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Abstract

The development of special accelerators suggests the potantial for new direc-

tions in nuclear energy systems evolution. Such directions point towards a more

acceptable form of nuclear energy by reason of the consequent accessibility of

enhanced fuel management choices. Essential and specifically directed research and

developmental activity needs to be undertaken in order to clarify and resolve a number

of technical issues.
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Introduction

The present civilian nuclear power program has, for a number of historical,

institutional, and technical reasons, emerged with specific dominant characteristics.

The nuclear power plants are generally large central station electricity producers and

depend upon a substantial though presently uncertain nuclcan fuel support industry.

Additionally, the potential low-probability hard-failure modes of these systems are

generally recognized as is the pervasive disquintness of a substantial fraction of

society towards these nuclear energy sources.

The above notwithstanding, it has long been recognized that there also exists a

need for smaller nuclear power facilities to service more local needs. The form of

energy could be steam for industrial process heat or domestic space heating and the

reactors could be intrinsically self-regulating. Similarly, a substantial reduction in

system complexity and of scale in order to tend towards soft-failure modes has also

long been recognized as desirable. Finally, the issue of an assured sustainable fuel

supply — tending preferably towards intrinsic fuel self-sufficiency — and more

acceptable forms of spent fuel management, seems not only desirable but of increasing

urgency.

Recent trends in scientific emphasis combined with developments in acceler-

ator technology provide a basis for the expectation that selected neutron-rich nuclear

reactions hold considerable promise in aiding and redirecting nuclear energy develop-

ment strategies. This would circumvent the intrinsic scarcity of neutrons from fission

processes and provide for an enhnacement of the front-end and back-end of the fuel

cycle. An accelerator based high energy proton interaction with medium-to-heavy

nuclei seems to be particularly effective as a neutron source for these purposes.

It is our purpose here to delineate some emerging features of a nuclear energy

system which integrate conventional fission processes with accelerators. Our focus is

on resolving the issue of nuclear fuel supply, spent nuclear fuel management, and

alternative reactor design options. An extensive Bibliography is included.
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Physical-Conceptual Basis

The existing fission energy economy possesses the desirable feature that the

intrinsic nuclear reaction (i) possess a very large energy gain, (ii) is ignited, and (iii) is

able to sustain a chain reaction. To this we add that the technology is developed and

generally available. On the contrasting debit side, the intrinsic neutron economy of

thermal reactors is insufficient to insure its general long term fuel-supply sustainab-

ility.

Within such a context we suggest that the above deficiencies could be mitigated

-- if not totally elliminated — by the ready availability of an ample supply of

"inexpensive" neutrons. The points of reference are the following:

i. the issue of fuel sustainability could be resolved by neutron-induced breeding of

nuclear fuel from the more plentiful fertile nuclei;

ii. the issue of spent fuel management could be mitigated by neutron induced

transmutation of the particularly undesirable radioactive fission products and

other activation products;

iii. the issue of reactor designs could be expanded if system operational features,

rather than neutron economy, were to be adopted as a dominant criteria.

While the above are statements of physical possibility, they must in the final

analysis be tested within an engineering context of workable and practical schemes. In

the following we attempt to place some emerging concepts into such a practical

context. For this purpose we first discuss a particularly relevant neutron-production

reaction.

Spallation Characteristics

Spallation is the term generally used to describe the process induced by a

sufficiently energetic proton which interacts inelastically with a high-Z target nucleus

and knocks out individual nucleons and/or dislodges nuclear fragments. The character-
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ization and consequences of such a process in an accelerator target is illustrated in

Fig. 1. Typically, a primary incident proton, with an energy of about 1 GeV, dislodges

nucleons by a cascade effect leaving the residual nucleus sufficiently excited to

produce additional neutrons by nuclear evaporation. These resultant cascade and

evaporation nucleons subsequently interact with the nuclei in the target producing

additional neutrons by (fi,xn) and (n,f) processes.

The neutron yield, as determined by the leakage of neutrons from a target is

known to be large; it can be as high as *fO or even more and depends upon the incident

proton energy, target size and target composition.

The use of non-fission neutrons in a fission energy context means that its

energy cost of production must be measured by its eventual energy contribution to the

overall energy yield of the system. For example, if exogeneous neutrons are used to

breed fissile fuel which subsequently fission to release about 200 MeV of energy, then

the energy cost of producing these neutrons must be well below this value; Fig. 2

illustrates this energy cost of spallation neutrons.

By the preceding comparison then, the neutron energy cost criteria seems to be

well met. However, other factors need to be considered. Not every available neutron

even under the most ideal conditions will breed a fissile nucleus; parasitic processes

and other neutron losses must also be accounted for.' To compensate for these neutron

Joss effects, we point to the substantial capacity of the spallation neutrons for neutron

multiplication, Fig. 3, where we also display the spallation neutron spectrum relative

to the fission neutron spectrum. These "hot" neutrons have access to a considerable

domain of (dpen) and (n,f) cross sections.

The strategy of the use of spallation neutrons now becomes evident: the

spallation target is to be surrounded by a blanket containing materials for fissile fuel

breeding and for other neutron transmutation purposes. We provide a schematic

illustration of the interaction of these processes in the form of coupled reactions in

Fig. *.
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The important physical characteristics of an acceJerator of relevance is the

proton energy Ep and proton current Ip. The range required is typically "1 GeV and up

to -200 mA. As illustrated in Fig. 5, such accelerators do not presently exist though

the expectation is that linear accelerators could be scaled up for the required purpose.

We next consider three distinct modes which illustrate the options and

sequential choices of incorporating spallation accelerators in an alternative nuclear

energy systems context.

MODE I:

The Stand-Alone Spallation Accelerator

A stand-alone spallation accelerator could perform a number of distinct

functions in support of a fission energy economy.

1) Research Facility

A spallation accelerator could provide research support with particular empha-

sis on high neutron energy and high neutron fluxes. Neutron damage studies, high

neutron energy cross section measurements, and anisotropic neutron transport analyses

are research areas which could be effectively carried out with such a facility.

2) Fissile Fuel Breeding

Each neutron produced in the target /blanket of the accelerator is potentially

available to breed fissile fuel for converter fission reactors. The dominant variables

are the proton beam current and the net fissile gain per incident proton in the

target/blanket. Methods of mass spectroscopy or other higher resolution techniques

would be required during the initial stages of such research.
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3) Nuclear Waste Transmutation

The potentially high neutron fluxe available in a spallation accelerator suggests

an effective means of eliminating some hazardous nuclear wastes by neutron transmu-

tation. This can take two distinct forms: fission products could be placed into the

blanket and/or actinides could be placed in the target. ' In the latter case one also

benefits from the higher neutron yield associated with these heavy elements.

*») Spent Fuel Rejuvenation

It is known that the capturc-to-fission cross section ratios of pairs of

fertile/fissile nuclei attain a broad plateau in the 100-800 keV neutron energy domain.

This provides the physical basis for in-situ rejuvenation of spent reactor fuel for

subsequent re-insertion into a fission reactor without reprocessing. That is, while the

spent fuel is located in a suitable position in the blanket surrounding the target, the

appropriately specified neutron spectrum would insure breeding of fissile fuel in the

fuel pin by neutron capture in the fertile nuclei with a minimum of concurrent fission.

We will comment on this point again.

5) Power Production

If the blanket surrounding the target contains a suitable subcritical composition

of heavy elements then, with the aid of the spallation neutrons from the target, a

steady-state neutron population in the blanket could be sustained. The resultant

fission energy could be used for conventional or less-conventional purposes such as

space heating and synthetic fuel production. Though the blanket would possess several

features of a nuclear reactor, the intrinsic subcritical state of the blanket would

remove some of the safety constraints associated with fission reactors.

We illustrate the above five functions in Fig. 6. Evidently, these functions are

not necessarily mutually exclusive; indeed, one may conceive of one proton accelera-
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tor beam tube with a switching magnetic directing the beam to different target

stations designed for one or several of the above purposes.

MODE II:

The Spallation-Fission Symbiont

We define a spallation-fission symbiont as one system consisting of two main

components: one spallation accelerator linked to a companion fission reactor by power

and isotope linkages, Fig. 7. The spallation accelerator breeds and conditions/rejuven-

ates fuel for the fission reactor which, in turn, is the dominant power producer. As

suggested in Fig. 7 the accelerator blanket also generates some heat which may be

used to off-set the power consumption of the accelerator.

We envisage two distinct operational functions for such a spallation fission

symbiont: one is that the accelerator and companion fission reactor represent a fuel

self-sufficient energy park able to sustain itself indefinitely with fuel bred from

fertile nuclei while the other is that it is an energy producer and a fissile fuel producer

for other fission reactors. The first of these two options is more readily attainable

because it requires a lower proton current; also, this self-sufficient symbiont alludes

to a certain nuclear energy systems ideal: only fertile materials need to be

transported into the energy park while it produces energy and possesses a capacity to

destroy its radioactive fission and other activation products.

We illustrate in Fig. S the accelerator proton current requirements as a

function of the companion fission reactor conversion ratio. Equilibrium fuel cycle

conditions have been assumed in this calculation and other parameters are listed in the

caption. If the same system were to function as a "spallation breeder", then for a

fission conversion ratio of 0.6 and other parameters as indicated in Fig. 8, an increase

of the proton current by a factor of about 4 would lead to sufficient fissile fuel

breeding to provide start-up inventory of identical reactors at about one year
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intervals; that is, the spallation breeder is thus characterized by a one-year fuel

doubling time.

A spallation accelerator may therefore have substantial impact on a fission

energy economy.

MODE Id:

The Spallation-Satellite Symbiont

As another possible option of the symbiosis of a spoliation accelerator and

fission reactors we consider the case of numerous small fission reactor heat sources in

the 2 MWt size comparable to the intrinsically self-regulating reactor named

SLOWPOKE. In this systems option, we envisage that these small reactors could be

located in apartment buildings, hospitals, office blocks or small factories to provide

steam for space heating. The reactor cores could be designed for ready replacement

of the spent core followed by rejuvenation at the central spallation accelerator and

stored for replacement. We illustrate this concept in Fig. 9.

In our calculational analysis we have introduced another innovation: we have

assumed that 20% of all fissions lead to a fission product to be destroyed by neutron

transmutation. Thus, the neutron yield from the spallation accelerator contributes to

both fissile fuel breeding and fission product destruction. We illustrate in Fig. 10 the

accelerator current-energy relation-ship as a function of target size so as to supply

500 satellites each of 2 MW capacity at equilibrium fuel cycle conditions. Evidently,

the proton beam current can be reduced by higher proton energy and larger

accelerator target.

In Situ Spent Fuel Rejuvenation

The preceding discussion suggests the potential introduction of a particularly

appealing concept for spent fuel management: in situ fuel rejuvenation. By this term



9

we mean the repeated re-enrichment of entire fuel elements in the blanket surround-

ing the target of a spallation accelerator.

The physical basis of in situ fuel rejuvenation can be described by the following.

A low-enrichment fuel will, upon withdrawal from a reactor core, still possess more

than 90% fertile atoms in its heavy element inventory. If this entire fuel element is

then placed into a suitably specified neutron flu;.: in the blanket surrounding a neutron

source target, then fertile fuels could be transmuted into fissile nuclei. The important

feature is that the neutron spectrum for this rejuvenation process be specified for

maximum breeding and minimum concurrent fissioning. Figure 11 suggests that a

neutron flux with a broad maximum. in the 300 keV neutron energy range is

appropriate.

Following rejuvenation, the fuel element would then be again placed into a

fission core for a 2nd burn cycle. Depending upon the relative concentration of

various heavy element isotopes, the spent fuel could be withdrawn and again placed in

the blanket and the burn-rejuvenation cycle repeated, Fig. 12. FueJ currently in spent

storage bays or in semi-permanent repositories could thus be recycled without isotopic

separation.

Several additional considerations apply. Material damage may require reclad-

ding although alternative fuel design and cladding designed for maximum resistance to

radiation damage — rather than maximum neutron economy — may need to be

introduced. Periodic removal of fission products by simple chemical separation may

be considered. Finally, we note that the re-enrichment of the accumulated uranium

tails may become readily feasible. As indicated in Fig. 11 the introduction of the

Thorium fuel cycle may be equally feasible.
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Fission Product Transmutation by Proton Capture

The transmutation of fission products by neutrons, has long been considered.

Since the fission products are neutron rich, the additional neutron capture occurs with

low probability and also generates further neutron absorbing intermediate nuclear

species. The transformation of fission products into shorter lived nuclear isotopes thus

occurs with low efficiency and, more significantly, involves scarce neutrons which

could more profitably be used for fissile fuel breeding.

As an alternative, we have considered specially designed, energy efficient

proton accelerators which seek to transmute the neutron-rich, and hence proton-poor,

fission products into stable isotopes. As suggested in Fig. 13, the proton transmutation

strages arc more direct than neutron transmutation and calculations have shown the

promise of an adequate energetic balance.

The Synergetic Nuclear Energy Systems Concept

The integration of accelerator systems with fission energy systems defines one

particular interactive nuclear energy systems concept with numerous design variation

and operational choices. It is based on the evident promise that complementary

nuclear processes amenable to the definition of interactive nuclear energy systems

exists and can be placed into the context of near-term technology. The flow of fuel

related materials might take the form as suggested in Fig. I f and the entire system

may be depicted as shown in Fig. 15.

Perhaps one of the more significant features of the integration of accelerators

with fission reactors is the promise of developing totally syntonic nuclear energy

systems. Herein, only stable materials are used as fuel input and radioactive waste

products are reduced to an absolute minimum. The fuel cycle might thus be closed,

exhibit proliferation resistance, and be fully controlled on site by the operations staff.

Such a scheme would indeed lessen public apprehension and provide the basis for an

energy supply industry which is both essentially benign and lasting.
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Conclusion

The emerging pattern of synergetic nuclear energy systems prospects suggest

considerable promise. The underlying physical basis suggests that the Second Genera-

tion of Nuclear Energy — like subsequent generations of other technologies —will

provide an enhanced interaction between natural and man-made systems.

Considerable further research, however, is required to translate conceptual motions in

operational schemes.
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MODE I:
A STAIMD-ALOIME SPALLATION ACCELERATOR

Uses of Neutrons:
1. Research
2. Fissile fuel breeding
3. Nuclear waste transmutation
4. Rejuvenation of spent reactor fuel
5. Power production

Fig. 6: Schematic depiction of the use of a stand-alone spailation accelerator.



MODE II:
SPALLATION-FISSION SYMBIONT
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Fig. 7: Schematic representation of a spaliation-fission'symbiont. The accelerator is t ightly
coupled to the fission reactor by isotope and power linkages and may be designed for
operation as a fuel.self-sufficient energy park or as a breeder to supply fuel for
other fission reactors. In either case only fer t i le material is required as input.
Processing of al l isotopes is assumed to occur within the system boundary.
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MODE 111:
SPALLATION-SATELLITE SYMBIONT
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Satellite Reactors:
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-replaceable cores for rejuvenation

Fig. 9: Schematic i l lustrat ion of a spailation-satellite symbiont. The satel l i te reactors
are taken to be small heat producers designed for self-regulation with replaceable
cores-for rejuvenation.
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