 100,000 years; although these periods are not long by geological standards, it is
difficult to get public acceptance for strategies based on such seemingly long-term forecasts. A concept
for tlie transmutation of higher-actinide wastes from reactors is considered which might contribute to
a significant reduction of the biological hazard of the wastes and thus help public acceptance of an
expanding nuclear-power economy. Our present knowledge of the nuclear cross-sections of actinides
is not sufficiently accurate for reliable forecasts of the behavior of the proposed Actinide-Burning
Fast Reactor (ABFR) which will be characterized by a very hard neutron spectrum. Accordingly, a
series of measurements is underway at the Japan Atomic Energy Research Institute to check
seemingly favorable calculations on the possibility of operating an ABFR entirely on higher-actinide
mixed-oxide fuel.

1 INTRODUCTION

Debates on the energy problem usually address two different aspects, namely
resources issues and environmental issues. The environmental issues are related to the
subjects of (1) fuel materials (i.e. safeguards and security), (2) energy-producing plants
(plant safety), and (3) waste management (ultimate disposal).

During the early stages of nuclear development emphasis was placed primarily on
providing safety, safeguards, and security for fuel materials and energy-production
plants; more effort is still needed in areas (1) and (2) to define criteria of what is safe
and what is not that are technically as well as publicly acceptable. During this period,
however, comparatively little attention was given to ultimate means of disposing of
high-level radioactive waste; only concepts for the temporary storage of waste were
considered. It is now widely accepted that the most serious problem to be solved before
the large-scale use of nuclear energy can proceed is the safe disposal of radioactive
waste. Strong efforts have been made in many countries with nuclear power programs
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to establish acceptable strategies for radioactive-waste disposal. Present strategies involve
the solidification of high-level liquid waste in glassy or ceramic structures and storage of
the containers in underground geological formations that are known to be stable, in
order to isolate the waste from the biosphere for about 100,000 years, until it decays to
an innocuous hazard level.

Technical assessment studies on the safety of this method of disposal are being
performed in many places using risk-analysis techniques. However, in implementing the
waste-disposal policy we cannot overlook current trends in public opinion since it is
extremely difficult to implenient any large-scale project without public acceptance.
Current public opinion shows the following two features: (1) there is a perception gap
between the “specialist’ and the public with regard to the risks of novel large-scale
technology; (2) there are skeptics who suspect that the “specialist” is willing to
emphasize the advantages of the technology while sweeping the disadvantages under
the carpet for future consideration.

We now need a general means of convincing the public that they can rely on the
“specialist™. In order to cope with the difficulties of public acceptance we are convinced
that it is essential to show the whole picture of the energy problem, starting with the
relationships between the various alternatives, to deal with technical and social issues
on different time spans, and to explain any specific technology under discussion as a
part of the whole picture. It is also essential for the public to see that the whole picture
consists of different alternative technologies, each supported by visible evidence.

With regard to disposal in stable geological formations, the risk analyses that have
been made so far suggest that this will be quite safe. However, since there is no way to
predict reliably the extraordinary events that might happen over the next 100,000 years,
there will still be many controversial discussions from both the technical and the social
standpoints in the assessment of this concept. It is therefore important to at least
demonstrate that an alternative well-defined disposal option does exist, regardless of
whether or not we implement it in the near future. In this context transmutation, using
neutron-induced reactions, of the higher actinides contained in radioactive waste is
considered.

The Japan Atomic Energy Research Institute (JAERI) has just started to touch
on the basic research for demonstrating this transmutation concept. This paper is a
summary of current activities in this field carried out at JAERI.

2 IMPLICATIONS OF ACTINIDE-WASTE TRANSMUTATION IN THE NUCLEAR
ENERGY OPTION

To carry out any technical project related to the nuclear energy option usually
requires enormous funds and long-range planning that is necessarily somewhat speculat-
ive. Project activities tend to acquire a large “momentum™. Continual assessment of the
project is therefore essential in order to clarify what has been achieved and what remains
to be done. Any such assessment should take into account other alternatives, social
considerations, and the resources problem as described next.
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2.1 Energy Consumption and Fission Energy Resources

In illustrating the energy resources and consumption that are available to mankind,
various nuimmbers have been introduced as energy units. In order to help the public
visualize information more easily, we introduce a new informative unit, the Sunshine
Energy Unit (SEU), where 1 SEU is defined as 1% of the total energy that the earth
receives from the sun per year. Estimated world energy resources reported by 11ASA
(Hifele et al., 1977) have been rewritten in the new sunshine energy units and are shown
in Table 1.

TABLE |  Estimated world energy resources in “sunshine
cnergy units”.

Resource Amount
I‘ossil 1.47
Lithium up to $60 kg™* 140.0
Uranium up to $250 kg™! 166.0
Thorium 120.0
Uranium in ocean 4.4 % 10°
Lithium in ocean 0.2 x 10¢
World energy consumption in 1975 5 X1073

A mode] to estimate the global climatological change due to energy consumption
will be the subject of a future study, but we should note that a disruption of the global
climate is quite within the bounds of possibility if the global energy release (on top
of what the earth receives from the sun) is somewhere between 0.1 and 1 SUE. There-
fore it is reasonable that world consumption of nonsolar energy should not exceed 0.1
SEU. As can be seen in Table 1, fission energy resources will last over 3000 years even
at the maximum consumption rate of 0.1 SEU y™! and the resources are considered to
be essentially inexhaustible. The value of 0.1 SEU is about 20 times the world energy
consumption in 1975 (0.005 SEU).

Assuming a simple extrapolation of a 3% annual increase in world energy con-
sumption, we will reach 0.1 SEU in 2080, about 100 years from now. We will then
enter into a new era where world energy consumption is constrained by climatological
considerations and any increment of energy consumption must, in principle, be supplied
by the solar energy. In the period of transition to the new era, energy consumption will
be constrained by the technical and social problems of establishing a new large-scale
technological system to utilize nuclear energy.

2.2 Radioactive Waste Generated by Fission and Fusion
Radioactive wastes produced from fission and fusion reactors have different charac-

teristics. Per unit energy refeased, there are about five times more neutrons which are
seven times more energetic in a fusion reactor than in a fission reactor, but there are no
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radioactive “‘ashes” from D—T fusion. Radioactive wastes from fusion reactors are there-
fore characterized by radioactivity of structural material induced by high-energy neutrons.
Considering differences in time spans for decay to a harmless level, we can broadly divide
radioactive wastes from fission reactors into two groups: radioactive “ashes” of fission
products and the so-called actinide waste produced in the reactor’s own fuel cycle.
Hifele et al. (1977) evaluated radioactive wastes generated by fission and fusion
reactors. Their results are used in Figure 1 to compare the decay and hazard character-
istics of radioactive wastes from a fusion reactor and from a fission reactor (both
fission products and actinide waste); a parameter of Biological Hazard Potential (BHP)
is used. It should be noted that the BHP resulting from fusion is nearly the same as that
of fission products after about 1000 years. As far as the concept of radioactive-waste
disposal in a stable geological formation is concerned, confinement for a long enough
period for decay to a harmless level to take place (in this case the residual radioactivity
after about 1000 years) is essential. Therefore, as can be seen in Figure 1, if the
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actinides can be separated from the waste and can be transmuted to fission products by
neutron-induced fission, the severe requirements imposed on the waste-disposal concept
will be alleviated significantly.

2.3 Radioactive-Waste Disposal in a Stable Geological Formation

The lifetimes of some nuclides in radioactive waste are very long by human
standards. However, they are short in comparison with geological times. Consequently
a concept of ultimate confinement of radioactive waste in geological formations is being
evaluated by many countries and it is a common view among a number of geologists that
suitable geological formations do exist in the world.

In November 1977 the International Atomic Energy Agency (TAEA) published the
report “Site Selection Factors for Repositories of Solid High-Level and Alpha-Bearing
Waste in Land Geological Formations™ (IAEA, 1977) to provide useful background
information to those authorities responsible for national radioactive-waste-management
programs.

Many factors must be considered in selecting the site for a waste depository: the
time span for confinement, the heat generation from the waste, the corrosive nature of
the waste, the course of any underground water, the sorption coefficient, the type of
borehole, etc. The time span of confinement of waste with a long half-life is the most
important problem to be solved. The general conclusion of the IAEA report is that
disposal of waste with a long half-life must be appropriately assured on the basis of a
confinement time of the order of 100,000 years at least. In guaranteeing this confine-
ment time, it should be noted that many geological formations which have been stable
for hundreds of thousands of years in the past are likely to remain so for another 100,000
years in the future.

Given the length of the confinement time required, especially for a-bearing wastes,
a storage-facility concept cannot be considered as a satisfactory alternative to waste
disposal, and we should be very cautious in placing much reliance on artificial barriers
for long-term confinement.

The IAEA report also mentioned that countries engaged in nuclear power
generation should develop disposal sites for long-lived radioactive waste within their own
countries. The trend observed in many discussions in the TAEA report and in some others
on waste disposal is towards continental geological structures or salt formations as pros-
pective sites for ultimate waste disposal.

In the problem of waste disposal in a stable geological formation the major question
from the point of view of public acceptance may be the explanation and assurance of
100,000 years’ confinement in a geological formation; a time span of 100,000 years is
not easily comprehensible to the public because only a few thousand years of human
history are well known and it is debatable whether any model used for risk analysis
can reliably predict extraordinary events that might occur over the next 100,000
years.
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3 ACTINIDE-WASTE TRANSMUTATION: PRELIMINARY CONSIDERATIONS

Since Claiborne’s transmutation study was published (Claiborne, 1972), much work
has been carried out and published by numerous organizations. These efforts indicate
that the study of transmutation still has some speculative features as shown by the variety
of technical options and in the plethora of possible conclusions. Taking account of
results which have been reported so far, we consider the following points in the present
study.

(1) Many reports have concluded that the harder the neutron spectrum, the better
is the transmutation system for the actinide waste. The general reason for this conclusion
is that the fission-to-capture cross-section ratio of actinides increases with increasing
ncutron energy. However, a more important reason which should be emphasized is that
various dominant actinides in the transmutation chain (Np-237, Am-241, and Am-243)
possess an appreciable fission cross-section of a threshold type in a high-energy region,
as shown in Figure 2. This contributes to the achievement of a high transmutation rate
and a high multiplication of neutrons if such a spectrum is available,

(2) Fast reactors, fusion reactors, and accelerator reactors are considered as trans-
mutation candidates because of their ability to produce fast neutronsin large quantities.
Typical examples of neutron spectra in fast reactors and in an accelerator reactor are
shown in Figure 2. The hardest neutron spectrum achieved in a fast reactor, as rep-
resented by the JEZEBEL critical assembly at Los Angeles Scientific Laboratory, is
shown together with the neutron spectrum of a Liquid-Metal Fast Breeder Reactor
(LMFBR). A fast reactor used to transmute the actinide waste would most likely have a
neutron spectrum somewhere between those of the LMFBR and JEZEBEL. As can be
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FIGURE 2 Neutron spectra and fission cross-sections.
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seen in Figure 2, fast reactors may provide a sufficiently hard neutron spectrum for the
efficient transmutation of actinides.

A fast fission reactor with a hard neutron spectrum is the primary option con-
sidered here, since the engineering feasibility of controlled thermonuclear fusion reactors
and accelerator reactors are somewhat uncertain at present. As a long-term prospect for
actinide transmutation, however, controlled-fusion or accelerator reactors seem to be
alternatives well worth exploring, especially for casing difficult “out-of-reactor” problems
associated with fuel reprocessing, partitioning, and fabrication processes.

(3) Problems to be solved in achieving transmutation of actinide waste arise in two
sectors, the “in-core” sector and the “out-of-core” sector. With regard to the in-core
sector, many studies have proposed the spiking of actinide target subassemblies in a
host reactor for transmutation. The conventional LMFBR has been considered as a host
reactor. The inclusion of target subassemblies in a host reactor might have an adverse
impact on the optimum operating conditions of the host reactor whose main purpose
is power generation. The main effects would be problems of power peaking and decay-
heat removal. To eliminate any impact on conventional power-producing reactors it
would be preferable to design a special Actinide-Burning Fast Reactor (ABFR) system
with the primary purpose of transmutation, and with power production of only second-
ary concern.

Since the ABFR would deal with only 4% of the total fuel cycle, the impact of its
investments and running cost on the total power-generation cost will be minor, and since
power generation is not its major concern, its operating conditions can be easily chosen
to satisfy various safety considerations. The introduction of a special burning reactor
that is completely separate from the power reactors is essential for realizing an on-site
fuel reprocessing and fabrication concept, which has been demonstrated once at EBR-II.

(4) Within the framework of the complete fuel cycle for utilizing nuclear energy,
actinide partitioning and transmutation will introduce a new fuel-cycle approach, namely
the “‘strata fuel-cycle concept”. The strata of fuel cycles should be constructed so as to
minimize the impacts of a new cycle on the conventional fuel cycle for power generation.
It could be dealt with best by considering two separate strata whose interface is radio-
active waste from the fuel reprocessing and fabrication plants. As schematically shown
in Figure 3, the conventional fuel-cycle facilities of Light-Water Reactors (LWRs) and
LMFBRs are not perturbed by higher actinides at all and will carry about 96% of the
total fuel cycle. The higher-actinide fuel cycle consists of actinide-fuel reprocessing and
fabrication plants and of the ABFR. This latter fuel cycle will carry about 4% of the
total if the ABFR can be operated entirely on the higher-actinide “waste”.

Assuming 99.5% recovery of uranium and plutonium in fuel-reprocessing plants,
ten 3000-MWth LMFBRs produce radioactive wastes containing about 9000 kg of
fission products and about 1600 kg of actinide waste per year, as shown in Figure 3.
After separation of about 1200 kg of uranium from the actinide waste, the total
amount of hazardous actinides to be transmuted per year is about 400 kg. Consequently
one 1000-MWth ABFR operated entirely on the actinide waste would be needed to
transmute the actinide waste produced from ten power stations of conventional size.

High radiation levels due to higher-actinide fuels impose the need for remote-
handling devices in a shielded facility for the fabrication of the fuel elements of the
ABFR. These devices will be similar to those that will be used for an advanced fabrication
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plant for LMFBR mixed-oxide fuels. The release of decay licat will necessitate a new
procedure for handling the actinide in vented facilities in order to dissipate the heat
generated.

4 PREDICTED PERFORMANCE OF THE ABFR

In this section we discuss the performance of the ABFR operated entirely on
actinides contained in the waste from fucl-reprocessing plants. The uranium and
plutonium recovery process in the reprocessing plant is assumed to be 99.5% cfficient.
Typical weights of actinides in the waste from reprocessing of fast reactor fuels arc
given in Table 2. For a reactor that is opcrated entirely on a mixture of
actinides in tlhe waste it is necessary to separate uranium from the other actinides because
the presence of a large proportion of U-238 is unfavorable in view of the reactor’s
criticality and the hard neutron spectrum necessary for efficient actinide burning.

The actinide mixture given in Table 2, excluding the uranium isotopes, is used
as a “fresh fuel” for the ABFR; the ABFR is assunied to be operated entirely on this
fuel in oxide form with a sodium coolant, and the volume ratio fuel:coolant:structure
in the core is assumed to be 40:30:30.

Reactor core performances have been predicted on the basis of present knowledge
of actinide cross-sections. The predictions were made using the 25-group ABBN-type
cross-sections obtained from ENDL and ENDF/B data files.

TABLE 2 Actinide waste from LMI'BRs per 1000 MWd.

Nuclide Waste (g) Nuclide Waste (g)
U-235 0.215 Pu-241 0.797
U-236 0.0057 Pu-242 0.494
U-238 133.0 Am-241 14.7
Np-237 3.82 Am-243 7.72
Pu-238 0.101 Cm-242 0.600
Pu-239 8.83 Cm-244 0.564
Pu-240 2.92

(1) The criticality of the ABFR was investigated and k.. for the core was found to
be as high as 1.85 and the critical radius in bare geometry to be about 32 c¢cm. The ratio of
the fission rate to the capture rate in the ABFR core is given in Table 3 together with the
ratios for the LMFBR and JEZEBEL. The ratio of actinide reactivity worth to that of
Pu-239 in the ABFR is given in Table 4. Owing to the hard neutron spectruni achieved in
tlic ABFR, a fairly large reactivity worth is obtained, even for the actinides whose fission
cross-sections arc of a threshold type. This high activity, which is achieved by separating
U-238 from the actinide waste, offers various advantages in making core design flexible
and in relaxing the requirements imposed in the “‘out-of-core™ sector.

(2) To investigate the possibility of abnormal reactivity behavior due to selective
burning in certain nuclides, burnup analyses have been made using the computer code
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TABLE 3 The average ratio of fission rate to capture rate in the spectra of various reactors.

Nuclide LMI'BR ABI'R JEZEBEL
Np-237 0.264 1.00 4.47
Pu-238 298 9.78 321
Pu-239 3.84 8.57 20.3
Pu-240 0434 1.68 5.55
Pu-241 6.29 9.60 18.2
Pu-242 0.84 3.73 14.1
Am-241 0.42 1.43 9.71
Am-242 7.45 13.1 22.0
Am-243 0.28 1.34 7.9
(m-243 5.34 10.6 26.4
(m-244 1.28 5.60 17.6

TABLLE 4 The ratio of the sample reac-
tivity worth of a threshold-fission-type
nuclide to that of Pu-239.

Nuclide Ap/Ap(Pu-239)
Np-237 0.170
Pu-240 0.226
Pu-242 0.170
Am-241 0.191
Am-243 0.107
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FIGURE 4 The change in atom density at each cycle in the ABI'R.



A proposed concept for actinide-waste transmutation 297

ORIGEN (Bell, 1973). For this purpose the cross-section data library for the LMFBR
provided in ORIGEN was replaced with a new one obtained using the neutron spectrum
of the ABFR as a weighting function. The recycling calculation was performed up to the
40th cycle, where each cycle consists of irradiation by 1 x 10 ns™ ¢cm™ for 300 days
and cooling for 300 days. At the beginning of each cycle, the criticality is adjusted by
feeding fresh actinide mixture from LMFBR fuel reprocessing. Typical actinide con-
centrations at each cycle are shown in Figure 4 and more detailed values at the first and
20th cycles are given in Table 5. As can be seen in Table 5, even though there is a drastic
composition change in the actinide mixture by the 20th cycle, the total atom density

of the actinide mixture required to maintain criticality is increased by only 40%. This
result indicates that the core criticality depends on the total atom density of the actinide
mixture but does not depend strongly on the relative composition of the mixture because
of its hard neutron spectrum.

TABLE 5 The actinide atom density in the ABFR core.

Nuclide Initiat 20th Cycle
Np-237 1.38 (—3)° 1.38 (—4)
Pu-238 3.65 (— 5) 1.99 (—3)
Pu-239 3.18 (— 3) 1.99 (—4)
Pu-240 1.06 (—3) 3.22 (—4)
Pu-241 291 (—4) 5.19 (—5)
Pu-242 1.81(—4) 6.63(—4)
Am-241 5.31(—3) 1.34 (= 2)
Am-242M 0.0 3.08 (—4)
Am-243 2.81(=3) 2.78 (—3)
Cm-242 217 (—4) 1.20 (— 4)
Cm-243 0.0 5.20 (—5)
Cm-244 2.06 (—4) 6.49 (—4)
Cm-245 0.0 4.06 (— 5)

® Read as 1.38 X 1072, and so on for the other figures.

(3) The effects of fission-product (rare-earth) contamination in the actinide fuel
on the criticality of the reactor have been investigated. They can be divided into two
effects: one is a reduction of the volume fraction of the actinide mixture and the other
is due to the fission product itself. The calculated results are summarized in Table 6. It
can be seen that the effect of the fission products themselves is minor even if the actinide
fuel pin is contaminated by 50 vol. % of fission products. This means that, whereas
conventional reprocessing plants require a high decontamination of fission products from
the actinides and a low decontamination of the actinides from aqueous raffinate, the
transmutation of actinides requires the reverse, i.e. relatively high decontamination of
actinides from the raffinate. This results in a low decontamination of fission products
from the actinides.

(4) Zamorani et al. (1980) discussed the fabrication of an actinide-mixture oxide
fuel pin for transmutation. In their report they recommend MgO as a dilution material
for adjusting the fuel-pin temperature. The effects of the diluent material MgO have been
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TABLE 6 The effect of fission-product contamination in fresh actinide fuel.

Case Fuel/FP/SS/NA/void? (vol.%) Critical radius® (cm)
1 40/0/30/30/0 23.6

2 32/8/30/30/0 29.8

3 32/0.01/30/30/8 29.6

4 20/20/30/30/0 48.8

S 20/0/30/30/20 45.6

‘; FP, fission products; SS, stainless steel; NA, sodium coolant.

With a conventional LMFBR blanket 40 cm thick.

TABLE 7 The effect of MgO diluent on fresh actinide fuel.

Case Fuel/MgO/SS/NA /void® (vol.%) Critical radiusb (cm)
1 40/8/30/30/0 29.3
2 40/0/30/30/8 295
3 20/20/30/30/0 46.0
4 20/0/30/30/20 45.6

: SS, stainless steel; NA, sodium coolant.
With a conventional LMFBR blanket 40 cm thick.

TABLE 8 The present uncertainty levels assumed for decay constants and nuclear data.

Nuclide A (%) of (%) g¢ (%) On,2n (%)
U-23§ 2 5 S 40
U-236 2 15 25 50
U-237 1 25 50

U-238 3 5 5 40
Np-236 1 30 50

Np-237 2 20 40 50
Np-238 1 30 50

Np-239 1 30 50

Pu-238 1.5 20 50

Pu-239 1 5 S 40
Pu-240 5 10 20 40
Pu-241 5 10 20 40
Pu-242 S 20 30 50
Am-241 2 30 40

Am-242M 2 30 50 50
Am-242 1 30 50 50
Am-243 2 30 50

Cm-242 2 30 50

Cm-243 3 30 50 50
Cm-244 3 30 50

Cm-245 3 30 50
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TABLE 9 The cffect of cross-section error on the actinide atom density in actinide fuel at the
20th cycle.

Isotope Uncertainty of Isotope Uncertainty of
atom density (%) atom density (%)

U-235 18.1 Am-241 28.6

U-238 16.5 Am-242M 30.3

Np-237 25.3 Am-243 26.3

Pu-238 22.5 Cm-242 16.8

Pu-240 11.6 Cm-243

Pu-241 14.9 Cm-244 31.1

Pu-242 16.6

investigated in the same manner as the effects of the fission products and with a similar
conclusion, as indicated in Table 7.

(5) The uncertainties of the predicted performance of the ABFR have been
evaluated through reactor sensitivity analysis together with the current estimated uncer-
tainties of actinide cross-sections given in Table 8. In general it appears that the current
reliability of actinide cross-section data is reasonably adequate for predicting the per-
formances of conventional reactors. However, there are considerable uncertainties in
making predictions for the entirely new ABFR. Two typical examples are given in Tables
9 and 10. Table 9 gives uncertainties in actinide atom densities at the end of the first and
20th cycles of the ABFR due to cross-section uncertainty. The uncertainties cause fuel
volume changes of 3% and 17% at the end of the first and 20th cycles, respectively. In
Table 10 uncertainties in the multiplication factor of the ABFR at the first and 20th
cycles due to the cross-section uncertainty are given for the following four cases: A,
full correlation between errors in different energy groups and between different nuclides;
B, full correlation between errors in different energy groups only; C, full correlation
between errors in different nuclides only; D, no correlation at all. Thus it is concluded
that improvement of cross-section errors by a factor of 2-3 will be essential even for a
conceptual study and much greater improvement will be needed for an engineering design.

TABLE 10 The uncertainty in the multiplication factor of the ABI‘R due to actinide cross-section
errors.

Case 1st cycle 20th cycle
Capture (%) Fission (%) Capture (%) Fission (%)
A 7.3 11 8.5 17
B 4.6 6.0 7.0 12.0
C 2.4 4.2 3.0 6.5
D 1.6 2.3 2.5 4.4
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5 MEASUREMENT OF INTEGRAL EFFECTS OF ACTINIDES IN THE JAERI
FAST CRITICAL ASSEMBLY

The integral data which have been measured for conventional reactors are mainly
criticalities and reaction-rate ratios. Such measurements are absolutely necessary for
improving the prediction of reactor performance. However, most actinides are highly
radioactive and expensive at present. Consequently integral measurements that may be
realistic for the ABFR are the small-sample worth, the reaction-rate ratio, and the compo-
sition change due to irradiation.

In contrast to differential measurements, integral measurements are very accurate,
but the neutron energy dependence in integral data is not straightforward so that the
choice of an appropriate variety of cores where the integral measurements are made is
important in order to obtain successful results. A series of integral measurements of
actinides for the ABFR is now underway at the JAERI Fast Critical Assembly (FCA)
with the support of the US Department of Energy. The measurements are separated into
two phases.

(1) Phase 1 consists of measurements of fission-rate ratio and sample reactivity
worth in a series of different cores whose neutron spectra are shifted from hard to soft
systematically. The actinide samples used for the reactivity-worth measurements are
separated isotopes of 20 g of Np-237, 15 g of Pu-238, 15 g of Pu-240, 20 g of Am-241,
and 20 g of Am-243 in oxide form which have been selected as the most relevant isotopes
for evaluating the core performance of the ABFR. The fission rates are measured for
Np-237, Pu-238, Pu-240, Am-241, Am-243, and Cm-244. The phase-1 measurements
were started in September 1980 and will be finished in December 1981, The FCA
assembly IX has been built for the phase-1 integral measurements. Assembly IX consists
of six different types of cores. The core compositions of these six cores (given in Table
.11) have been selected considering the following factors. (a) Each configuration of core
should have a simple composition and geometry to simplify analysis. (b) The amount of
separated actinide isotope that is available for sample reactivity-worth measurements is
limited to 20 g. The core configuration is therefore selected so that its critical mass is
less than 150 kg of fissile material. (c) In order to minimize drift of the core during
sample reactivity-worth measurements, plutonium is not used as a core fuel; only metallic
uranium fuel of either 93% or 20% enrichment (in U-235) is used as a core fuel and either
iron or graphite is used as a diluent material to shift the neutron spectrum appropriately.
(d) The geometry of the core is cylindrical with a natural uranium blanket and a ratio of
core height to core diameter of close to unity. Typical calculated results for integral data
to be measured in these cores are given in Table 11 relative to the case of Pu-239. These
data show a clear dependence on neutron spectrum.

The contribution of integral data measured in the FCA [X assembly to the improve-
ment of the prediction of ABFR performance can be estimated using the theory of least-
squares fitting of cross-section data utilizing integral data (Mukaiyama et al., 1980).
Assuming that the integral data are measured in the FCA IX assembly within a 3% error,
the uncertainties in the cross-sections of important actinides (see Table 8) in the import-
ant energy region for predicting ABFR performance are shown to be improved by the
factors given in Table 12. The results, like the uncertainties in the ABFR data given in
Tables 9 and 10, are expected to be improved in future by a factor of 2-5.
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TABLLE 11 Integral measurements of actinides at the I'CA.
Assembly: 1X-1 1X-2 1X-3 1X4 IX-5 1X-6
Material® (vol %)
93% LU 5.29 10.59 15.88 10.59 15.88 15.88
C 79.40 74.10 68.81 0.0 0.0 0.0
SS 10.79 10.79 10.79 84.89 79.60 27.94
Void 452 4.52 4.52 4.52 4.52 56.18
Criticality (C/E") 0.9916 - 0.9989 1.0069 - 1.0051
Np-237/Pu-239
Fission 0.222 0.355 0.396 0.347 0.401 0.466
Worth —0.834 —0.221 0.022 0.059 0.166 0.262
Pu-238/Pu-239
Fission 0.638 0.812 0.883 0.870 0912 0.955
Worth 0.704 0.870 0.931 0.890 0.935 0.981
Pu-240/Pu-239
Fission 0.229 0.341 0.399 0.353 0.400 0.460
Worth 0.221 0.346 0.396 0.309 0.365 0.433
Pu-242/Pu-239
Fission 0.191 0.292 0.347 0.291 0.339 0.403
Worth 0.161 0.301 0.368 0.283 0.342 0.415
Am-241/Pu-239
Fission 0.274 0.347 0.378 0.272 0.315 0.387
Worth —0.724 0.035 0.274 0.218 0.317 0.431
Am-243/Pu-239
Fission 0.174 0.258 0.304 0.236 0.280 0.344
Worth —0.018 0.244 0.334 0.237 0.303 0.383

a . . .
EU, enriched uranium; C, carbon; SS, stainless steel.

TABLE 12 The improvement of cross-section uncertainty utilizing integral measurements at the

FCA.
Nuclide Cross section Important energy region Improvement factor
Pu-238 Capture 1 MeV-1 keV 0.2
Fission 3 MeV-10 keV 0.1
Np-237 Capture 1 MeV-1 keV 0.1
Fission 10 MeV-50 keV 0.1
Am-241 Capture 100 keV-1 keV 0.8
Fission 10 MeV-800 keV 0.5
Am-243 Capture 1 MeV-5 keV 0.1
Fission 10 MeV-100 keV 0.1

(2) Phase 2 consists of integral measurements in a simulated ABFR core which is
built using 93% enriched metallic uranivm and pure plutonium metallic fuels together
with diluents to simulate the neutron spectrum and core size of the ABFR. The sample
to be used in the phase-2 measurements will be a mixed-actinide sample obtained from
a reprocessing plant. The main purpose of the measurements is to confirm whether there
is any significant effect on the core performance of the ABFR due to curium and
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californium which are contained in the mixed actinide mixture to a certain extent. The
timing of phase 2 is not yet fixed and depends on the availability of the mixed-actinide
sample.

6 CONCLUDING REMARKS

As indicated by Croft (1976), studies of actinide transmutation to date have mainly
emphasized the in-core aspects. Those studies which have investigated the projected out-of-
core impacts of transmutation have generally been deficient on in-core matters. The
greatest impact of the actinide-transmutation fuel cycle will be felt in the out-of-core
sector, i.e. in the partitioning process and in the actinide-fuel reprocessing and fabrication
process.

The basic techniques of solvent extraction, oxalate precipitation, and cation-
exchange separation for the partitioning of actinides from radioactive waste are available
on a laboratory scale. For an engineering assessment of these processes the most signifi-
cant factor is the allowable amount of fission products in the actinide fuel pin and the
allowable amount and type of diluent materials, whether artificial or contamination in
the fabrication of the actinide fuel pin. The in-core sector should therefore be studied
along with an investigation of how the inherent difficulties in partitioning and fuel-pin
fabrication can be alleviated by improving the core design.

The ABFR concept proposed consists of a new stratum of the fuel cycle, completely
separated from the conventional cycle, to deal with about 4% of the total fuel cycle. The
predicted spectrum of the ABFR is so hard that the effect of fission-product contami-
nation of the actinide fuel pin on reactor performance is calculated to be negligibly
small; for example, a fraction of fission products of as much as 50 vol.% mixed with
actinide in the actinide fuel pin introduces an effect on reactor performance of only
about 3% Ak/k reactivity change. Similar trends are found for contamination of the
actinide fuel pin due to structural materials or diluent materials like MgO. If these cal-
culated results are confirmed by future measurements, the favorable in-core character-
istics may substantially alleviate various severe difficulties in the partitioning and fabri-
cation process for the actinide fuel pin. Consequently it may turn out that the rather
pessimistic perception of economic actinide partitioning and reprocessing for trans-
mutation will have to be reconsidered. If so, it will be worthwhile to explore a dry-type
process technology such as pyrometallurgy and a liquid tin-nitride separation process for
the transmutation fuel cycle.

Continuous dedicated efforts in looking for various technical options to achieve
“as low as practicable” risk levels might lead to a reasonable degree of public acceptance
in the course of expanding the nuclear power program.
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ABSTRACT

The increasing use of nuclear reactors and consequent production of radioactive fission
products make necessary an early decision on a reliable, ultimate method for disposal of radioactive
wastes. At a cost of about 10% of total energy output it is possible to transmute the actinide com-
ponent in the wastes using fission reactors but the available neutron fluxes are still too small to trans-
mute the dangerous *°Sr and '*’Cs isotopes. The best option at present is burial of the wastes in deep,
stable geological formations; this concept has been very thoroughly investigated in many countries.
Fusion reactors may in the future attain sufficiently high neutron fluxes to be useful transmutation
devices but the waste-disposal problem is too immediate and pressing to await such developments.

1 INTRODUCTION

In this paper I will be concerned with transmutation of radioactive isotopes in the
domain of “Nuclear Synergism”, as beautifully described by Professors Harms and Hifele
in their recent paper (Harms and Hifele, 1981). If nuclear synergism does apply then
neutrons produced by fusion reactors or in spallation reactions can be used to reduce the
adverse impact of fission products. In brief compass, during the next 30 years or so,
nuclear energy will depend on light-water reactors (LWRs), improved water reactors, and
possibly fast breeders. To improve the “mass-sustainability’” (fuel utilization) we must
reprocess and recycle fuels. Thus we have already faced up to the problem of ultimate
disposal of radioactive wastes. Also during this period it would not be prudent to depend
on the development of fusion reactors or spallation reactors to provide excess neutrons
for transmutation of radioactive wastes.

In 30 years from now the development of fusion reactors may, or may not, play a
role in our quest for energy. However, assuming that fusion reactors do have a role, what
are the incentives to use transmutation technology? A number of transmutation studies
have been made in the United States. These studies indicate no particular incentives
for using transmutation as compared to ultimate disposal of high-level wastes in deep
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underground geological formations. This paper will review this assessment of transmu-
tation technology.

2 THE MAGNITUDE OF THE ULTIMATE DISPOSAL PROBLEM FOR FISSION
PRODUCTS

The largest potential hazard in the fuel cycle for fission reactors comes from the
waste streams produced in chemical reprocessing of spent fuel. After reprocessing, *°Sr is
the dominant potential hazard for some 300 years and the actinides present the most
danger for 600 to 10 million years. The potential hazard as measured by the ingestion
toxicity at 100 and 1000 years after reprocessing is given in Table 1.

TABLE 1 The ingestion toxicity ¢ of fission products (in cubic
meters of H,O per metric ton of fuel)b.

Years after reprocessing

Product 100 1000
*°Sr 2.18 X 10%° -

1370 53 Xx10° -

Y 3.3 x108 -

1291 6.2 X10° 6.2 X 10%
151gm 1.3 x10° -

159y 44 x107 -

Total actinides® 1.7 x107 7.9 X 10¢
Natural uranium ore€ 4 x107 4 X107

@ Toxicity is defined as 1/MPC (Maximurm Permissible Concen-
tration).

b The figures are for 33,000 MWd per million tons of heavy
metal (3.3% enriched uranium) and LWRs; 99.5% of uranium
and plutonium are removed by extraction.

€ 3000 Mt of natural uranium ore containing 0.2% uranium.

The current disposal concept is to bury the high-level wastes as a glass or ceramic in
stable geological formations. Tectonic stability of the formation for at least 1000 years
would allow the potential hazard to decrease to a relatively innocuous level. The area of
land required is very modest — about 3000 m? per gigawatt-year of electric energy. The
depository land area would be equivalent to 3000 metric tons of 0.2% uranium in
carnotite ores.

3 BACKGROUND STUDIES

The use of transmutation to reduce the potential hazard of radioactive fission
products has been studied over the years by several investigators. The first reported work
was done by Steinberg et al. (1958). They reported on the possibility of using high-flux
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burner fission reactors to reduce the stockpile of #Kr, ®°Sr, and **’Cs. The next trans-
mutation idea was to use a spallation reactor (beam/accelerator technology) (Gregory and
Steinberg, 1967). The use of fusion reactors was suggested by Wolkenhauer (1972). All
these technologies were summarized and extended in the classic work of Claiborne
(1972), who reached the following conclusions.

“Elimination of the fission products, *°Sr, }3’Cs, and %Kr, by neutron-induced trans-
mutation as a result of recycling in existing or projected designs of power reactors is
not possible, since the neutron fluxes are not high enough to lower the effective half-
lives of these nuclides by a significant amount. Special burner reactors with neutron
fluxes in the order of 10" cm™2s™! are required for that purpose. Spallation reactors
and fusion reactors are possibilities, but the latter is certainly not feasible with current
technology. The former, at best, would require an extensive development program
including, in particular, a method for coping with the potentially severe radiation
damage and heat-transfer problems. It seems that ultimate storage in deep geological
formations of known characteristics (such as salt mines) remains the best method for
fission-product disposal since less than 1000 years is required to reduce the activity to
an innocuous level. Assurance of tectonic stability for 1000 years with a very high
degree of confidence is quite possible in some geological formations. The actinides and
their daughters, of course, with half-lives measured in many thousands of years should
be excluded from the biosphere for a length of time for which tectonic stability can
be assured with a lesser confidence level. There is, therefore, a stronger motive for
disposal or reduction in the accumulation of the actinides by some other method such
as by transmutation in nuclear reactors.”

Burkholder et al. (1975) attempted to estimate the long-term benefits of removing
actinides from high-level wastes before burial in a waste repository. Their model took
into account the physical and chemical processes which greatly retard the isotopic mix-
ture ultimately ingested by man. They concluded, “. . . for the situations investigated,
the incentives for a special effort to remove any elements, including the transuranics,
from high-level wastes are vanishingly small . . .”

More recently Oak Ridge National Laboratory has completed an assessment of the
reduction of the proportion of actinides in high-level wastes to be placed in stable
geological formations (Croft et al., 1977, 1980). Transmutation studies supported by
the Electric Power Research Institute as part of their fusion program have been reported
by Lang (1980), Parish and Draper (1980), and Schaffer and Parish (1980).

4 PARTITIONING AND TRANSMUTATION OF ACTINIDES

The reduction of the toxicity of actinides by a factor of 10-100 prior to their burial
in deep underground geological formations appears to be technically feasible in LWRs or
fast breeders. A scheme for achieving this follows from the suggestion of Claiborne
(1972).

The partitioning transmutation scheme involves the partitioning of the actinides
from high-level wastes and other material containing a sufficient amount of actinides to
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be considered as long-lived transuranic (TRU) wastes in a separate reprocessing plant
colocated with a Purex reprocessing plant and mixed-oxide (MOX) refabrication plant.
The actinides are removed from the high-level wastes by leaching, solvent extraction, or
breaking down of organic actinide compounds. The tetravalent and hexavalent actinides
are recovered by TBB (tributy] phosphate) extraction. The trivalent actinides and lantha-
nides are coextracted using a bidentate extractant. They are then separated from the
lanthanides by cation-exchange chromatography.

The total loss of actinides from chemical processes and the MOX refabrication plant
to the ultimate waste is estimated to be 0.25%. However, Croft et al. (1980) point out
that the partitioning flow sheets have considerable internal recycle of plant streams. Thus
it is possible that one or more chemical species could form and build up within the plant,
resulting in much higher amounts of actinide in the ultimate waste streams. Furthermore,
the resins used in the cation-exchange chromatography suffer considerable radiation
damage and may have to be replaced after a single use.

The transmutation rate for a liquid-metal fast breeder reactor is about 11%yr™* at
full power. Assuming a capacity factor of 0.8 and three years in the reactor and two years
in the reprocessing and fabrication plant, we obtain a transmutation rate of 26% per five-
year cycle. The maximum reduction of actinides in the ultimate high-level wastes is
Lr/(1 —r) where L is the loss per cycle and r is one minus the transmutation rate per
cycle. The assessment by Croft et al. (1980) gives the reduction of actinides as 0.25% per
cycle. Thus the total actinides in the ultimate wastes are reduced to 0.71% of their
original amount, i.e. by a factor of 140, Some chemical engineers (Benedict et al., 1981)
believe the loss per cycle to be about 1%. This increases the actinide loss to ultimate
wastes to 2.85%, i.e. a factor of 35 smaller than the original amount.

The short-term risks have been evaluated to be about three times greater than the
risk for reprocessing and burial owing to the large increase in actinides in reprocessing,
refabrication, and transportation. The major conclusion given by Croft et al. (1980) is,

“There are no incentives for actinide P-T, even if very conservative assumptions are
used in the analysis. The cost of the actinide P-T benefits is$32,400/person-rem if
the nonradiological risks are ignored; if the nonradiological risks are included, the
short-term risks exceed the long-term benefits integrated over 1 million years.”

5 FUSION REACTORS

The neutron fluxes in the blankets of various power fusion-reactor concepts are
limjted by the wall loading to 1-2 MW m™2. The concepts include the tokamak, mirror,
0-pinch, and laser-ignited reactors which rely on a blanket surrounding a plasma chamber
to convert fusion energy into heat. The average fast flux in these blankets would be about
the same as those in a fast fission breeder. Thus there is no advantage over fission in trans-
muting fission products (Lang, 1980, and Parish and Draper, 1980).

As pointed out by Claiborne (1972), neutron fluxes of the order of 10!7cm™2s
are required to transmute *°Sr and **’Cs. This requires a wall loading at least two orders
of magnitude greater than those to be expected in the concepts just outlined. One such
concept is an imploding liner reactor studied by Schaffer and Parish (1980). Although
two plasma configurations were studied, only the closed-confinement field-reversed

-1
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6 pinch had a sufficiently high neutron flux to possibly transmute **Sr and *’Cs with an
e-fold time of about 6 years. This is so far out that I only mention it in passing. We
“only” need breakthroughs in fusion-plasma-confinement techniques, aqueous processing
technology, and liquid-metal and fused-salt processing! Finally, to transform *°Sr effi-
ciently would require a process to separate it from the ®Sr isotope.

6 SPALLATION REACTORS

A typical spallation reactor would use electricity to power a high-energy accelerator.
In the original work of Gregory and Steinberg (1967) a 500-MW beam of 10-GeV protons
impinging on a liquid uranium target was envisaged. The neutron source strength (greater
than 10%°s™') would produce a thermal flux of 2 x 10" cm™2s™! in heavy-water-
moderated ?°Sr targets. The principal problem would be to find a method to cope with
severe radiation damage and heat-transfer problems.

With new devices producing large numbers of neutrons per unit beam current, the
reactor might produce a high enough flux to transimute the problem isotopes efficiently.

7 CONCLUSIONS

We must settle on an ultimate, reliable method for the disposal of fission products
in the immediate future. Fission reactors can transmute the actinides at a relatively large
cost, about 10% of the cost of energy from fission reactors. The neutron fluxes in fission
reactors are far too small to transmute *°Sr and '*’Cs. The best alternative at this time is
disposal in deep geological formations. This has been examined time and again by many
countries. Compared to underground disposal there are no incentives to transmute any of
the fission products. By the time fusion reactors can play a role as an energy source we
will have accumulated a large amount of radioactive fission products. And these will have
to be removed from our environment prior to the development of any advanced trans-
mutation concept.
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QUICK IS BEAUTIFUL*

Freeman J. Dyson
Institute for Advanced Study, Princeton, New Jersey (USA)

When the Princess Rosalba was baptized, her father, King Cavolfiore of Crim
Tartary, gave a banquet, and all the royal guests came with expensive presents and flatter-
ing speeches (Thackeray, 1855). Then at the end of the line of guests came the Fairy
Blackstick. The Fairy Blackstick waved her stick over the baby and said, “As for this
little lady, the best thing I can wish her is a little misfortune”. The King was furious and
ordered his servants to remove the Fairy Blackstick from the hall. But of course the magic
worked, and in the end the Fairy Blackstick’s present turned out to be more valuable
than all the other presents put together. [ am sorry I don’t have time to tell you the
whole story now.

[ am very grateful to the organizers of this meeting for giving me the privilege of
talking to you at this banquet. I find it a little strange that I should be talking here. [ am
an ignorant outsider, an amateur, and you are professionals with deep knowledge and
long experience in the field of nuclear energy. I think the best I can do for you is to play
the role of the Fairy Blackstick. Do not misunderstand me. I am not against nuclear
energy. Only I happen to believe, like the Fairy Blackstick, that the best hope of a useful
and creative future {or nuclear energy lies in a little bit of misfortune. The nuclear power
industry, in the United States of America at least, is in deep trouble. Troubles are often
good for us, if we can learn from them instead of pretending that they do not exist. If we
seriously want to reach the future world of neutron abundance which we have been
discussing at this meeting, we must pay careful attention to the causes of our difficulties
in the frustrating present. Like the Fairy Blackstick, I will speak frankly . [ will try to
describe what is wrong with the nuclear power industry, by telling you stories about
things that I have seen happen during my life as an observer of energy projects. You can
then judge for yourselves whether these stories have any relevance to the problems with
which you are faced in your professional lives.

My first story concerns a company called General Atomic which runs a laboratory
in La Jolla, California, and manufactures reactors. The company began in the year 1956,

* After-dinner remarks at the Workshop, “A Perspective on Adaptive Nuclear Encrgy Evolutions:
Towards a World of Neutron Abundance”, at the International Institute for Applied Systems Analysis,
Laxenburg, Austria, May 26, 1981.
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In the summer of that year the company brought together a group of consultants, and
paid us to sit and think for three months. The company was then brand new; it had no
laboratories, no production facilities, and no products. The consultants could do nothing
except think and talk and scribble on biackboards. The company promised to pay one
dollar to the inventor for the patent rights to any reactor which we might invent. I col-
lected my dollar, and so did several other people in the group. One of our designs was
cliosen for immediate development and went into production with the name TRIGA,
standing for Training, Research, and Isotope production, General Atomic. The first
TRIGA was built, tested, licensed, and sold within less than three years from the day the
consultants assembled in 1956. The company is still producing it and still selling it at a
profit. The TRIGA is of course not a power reactor; it is mostly used to produce isotopes
for medical research and diagnosis, not to produce electricity.

As a follow-on to the TRIGA, General Atomic decided to develop and market a
big power reactor called the High-Temperature Gas-cooled Reactor (HTGR). The HTGR
is a great reactor. Its high temperature gives it an advantage in thermodynamic efficiency
over water-cooled reactors, and its big heat capacity gives it an advantage in safety.
Unfortunately the HTGR never captured a substantial share of the market. General
Atomic sold one each of two versions of the HTGR. The first was a 40-MWe version,
which produced electricity for a utility company at Peach Bottom, Pennsylvania. The
second HTGR sold was eight times more powerful, a 300-MW version which is now
running at Fort St. Vrain in Colorado.

Now I come to the spring of last year, 1980. General Atomic is still in business and
still has dreams of selling HTGRs. A year ago Harold Agnew, newly appointed president
of the company, decided to hold a Class Reunion for the Class of 1956. He invited the
surviving members of the group of consultants who had started the company in 1956 to
come back and have another look at it. Of course we had all in the meantime grown old
and dignified, and we were all much too important and too busy to come back for three
months and work out some new inventions. The most we could do was to come back
for two days and remember our lost youth. And the General Atomic staff told us about
their recent activities and about their plans for the future.

The main thing which the General Atomic people had to tell us was the result of
two safety analyses of their full-scale HTGR power reactor, By full-scale they mean
850 MWe, two and a half times the designed power output of Fort St. Vrain. Two
independent safety analyses of the full-scale HTGR have been done, one by a group of
experts in the United States and the other by a group in the Federal Republic of Germany.
Neither group of experts was connected with General Atomic; neither group had any
commercial incentive to make the HTGR look good. And both groups came out with
similar conclusions: in a certain well-defined sense, the HTGR is roughly a thousand times
as safe as a light-water reactor of equal power. The meaning of this statement is the
following. The experts analyzed billion-year accidents, caused by combinations of stupid-
ity and bad luck more extreme than anything we saw at Three Mile Island. A billion-year
accident requires so much bad luck that it is supposed to happen only once in a billion
years of reactor running time. A billion-year accident is a hell of a lot worse than Three
Mile Island. The reactor core vaporizes, the concrete containment building splits open,
the atmosphere happens to have an inversion layer at the worst height and the wind is
blowing in the worst direction over a region of high population density. You do not need
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to believe in the accuracy of the calculation which says that this disaster happens once in
a billion years. All that you need to believe is that it is possible to apply the rules of the
accident-analysis game fairly, so that a billion-year accident for a light-water reactor and
a billion-year accident for the HTGR are in some real sense equally unlikely. The results
of the analyses are then startlingly favorable to the HTGR. The billion-year accident of

a light-water reactor kills 3300 people immediately and 45,000 people by delayed effects
of radiation. The billion-year accident of the HTGR kills zero people immediately and
70 people by delayed effects. The numbers make no claim to accuracy, but the con-
clusion is qualitatively clear. It is conceivable that a mishandled HTGR may kill people,
but it cannot kill them wholesale.

The next question that arises is then, if the HTGR is a thousand times as safe as a
light-water reactor, and if public worries about accidents are threatening the very existence
of the nuclear power industry, why is there not a crowd of utility executives standing at
the door of the General Atomic sales office, waiting to trade in their light-water reactors
for a shiny new HTGR? The answer to this question is simple. If a customer should now
come to General Atomic wantingto order a full-scale HTGR, the best that General Atomic
could do would be to say, “Well, wait a moment. If you can help us raise some govern-
ment money to finish the engineering development, and if we don’t run into any unex-
pected snags, with luck we could be ready to begin construction in a few years, and if the
licensing goes smoothly you should have your reactor on line within ten years after that.”
This is not the kind of answer which brings utility executives running to place orders.

I told you this story of the two reactors, the TRIGA which was finished and ready
to go in three years and the HTGR which cannot be ready in less than 12 or 15 years,
because I happen to have been personally involved with them. Similar stories could be
told about many other industrial products. The nuclear industry is not the only one
which has suffered from a hardening of the arteries and lost the ability to react quickly
to changing conditions and changing needs. I believe the difference between a three-year
and a 12-year reaction time is of crucial importance. The rules of the game by which
public life is governed are liable to drastic and unpredictable change within less than
ten years. By rules of the game [ mean prices, interest rates, demographic shifts, and
technological innovations, as well as public moods and government regulations, We have
recently seen some spectacular changes in the rules of the game which the US automobile
industry has to play. We can expect such sudden changes to occur from time to time,
but nobody is wise enough to predict when or how. Judging by the experience of the last
50 years, it seems that major changes come roughly once in a decade. In this situation
it makes an enormous difference whether we are able to react to change in three years
or in twelve. An industry which is able to react in three years will find the game stimu-
lating and enjoyable, and the people who do the work will experience the pleasant
sensation of being able to cope. An industry which takes twelve years to react will be
perpetually too late, and the people running the industry will experience sensations of
paralysis and demoralization. [t seems that the critical time for reaction is about five
years. If you can react within five years, with a bit of luck you are in good shape. If you
take longer than five years, with a bit of bad luck you are in bad trouble. That is why [
chose for the title of this talk “Quick is Beautiful™.

The light-water reactor industry probably made a mistake in going to 1000-MW
units, The expected economy of scale seems to have been illusory. Unfortunately, General
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Atomic felt compelled to make the same mistake with the HTGR. Just to keep up with
the competition, General Atomic concentrated its efforts on the 1000-MW monster which
cannot be ready when it is needed.

The market for nuclear power reactors in the United States is at the moment non-
existent. Nobody knows whether the market will revive in the future. The hopes of the
industry rest on the likelihood that there will be some new oil crisis or some unpredict-
able change of political mood which will create a massive new demand for nuclear power.
When this happens, the demand will be for reactors which are safe, and flexible, and
quick to build. The 1000-MW HTGR is safe but not quick. Peter Fortescue, the chief
ideas man at General Atomic, has just come out with a wonderfully simple new design
for a supersafe 400-MWe power reactor cooled by natural convection, using sodium
coolant and thorium hydride moderator (Fortescue, 1980). I am sorry I cannot talk
about the details of Fortescue’s reactor tonight since I only learned about it this week.
Perhaps General Atomic might finally achieve its rightful share of the market, if it could
be ready when the time comes with a reactor of modest size, thoroughly tested and
debugged, and capable of being mass-produced in a hurry.

When we turn from nuclear power to biology, we see the same historical processes
at work. So long as no sudden changes in the rules of the game occurred, all through the
soft swampy sluggish hundred-million-year summer of the Mesozoic era, the dinosaurs
pursued their economies of scale, growing big and fat and prosperous, specializing their
bodily structures more and more precisely to their chosen ecological niches. Then one
day, as we recently learned from the brilliant observations of Luis Alvarez and his
colleagues at Berkeley, an asteroid fell from the sky and covered the earth with its
debris. The rules of the ecological game were changed overnight, and our ancestors, the
small, the quick, the unspecialized, inherited the earth.

Let me tell you one more story. In Princeton there are two projects in progress,
each of them in its own way trying to contribute to a solution of the energy problem.
The two efforts stand side by side on the Forrestal Campus of Princeton University.

One of them is the Tokamak Fusion Test Reactor (TFTR), the great white hope of the
magnetic-confinement fusion program, a magnificent piece of engineering, lavishly funded
by the US Department of Energy. If all goes well, it will cost only $300 million and will
be ready to go into operation in a year or two. It will then explore the technology for
commercial fusion reactors which will possibly begin producing electricity ten or 15 years
later.

The other project, the one with which I have the honor to be associated, is the
Princeton Ice Pond. The ice pond is a square hole in the ground with a dirt berm around
it and a sheet of Griffolyn plastic lining its bottom. Two men with a mechanical digger
dug the hole in January 1980, We rented a commercial snow machine and squirted snow
over the hole during the cold days and nights of February, until we had something that
looked like a miniature Matterhorn. Halfway through the snow making, we found out
that we didn’t need that fancy ski-resort snow-machine. We didn’t need skiing-quality
snow for our pond. We found out that for our purposes a fireman’s fog-nozzle which
you can buy for $300 will do the job well enough. Our Matterhorn stood high and proud
for a few weeks. Then the March sun shrank it down a bit, and the April rains reduced it
to a pool of slush, filled up to the top of the berm. We covered it over with an insulating
layer of plastic and straw, and on top of that we put an air-supported mylar dome to keep
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the straw dry. In June a hefty hail-storm wrecked the mylar and so we made do with wet
straw for the insulation. [ say “‘we”, but you must understand that 1 am not claiming
credit for any of this. The project is run by Rob Socolow and Don Kirkpatrick and Ted
Taylor and their students at the Center for Environmental Studies of Princeton
University. [ am only an unskilled laborer who goes out to help them occasionally. In
June we measured the contents of the pond and found that we had about 450 tons of
ice with some water underneath it.

All through an exceptionally hot Princeton summer we successfully air-conditioned
a building by circulating fresh water from the bottom of the pond. We were melting ice
at a peak rate of about 7 tons a day — beautiful cool white ice with crevasses into which
we could descend and enjoy Alpine scenery under the blazing Princeton sun. When the
hot weather came to an end at the beginning of October there were still about 150 tons
ofice left. I am sorry that [ don’t have any pictures of the ice pond to show you.

The key to cheap and reliable solar energy is to have a cheap and massive storage
of heat and cold, massive enough so that it can ride over the annual weather cycle, heat
being collected in summer and used in winter, cold being collected in winter and used in
summer. The system which we have in mind for practical use would have two ponds for
storage, a hot pond containing 100,000 tons of hot water (roughly 1 ha 10 m deep) and a
cold pond containing 10,000 tons of ice (roughly 0.1 ha 10 m deep). This would provide
heating and cooling for 100 families. We started first with the ice-pond experiment
because the money came through in January 1980 just in time for the snow making. It is
much easier to make snow in a hurry in winter than to make hot water in a hurry in
summer. We hope later on to have an experimental hot pond connected to a large area of
cheap plastic air-mattress collecting solar heat. Then in the following winter we shall find
out whether the hot pond stays hot. Unfortunately our students are so busy with the
ice pond that we missed the chance to get started on a hot-water pond in time for this
year’s summer.

That is the story of the Princeton Ice Pond. 1 told you the story because it illus-
trates what 1 have in mind when I ask for a technology with a quick response. T am not
claiming that solar ponds by themselves will solve the energy problem. Still less am 1
claiming that the little game we are playing in Princeton has demonstrated the existence
of an economically viable solar-pond technology. What I do claim is that solar ponds are
an example of a technology free from the rigidities and the decade-long delays which
have made both fission and fusion power unable to respond to urgent need. Solar ponds
may or may not turn out to be cheap and effective. If they fail, they will fail quickly and
we shall not have spent 25 years proving them useless. If they succeed, there is a chance
that they could be deployed rapidly on a very large scale. Sites could be surveyed, holes
in the ground dug, and plumbing fixtures installed by thousands of local contractors
responding to local demand. Plastic liners and pipes and solar collectors could be mass-
produced in factories. All this is only a dream, or at best a remote possibility. But there
is no reason why a new technology has to develop, as fission and fusion have developed,
on a 30-year time scale. All it needs in order to go fast is small size of units, simple design,
mass production, and a big market. When I go out to the Forrestal Campus and see those
two machines, the $300-million TFTR and our little ice pond, what T see in my mind’s
eye is a dinosaur and an early primate. | wonder how long it will be before the next
asteroid falls.
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Let me end my remarks by emphasizing again the moral of these stories. Nuclear
energy will flourish only if it is ready to deal with unexpected misfortunes. If we only
prepare for the expected future, we are likely to fail badly when the real world does
something unexpected. 1 have spoken tonight about two types ot misfortune. One is a
sudden and drastic shift in the demand for energy. The other is a sudden and drastic shift
in the supply, for example the unexpected appearance of a cheap and practical solar-
energy technology. We should never torget that there are about 10 TW of solar energy
incident on Austria alone. If nuclear energy is prepared to react quickly to such unex-
pected shifts, our chances of entering the promised land of ncutron abundance will be
greatly improved. After all, when King Cavolfiore was slain in battle and the rebel Duke
Padella usurped the Kingdom of Crim Tartary, the Princess Rosalba found refuge as a
serving maid in the household of King Valoroso the Twenty-fourth of Paflagonia, and
there, with the help of the Fairy Blackstick, she married Prince Giglio the rightful heir
to the throne and lived happily ever after (Thackeray, 1855). But now I must sit down
quickly, before the King’s servants throw me out!

REFERENCES

I'ortescue, P. (1980). Motivation and prospects for a hydride moderated power reactor system cooled
by naturally convected liquid metal. Report GA-A15980. General Atomic Company, San
Diego, California.

Thackeray, W.M. (under the pseudonym M.A. Titmarsh) (1855). The Rose and the Ring. (MacMillan,
London, 1908.)



319

PANEL DISCUSSION

Including selected contributions from H. Bethe, F. Culler, W. Hifele,
A.A. Harms, J.W. Hilborn, G.L. Kulcinski, and R. Schulten

Hifele. I have asked a few people to join this panel, particularly because some sort
of winding up is necessary in order to put things into perspective. Maybe it would be
appropriate to approach the panel members now and ask for their comments. As the dis-
cussion evolves it will be possible to have the audience participate. But if there is a very
salient point don’t hesitate to interrupt. This is such a small group that the whole group
can be considered to be a panel! I will start by asking Professor Bethe to help us with his
comments.

Bethe. I would like to make a plea for the fusion breeder and I don’t believe it has
been sufficiently strongly emphasized in this meeting. I do admit the necessity of having
also the fast fission breeder, but this was very ably demonstrated by the group of Kulcinski,
Kessler, and Abdel-Khalik, in their triple-header on the first day, so [ won’t argue about
that. By the year 2000 the world will need a breeder and the only one which will be ready
is the standard fast breeder. Whether that applies to the United States I am not sure —
that’s a different question — but outside the United States I think it is true that the fast
breeder will be needed. But one fast breeder can support only about two-thirds of a light
water reactor in steady state; this has been figured out very carefully by the Argonne
National Laboratory and this means that even in steady state we would have to build al-
most all new power stations as fast breeders. Furthermore, we won’t have a steady state;
we will have an expanding nuclear establishment, and fast breeders with the present doub-
ling time would not meet the implied necessities. If you take the Super Phenix, which has
a doubling time of 25 years, there is just no chance of the breeders even making their own
fuel for the next 30 years in sufficient quantity. Most people agree that fast breeders will
be more expensive than light water reactors. The figure of 33% has been mentioned and
there is, in the minds of many people, still the safety problem that a fast breeder contains
more than one critical mass of plutonium. Now I believe that this is totally irrelevant and
that fast breeders are adequately safe, but I would have a hard time persuading the public
at large that this is so. A purely fast breeder economy, I submit, would be very inflexible.
By contrast, the fusion breeder — one fusion breeder — can support 24 light waterreactors of
the same power. 24 compared to two-thirds — that’s really a qualitative difference, not just
adifference in number. And it is a difference especially in the sense of Freeman Dyson’s view
that quick is beautiful. I realize very well that we can’t have the fusion breeder quickly
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and I believe the analysis prepared by the Wisconsin/Karlsruhe cooperative venture show-
ing we will not have a commercial fusion breeder before the year 2017; maybe a few
years earlier, but not very much earlier. So I come back to saying that the fast breeder
will be necessary. However, once you have a commercial model of a fusion breeder then
you can deploy them as fast as is required; you can surely deploy 20 fusion breeders in
10 years, which corresponds to 500 light water reactors. It will be just a very small addi-
tion to the effort which you have to make, and this is the point. It will be ready when it
is needed, it will be there, and you can have as many as the nuclear establishment requires.
You will also have flexibility: you can feed the produced fissile material into light water
reactors, heavy water reactors, and high temperature reactors. It has been amply discussed
in this meeting that high temperature reactors could be very useful in themselves because
they can substitute for fossil fuel in making heat in addition to making electricity. You
can’t have any fuel for them if you have only fast breeders and if they can barely sustain
their own growth. Pure fusion I believe is not a competitor to the fusion breeder; pure
fusion does not make any material for other power producers. Pure fusion is a new aim,
but it is the same kind of aim as the fast breeder reactor; you have to build thousands of
them in order to supply the world with energy, in contrast to a few tens of reactors in
the case of the fusion breeder.

The competition to the fusion breeder is not pure fusion, nor is it the fast breeder.
The only competition is the accelerator breeder and, if I stand back from my personal
preference,l don’t care very much whether we have fusion breeders or accelerator breeders.
They both fulfil the same purpose, namely, supplying lots of fission power reactors with
fuel and doing it easily and essentially permanently. At the moment probably the acceler-
ator breeder has fewer technical problems than the fusion breeder because fusion has not
yet been established. But it will be very important — if the accelerator breeder is to be a
serious competitor — to incorporate in that accelerator breeder the same advanced target
design which has been developed for the fusion breeder, namely the fission-suppressed
blanket. I am not sure whether this is easily adaptable to the accelerator breeder; maybe
it is, and if so it should be considered. The idea is that the high energy particles, the pro-
tons in the accelerator breeder or the neutrons in the fusion breeder, hit material which
doesnot fission. When the neutrons are degraded into many neutrons per incident particle
and are slowed down, then they hit fertile material and are made into fissile material.
That is the trick that keeps down the contamination of the blanket; it keeps down the
energy in the blanket and, therefore, the amount of energy you have to take away. The
fusion breeder in the tandem mirror device is particularly suitable for such an arrange-
ment because it is cylindrical and so, automatically, whatever neutrons are produced go
back into the system. So I want to repeat what I said at the beginning, but more strongly:
I believe that the fusion or accelerator breeders are not only a good way but the only way
to neutron abundance.

Hifele. Thank you very much for that clearly stated view; perhaps it would be ap-
propriate if I ask you, Floyd, to take over?

Culler. 1 have little disagreement, I think, with the position outlined. There is a
rather obvious period of time in the transition period, and perhaps even beyond 2050,
when energy will be more dependent on neutron abundance, when the best reactors alone
may not be able to keep up with the necessary stocking requirements. Of the systems pro-
posed for the production of abundant neutrons I personally favor the fusion breeder.
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I 'am less certain about my reactions to accelerator breeders, I think primarily because of
their lack of success and the lack of good ideas about targets over the last 20 years. If there
is an urgency to have plutonium, however, in the near term, the very clear demonstration
that accelerators in the proper energy range and producing proper beams are reasonably
near-term technical accomplishments would argue for opting for the accelerator breeder.
Our opinion, however, is that we possibly should avoid taking on a third line of develop-
ment in this sequence of actions toward neutron abundance. Until this meeting I was more
certain about my conviction that pure fusion, ignition and self-sustained fusion, was the
main line to follow for the fusion reactions. The discussions here on the interdependence
of fission/fusion systems, however, have changed my views. I think perhaps the fusion
breeder deserves more attention.

Going beyond the neutronics to the second line of discussion that was peripherally
carried on in this meeting, namely the possibility of developing systems that would make
high temperatures available for the necessary transitions in transportable fuels, I subscribe
most wholeheartedly to the idea that high temperature heat can be used to modify the
nature of natural gas; possibly it can be useful in the production of liquids that will be
necessary and useful to displace oil in the international market. I most certainly endorse
supporting the research and development necessary to explore the chemistry of the sys-
tems involved. I think that it is equally important to pursue the very promising, relatively
new routes for efficient electrolysis, using electricity as the second line, and I suppose 1
am immediately attracted to that as well, primarily because of background. The tran-
sition into an abundant-neutron era requires a little more thought. I firmly believe about
the implications in the broad area of proliferation. I have also a growing concern about
the size of systems that are proposed for the production of abundant neutrons. They are
beginning to be beyond the scale that isappropriate for individual companies and, at times,
individual nations. This is not necessarily true of the accelerator-breeder systems and I
suppose I should favor them for these reasons. I am concerned about the very high devel-
opment costs. Ed Kintner has remarked quite cogently that fusion and fusion breeders are
unique in development and that you are never sure you are going to succeed until you try
a very large machine. The experience with fission has indicated to me that the problems
of investment and the huge risk that is involved in bringing on any demonstration of large
new energy systems may now be straining the economies, certainly of individual companies,
and even of nations. Totally in the vein of wishful thinking, I hope that there is some way
to scale down the necessary economic sizes of the devices that we must build in the
future to provide neutron abundance.

Hifele. Thank you Floyd.

Schulten. It is certainly true that we people from “normal’ reactor engineering will
have a lot of competitors in the next century who will try to sell neutrons and fissile
material to us. It is very good to learn that for fusion breeders or for accelerator-breeders
one plant can deliver fissile material for a rather large number of normal reactors. That
means that for the next century, perhaps, the question of the costs of these big plants —
which will be rather high, I believe — will not play the most important role. I think the feasi-
bility alone will be a very big gain. If one plant of this kind can deliver fissile material for 20
or 30 reactors then such a central plant could cost 5 or 10 billion dollars without being too
expensive. In other words, we have a similar situation as with the reprocessing plants.
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The other very important point for me is that nuclear energy should also be used
for the production of heat. In principle there are three factors influencing the use of fissile
material, The first factor is the reactor design. We have learnt in these two days of discus-
sion that fuel inventory plays a very important role. High fuel inventory in a growing nu-
clear technology means that in the next 50 or 100 years a very large amount of neutrons
must be produced to build up all the big inventories necessary. In turn, that means that
small inventories for the individual reactors would be a very big advantage; for example, if
the inventories could be lower by a factor of two or three. If I compare, for instance, high
temperature pebble-bed reactors, which can be loaded and unloaded during operation,
with a reactor which can load only once every year then the difference in fuel inventory is
about a factor of two. Such effects play a very big role.

The second factor is the thermal efficiency. Electricity production or production of
hydrogen by electrolysis gives an efficiency of the order of 30 or 40%. Other heat appli-
cations like heat for coal refining or oil refining, or for the Jillich Adam and Eva system,
lead to efficiencies of the order of 70 or 80%; for this reason alone, for these applications
we need only half of the fuel inventory that would be required for electrical purposes.

And the last factor, which is also very important, is the load factor. For the produc-
tion of electricity in most countries, load factors of the order of only 50 or 60% are pos-
sible. For heat applications and also for the production of hydrogen, it is possible to almost
double the load factor because of the possibility of storing the product. Physically, this
can lead to load factors of 90%. I have made a quick calculation here: if one compares
maximum to minimum inventories in the sense considered here, the resulting factor is 3
to 4. That means we must not only make an optimization with respect to costs but we must
also optimize the choice of systems as a whole: the right fuel, fuel producers, reactors,
transport systems, and storage systems. All these factors are mutually interdependent, but
overall I think we have to work for the best way for saving fuel inventory.

Kulcinski. Well, let me try to keep my remarks fairly short: I will try to contrast
them on a good news/bad news basis. On the good news side, I think that we are all in
agreement that with respect to fusion we are very close to break-even, or close to making
neutrons that we can use for other purposes, whether it is breeding fissile fue' nr making
synthetic fuels. I think it is fairly clear, perhaps even clearer now than it was a tew years
ago, that the magnetic fusion side is closer wlien compared to the inertial side. Perhaps
that will change but right now I think it’s pretty clear it’s magnetic. The second point is
that we all agree that DT neutrons will make prolific fissile-fuel-producing reactors and
that in fact they can have high support ratios. But I would caution that the support ratio
is high only if we consider the thorium cycle. If we go back into the uranium/plutonium
cycle those numbers come down considerably. And I think the third area of good news
is that from what we have seen in the area of hybrids, fission—fusion hybrids, that the
safety issue with respect to the fission part of the reactor seems to be fairly favorable; we
have not found any major problems on that side. So there are some very good things to
be said and progress is coming along very fast. On the other side of the coin, we are still
very concerned about the timing of getting fission—fusion hybrids on line. If there is 20
million metric tons of uranium in the world as envisaged by IIASA then perhaps we don’t
even need fusion. I know that may not be a very popular opinion but it is, perhaps, a
valid statement. If there is 20 million tons of uranium in the world we probably do not
need the fusion hybrid and in that case we will probably be looking at pure fusion, if at all.
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The second point is that the economics of the fission—fusion system are in a very primitive
state. That’s not too surprising because the designs of such reactors have not been very
detailed. They are certainly not as detailed as the designs for pure fusion reactors and 1
think that everybody in this room would agree that we are still at a relatively primitive
stage in pure fusion in terms of economics. So I think the economic potential of fission—
fusion hybrids is not at all clear yet. The third point on that side is that I'm concerned
that, if we are going to get the benefit of the high support ratio in the fission—fusion
hybrids, we need to have a thorium-based fission-reactor economy and it needs to be
moved alongvery rapidly. Personally I don’t see that happening very rapidly at the present
time and so we need to keep it in mind.

I don’t think that there will be much difference in the date at which we will see
pure fusion or fission—fusion hybrids on line from what we know now, especially on the
magnetic-fusion side and especially if the tandem mirror turns out to be the most favorable
reactor; on that point I agree with Professor Bethe — I think that the tandem mirror looks
most promising now. The scaling is very simple there: we just make it longer. So we don’t
relax the technology that much on a tandem-mirror hybrid by going hybrid compared to
pure fusion. I personally think that we will see both systems much sooner, perhaps, than
has been indicated here.

The last thing I would say has to do with synthetic fuels; I just have two short
comments. It’s very clear on the positive side that fusion can, in principle, produce very
high temperatures;however, on the negative side, very few, if any, countries have programs
on developing materials that will withstand these high temperatures in environments with
high neutron fluxes. So it’s one thing to talk about the principles of high temperature and
it’s another thing, in practice, to have a blanket that will operate at such high temperatures
in a neutron environment.

Harms. I would like to preface my comments by returning to the title of this confer-
ence, ‘Perspectives on Adaptive Nuclear Energy Evolutions: Towards a World of Neutron
Abundance’’. T think that we would all recognize that the key words in the first part of
the title are “adaptive” and “evolutions”, and I think there we get back to the tension
that I referred to earlier between the dreamer and the realist, since neither a dreamer nor
a realist can avoid being adaptive and evolutionary if he wants to remain relevant. In the
subtitle of the program we have the key word “abundance”; there’s no way of getting
around that without technical knowledge and I think in that context we are probably
focussing on the essential ingredients, making for a very successful conference. I think it’s
clear to those of you who have listened to my presentations that my own personal inclin-
ations tend towards options and choices and ideas and concepts, rather than hardware
and numbers of reactors by specific years, and I certainly make no bones about this.
However, I should put things into perspective. I did spend two years with a consulting
engineering firm designing hydroelectric power plants and I can certainly confirm the dic-
tum that any design is out-of-date the minute it is completed. I think this does say some-
thing about our aspirations to design systems which hopefully might aid neutron abundance
in line with adaptivity and evolution.

Now as a second comment I tend to think that in terms of our nuclear enterprise
we may have a 15- to 20-year breathing spell during which we can subject many of these
ideas to a lot closer scrutiny than has been possible until now. In a historical perspective I
am impressed by what I hear from the “pioneers” — there are many here in this audience
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who took part in the nuclear program in the 1950s when there must have been 20 or 30
different types of nuclear reactors which were looked at. And many of those types were
whittled away until we were left with essentially only two or three. If I relate that to the
energy wheel described in the Harms/Hifele paper based on a continuum of choices, I see
a personal conflict. At a certain time, we have to make definite selections. And my
apprehension is that our traditional methods of making selections seem inadequate. [ have
heard the comment made by others that our traditional criteria of least cost, for example,
are not the determinants we should be using. I have heard the comment made, and we
have all heard it, that there is something to be said about the time element involved and
the responsiveness of certain choices. We also have heard a very nice presentation on
quick being beautiful, also possibly saying that small is practical. Relating this to the
element of scale that we have referred to, involving not only geometric size, the temporal
effects, the complexity of a system, and the financial and manpower commitment which
may need to be made to some one choice, is simply an overwhelming kind of a proposi-
tion. Now to some this may be evident; to others it is not and I would like to refer you to
a Hifelian phrase in the 850-page book that has just come out of IIASA which in effect
says something is either evident or it is not — the implication being that it varies from one
person to the next. And therein, I think, perhaps lies a hangup with respect to the issue of
choices.

I am very apprehensive if I extrapolate and have to conceive of a broad-based trade
in neutrons which potentially could lead to a sort of cottage industry in which the neu-
tron is the medium of exchange, unless something of an essentially supernatural nature
could be invoked which would guide the trade, somewhat like Adam Smith’s notion of
the “invisible hand”. This supernatural factor could perhaps provide the required *‘degree
of acceptability” — as a generic phrase for a large collection of terms that we can associate
with that expression. I have been very much impressed with the many comments made.
But I am somewhat disappointed to hear a note of pessimism which I detect, not only
here, but elsewhere in my travels. To put things into perspective, I travel in Germany and
Austria quite frequently and the Germans tend to say the situation may be serious but it’s
not hopeless. The Austrians, on the other hand, have a tradition of saying the situation
may be hopeless butit’s not serious! This is attributed to a distinguished Austrian dramatist
during the early part of the century. But I think there is a degree of truth in it, and in a
real sense it seems to me that the curve which Professor Hifele showed, referring to the
inflection point of the world population, in a sense characterizes or epitomizes the reality
of a very serious transition. We go through such a transition not only in terms of the first
derivative changing quite suddenly but also in terms of being translatable into a
singularity which, if you approach it from one direction, takes you into a static domain
— into the seventh heaven. But if you approach the same singularity from the other direc-
tion it takes you into the deepest of doom — an expression that I periodically like to use
because it seems to be a reflection of what seems to be happening in the nuclear industry
and not as a repeated and persistent reminder of the necessity to reexamine. John Hilborn
yesterday, for example, referred to a stack of safety reports which have been prepared in
connection with making 200-megawatt heat-producing reactors available. And we have all
seen kilometers of shelf space taken up by reports of a safety forum — an acceptability
forum — in order to put one reactor online. A theory that I have is that one reason we have
an energy crisis is because we are using so much energy to produce these reports! But the
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more serious issue, I think, is that the continuing analysis that goes into issuing these
reports can potentially lead to a form of paralysis. It’s paralysis by analysis. And this can
have, I think, a devastating effect: if I rephrase the expression that Professor Dyson used,
the fun may have gone out of it. But it would be disastrous if we would not take an
optimistic point of view, simply because we have to think of our own generation and
subsequent generations. Well-founded optimism can only be recovered, in a sense, by a
reexamination of our own intellectual traditions and the degree of necessity for striving
towards a goal which we will never achieve; but without striving we will be very poor
indeed.

Hifele. Thank you very much, Archie. I, too, have a number of observations: they
are of a different nature and I start with something special. I do think that the greatest
problem of the fast breeder right now is the relatively high inventory. The importance of
inventory has already been stressed by Schulten and by many others; and it is not so much
the doubling time but the inventory that is the problem as long as the plutonium comes from
the light water reactors and not from the fast reactors themselves. But for the next few
decades that will be the situation. If I now hear in the public arena talk of cooling-off
periods of ten years and throughputs through the fuel cycle of more than ten years then
we are losing perspective and the whole thing starts to look very ill. We are doing this be-
cause at present the back end of the fuel cycle is definitely not in hand and I was tremen-
dously impressed by the presentation of Floyd Culler where the present state of reproces-
sing was assessed against the background of the early experiences and pioneering. It is not
so much that this or that piece of chemistry or engineering is missing. What we really have
to do is to build the back end of the fuel cycle five times and learn from the experience.
Just by doing it we would master the problem and then the next step would become clear
automatically. We cannot master the problem of reprocessing facilities or waste-disposal
plants by just preparing blueprints. If we do that, and so far we have, we are entering the
domain of hypotheticality and leaving the domain of reality. This is already true for this
generation of back-end fuel cycle reprocessing and waste disposal and it will be even more
true if we can go on to the large-scale uses of nuclear energy envisaged here. So I feel a big
vacuum there which must be kept in mind, in parallel with the development, say, of fusion
or accelerator breeders. I think this cannot be stressed enough.

During this meeting we have not elaborated much on the overall energy problem. In
that respect I have given speech  pon speech based on our 850-page book Energy ina
Finite World during the last two years. Therefore I will not repeat all the caveats here.
The point is that the overall energy problems remain. If we continue with the present crip-
pling of nuclear power we will be driven very quickly into the domain of low-grade fossil
fuels. I think, none of us has really fully understood what it will mean for whole regions
to be destroyed or moved. We have had a little taste of it at Jilich where artificial moun-
tains are being built by overburdens. The largest pit in the world is being created for the
sake of producing lignite — brown coal. What is at stake there is a total of less than 1 TWyr
over 20 years. And that isn’t very much. We are talking of 500 and 1000 TWyr amounts
when considering harnessing low-grade fossil fuels. For example, in the Orinoco and
Athabasca regions, environmental problems raised to the second or third power of what
we normally envisage will be involved. There will be aiso be emergencies in terms of the
response from society, from industry, or from the economy as a whole. It is in this con-
text that [ would like to introduce a key notion now, namely that of productivity. We
have to make sure that energy productivity is maintained and that the social disruptions
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surrounding energy do not disrupt labor productivity. Labor productivity could relatively
easily compensate for increasing energy prices, in that we could get more GNP out of the
same amount of energy. and we could even have growth rates of the size needed for pro-
viding the high capital costs. There is nothing worse than increasing capital costs and de-
creasing economic growth rates: that means running into the sheer ponderousness of the
system and coming to a standstill. If, by contrast, the productivity surpasses the increase
in energy prices, we will not only have the old conditions but we will also be able to af-
ford the high capital costs of modern energy systems. But what truly bothers me is the
fact that even if nuclear power were to come in right now, it would be somehow too late
for an orderly approach. I quite frankly admit, much in line with Floyd Culler, that the
thing that has impressed me most during this meeting has been the analysis of fission-
suppressed fusion breeders made by the Livermore people. This might be a device for
overcoming this last problem.

There is one point more. We have listened to marvelous single contributions, but
what we haven’t done yet is to put it together into coherent patterns. The whole ITASA
exercise was meant to design energy scenarios as examples for strategies — not because we
know the future. We do not know the future. But the necessary conditions of internal
consistency and coherence are very stringent. If we were to apply the scenario-writing
scheme it would be a step forward for a group like this if we could identify two or three
alternative scenarios where target dates, target values for breeding gains, and target values
for capital costs would be spelled out in order to get an understanding of system feasibilities.
And especially so when the interconnection of world regions is considered. Western
Europe will probably always have to depend on imports and so there will continue to be
all sorts of interdependencies as presently exist for oil. Therefore a next step could be to say
yes,let’s assume for a moment that these nuclear dreams come true: do they fit together?

[Editors’ Note: After these extended remarks from each panel member, there was a
general discussion. Unfortunately, not all of the discussion was recorded, but the follow-
ing pages contain a number of the interesting comments made, together with occasional
notes from the Editors.]

Bethe. I would like to make an attempt, a very daring one, at introducing some pri-
orities. I think our first priority should be to close the fuel cycle. And our second priority
should be to develop a thorium-based fission reactor. I don’t want it as a brecder: I want
it as a modification of the CANDU — a very good converter. Everything else could have a
longer time scale and would become much easier if these two priorities were accomplished.

Schulten. In practice it is possible to realize a breeding factor of one for the heavy
water reactor at high temperatures. This is very clear: it has been calculated and we
know all about it. But the fuel inventory for a thorium breeder reactor on the basis of
heavy water or using graphite is in both cases about three tons per gigawatt of electric
power, or even a little more. And if the conversion factor causes a reduction, for example
in the case of the graphite reactor from the breeding factor of 1.0 down to 0.85, then you
have in the core only about one ton of U-233. This means that all the practical calcula-
tions that have been made in recent years come down to a practical and most economical
conversion factor of perhaps 0.85 t0 0.9.

Hifele. So the first priority is closing the back end of the fuel cycle, and then bring-
ing in thorium as number two?

Bethe. Those are my priorities.
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[£ditors’ Note: The discussion then moved to the need for providing initial core
inventories of fissile material, particularly for a dynamically evolving reactor population.
It was observed that the high support ratio of fission—fusion hybrids could play an
important role here whereas fast breeders suffer from their relatively tight neutron eco-
nomy. It was suggested that a linear programming approach might lead to a quantitative
and therefore more precise understanding of these interactions. After a plea from Niirnberg
for less emphasis on electricity and more attention to the substitution of fossil fuels in
the nonelectrical domain, Kulcinski made some remarks on fusion.]

Kulcinski. 1 think I agree that there is no question that today, in 1981, the tokamak
is much further advanced in terms of physics than the tandem mirror. But the tandem
mirror has an additional advantage, apart from its simplicity and ease of maintenance,
which 1 think 1 should mention here, especially in view of our comments about small is
beautiful and quick is beautiful. That is, there are only two major {usion concepts that I
think we can presently imagine being built in small sizes — small in the sense of being of
the order of 100 megawatts. Those two are the tandem mirror and the light ion beam
inertial confinement system. Tokamak systems, such as the smallest we could build from
INTOR, were of 600 to 700 megawatts: 1 expect that probably about 1000 megawatts is
where one would end up. For the laser system, unless we can get a laser of more than 10%
efficiency we’re probably talking about 1000 megawatts or so. Heavy ion beam fusion
devices also look as if they are going to be large — thousands of megawatts — and stellarators
will also be in the thousand-megawatt range. So there is a major contrast between systems
which can be or have to be very large and therefore capital intensive, with correspondingly
long development times, and those that can be built small and therefore are more easily
funded. The tandem mirror is one of the latter systems.

Culler. My primary concern comes from the dollars and the commitments involved,
both during the development period and right through to the risk of building two or three
machines in a row before they become commercial — and that is essential to get them
into the electrical grids. The commitment to 1000 megawatts of steam-producing machine,
either nuclear or coal, today costs more than the net worth of most of the utility com-
panies; 2 billion dollars is greater than the net worth of all except Pacific Gas and Electric
and maybe five other companies in the United States. As a consequence, they cannot in
good conscience put their money in a system that has any risk at all because it is likely
to bankrupt them. So my first concern in a very real sense is money, but there are other
practical things. The uncertainty of the future market, for example. Moreover, the very
large hability of losing power from a 1000-megawatt machine, whatever it’s driven by,
amounts at the moment to a million dollars a day of lost power. Take the breeder: the
breeder will be a three-billion-dollar investment on the line. Now what I've said is that the
utilities are not going to buy the first machine or the second machine but they might con-
sider buying the third. Now somewhere in the system the financing for all of that devel-
opment has to be taken care of and it’s unlikely in the present circumstances that the
private sector is going to have the necessary funds, derived from power rates, to pay for it.

As a consequence | am concerned about size, perhaps primarily because of money; but 1
am also concerned about all the liability to loss and service and the limitations and applica-
bility — geographically or countrywise — for very large machines. Only the very largest
companies and the very largest countries can put 1000- or 1500-megawatt machines on
the line. so the market is limited. So when I said small is practical I implied the following.
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It may be we’re moving into a period when finances and a lot of other factors are combin-
ing to force us towards smaller concepts and that even though the economy of scale is
still there theoretically it may not be there in practice.

Hilborn. 'm not going to be talking about small reactors here. I wanted to comment
on Professor Bethe’s second priority since not everyone is maybe that familiar with the
thorium/uranium-233 fuel cycle. I could identify the two major development problems,
but I'll say first what the problem is not — it’s not the reactor. The on-power fueled
CANDU reactor is virtually unchanged for the Th/U-233 cycle. But what is different in
terms of the fast breeder that you’re more familiar with is the low burn-up of the self-
sufficient fuel cycle. Yes, we can get a breeding of 0.99 or close to 1 if we assume very
low losses per cycle, less than 1% losses per cycle (that’s including both ends of the fuel
cycle), and a burn-up of 8,000 megawatt-days per metric ton. Now this means a through-
put of five or six times the annual throughput of fuel of the fast breeder with its 40 or 50
thousand megawatt-days per ton. So the development problem is as follows: what will the
cost of the processing and fabrication be for this enormous throughput? On the fabrica-
tion side there is a basic difference between the fabrication of U-233 fuel and of the
plutonium-bearing fuels. We are talking about a remote fabrication plant, because we
cannot get near the U-233 fuel. If plutonium fabrication goes the route of complete re-
mote fabrication, then that technology will carry over to U-233 fuels and I would be
interested in hearing from anyone on the possibility or the state of that technology. But
those are two main problems of the self-sufficient cycle: the high annual throughput, and
associated costs of the other ends of the fuel ¢ycle, and the remote fabrication of uranium-
bearing fuels.

Hifele. I must remark that this sounds like returning to square one. These were pre-
cisely the considerations in 1957 and 1958 when the development of the fast breeder
with 100 thousand megawatt-days per ton was started, but with exactly opposite goals.
The idea then was to avoid frequent recycling.

[Editors’ Note: After these remarks, Hifele closed the meeting, thanking all the
participants for their valuable contributions and looking ahead to the next planned meet-
ing in Helsinki.]
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